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ABSTRACT

The year 2022 saw record breaking temperatures in Europe during both summer and fall. Close to 30% of the European

continent was under severe summer drought with a similarly large area affected (3.0 million km2) as during the recent 2018

drought, but now located in central and southeastern Europe. Multiple sets of observations suggest a reduction of net

ecosystem carbon exchange in summer (57-62 TgC) over this area, and specific sites in France even showed a widespread

summertime carbon release by forests, as well as wildfires. A warm fall with prolonged carbon uptake offered only partial

compensation (up to 32%) for the carbon uptake lost due to drought. This severity of this second drought event in 5 years

suggests these impacts to no longer be exceptional, and important to factor into Europe’s developing plans for net-zero

greenhouse gas emissions that rely on carbon sequestration by forests.

Introduction
The year 2022 marked another year of temperature extremes in Europe. In summer, record temperatures over 40 °C in mid-

latitude countries such as France, the UK, and the Netherlands1, and water temperatures over 30 °C in the Mediterranean Sea2

occurred. Subsequent autumn temperatures were also elevated, with mean temperature for the months of October, November

and December exceeding the long-term mean by several degrees, especially in southern Europe3. In western Europe this

extreme summer heat is often associated with so-called blocking events when stationary Rossby wave trains across the northern

hemisphere keep high pressure areas in place over the continent, diverging moisture inflow from the Atlantic ocean north- and

southwards relative to its normal westerly path4–6. This "wave-7" blocking pattern occurs more frequently during positive

phases of the North Atlantic Oscillation (NAO7), and is suggested to occur more frequently with increasing climate warming4, 8.

The intense droughts of 2003, 2015, 2018, and 2022 each played out under such conditions9–12, with several studies confirming

an important role for human-made climate warming13, 14. Although painted as exceptional climate conditions in the media,

these heat and rainfall patterns have a much reduced return time of 10-15 years under current global warming15–17, and will be

part of the "new normal" of the decades to come.

The 2022 large-scale drought and temperature anomalies we report here thus fit a reported shift of summer climate

extremes15. Accumulating drought experience and better national heat plans in Spain, Portugal France, Germany, Belgium,

and the Netherlands limited the worst impacts —such as the 70,000 excess deaths in 200318— but water shortages, shipping

disruptions, wildfires, crop yield loss, and forest degradation were nevertheless widespread once again2. From the perspective

of forestry, fire management, agriculture, biodiversity, and carbon sequestration in Europe it is of great importance to understand

the impact on carbon exchange by vegetation and soils in Europe. Especially sequestration is gaining recent attention, as



Figure 1. Overview of the European drought in 2022. Soil moisture (a) and vapour pressure deficit (VPD) anomalies (b),

representing soil and atmospheric drought respectively. Panel c shows temperature anomalies, indicating elevated temperatures

over large parts of Europe. Geopotential height (GPH) anomalies (500hPa, in metres), relative to 1980-2022, for MJJA 2022

are indicated with contours. Soil moisture is taken from ERA5-Land21, temperature, VPD and GPH are taken from ERA522.

the vast majority of countries included a large potential for carbon sequestration by the forestry sector in their Nationally

Determined Contributions to the Paris Agreement. This study investigates the impact of the 2022 summer drought on carbon

exchange between European forests and the atmosphere, from a diverse set of ground- and space- based monitoring platforms.

By placing the 2022 event in context of previous strong summer droughts19, 20, we try to answer the question whether the

carbon cycle impact of the 2022 extreme drought event was an exceptional, or exemplary, situation for upcoming drought

impacts on forests.

Anatomy of the summer drought
In 2022, the center of anomalously high pressure was centered over France (see Fig. 1) much like during the record heat wave

of 200319 and large-scale conditions resemble the diagnosed state from that event. Like in 2003, high sea-surface temperatures

in the Mediterranean Sea and low winter/spring precipitation in southern Europe23 contributed to low soil moisture levels

in early summer (See Fig. 1 and supplementary material S1), likely triggering land-surface feedbacks known to exacerbate

summer heat and drought24–27. This contrasts the more atypical 2018 drought event over northern Europe, which occurred

while the NAO index was anomalously high (+1.65 from May 2018 to September 2018) pushing the stationary high pressure

center northwards towards Scandinavia4, 20. Fig. 1 shows the geopotential height anomalies in 2022 and Fig. 2 shows the areas

under severe drought (3-month standardized precipitation and evaporation index (SPEI) <-1.2) in July 2018 (blue areas, 2.7

million km2) and in July 2022 (yellow and red areas, 3.0 million km2), with the blue/yellow hatched area marking the region

where both droughts hit (0.8 million km2) (see also Supplementary Section A). We distinguish (in red) a secondary center of

severe drought impact in June-July-August (JJA) 2022 which was located over in the Eastern part of Europe (Croatia, Bulgaria,

Romania, and Slovenia), away from the high-pressure anomaly over France (Fig. 1). The temperate land-climate (Köppen class

D) of this area differs from the sea-climate (Köppen class C) between the Atlantic and Mediterranean sea, and it also has a

distinct land-use with extensive broadleaf and beech forests.

In contrast to the 2018 drought, which was preceded by a wet winter and a warm and sunny spring20, the 2022 drought

developed from already low soil moisture (SM) levels since winter (also see9). And rather than a warm spring, the 2022 summer

drought was followed by anomalously warm conditions and persisting low soil moisture in autumn. Although a clear soil

moisture anomaly is seen over Europe from February onwards (Fig. 1, also see Fig. S1 and Supplementary Section B), this

anomaly is not outside the 2σ range for the vast majority of the drought-affected area. However, another relevant driver of heat

wave impacts in summer is the combination of atmospheric excess heat and low humidity, as seen through the vapor pressure

deficit (VPD). Using the ERA5 reanalysis22 to spatially integrate over the three affected areas shown in Figure 1, we show

that JJA-2022 had the highest VPD of any of the last 20 years in 45/51/15% of the area under the central/south/east contour

respectively, with JJA-2018 close behind (also see Supplementary Fig. S3). We next report the widespread impacts of these

effects on the carbon balance of the atmosphere and forests across Europe.

Net carbon exchange impacts

The network of the Integrated Carbon Observing System (ICOS29) recorded positive anomalies in atmospheric CO2 mole

fractions across southern- and western Europe in near real-time, summarized in Fig. 3 (see also Supplementary Section

C). Higher than average (2019-2021) mole fractions (see Supplementary material C) across central Europe could indicate

either reduced Net Ecosystem Exchange (NEE), or a change in atmospheric circulation with advection of more northerly and

CO2-enriched air masses. We find, based on both observation- and model-based analyses, that the reduction in NEE was the

dominant impact in July and August (±75% of the CO2 signal, see Supplementary Table D), with sites in southern France

showing >2.5ppm excess CO2 in JJA, relative to 2019-2021 (see Supplementary Section C).
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Figure 2. Overview of the carbon impact of the European droughts of 2022 and 2018. (a) The different regions struck by the

droughts (See Supplementary Section A) of 2018 ("North" in blue), 2022 ("South" in yellow, "East" in red), or both year

("Centre" in blue/yellow hatched). Note that the East region is far away from the centre of the 2022 geopotential height

anomaly 1. (b) Fire fluxes, taken from GFAS28 over the South (blue) and North (red) regions. (c-f) Biosphere flux anomalies

per region relative to 2016-2021 for MAM (clear), JJA (vertical hatching), and SON (crossed hatching), as calculated by the

biosphere model SiB4 (see Supplementary Section G). (g-j) Monthly mean MODIS NIRv signal (see Supplementary Section F)

per region for drought years, compared with the climatology between 2016-2022. Colours in panels c-j refer to the regions of

the same colour in panel a, where panels d and h correspond to the central region, with yellow and blue and representing 2022

and 2018, respectively.
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Figure 3. The carbon impact of the 2022 drought from an atmospheric perspective: atmospheric CO2 anomalies due to flux

anomalies for JJA (a) and SON (b) 2022 (see Supplementary Section C), relative to 2019-2021, together with CO2 monthly

mean values in 2022 (red) and 2019-2021 (grey, with one standard deviation in blue) at the representative sites Ochsenkopf

(OXK, C) and Observatoire pérenne de l’environnement (OPE, d).

Biomass burning contributed substantially to higher CO2 mole fractions only at site Biscarosse, near the largest fires in the

region of Les Landes, France, as evidenced by simultaneous increases in carbon monoxide (CO) mole fractions with 1-day

averaged values exceeding 1000 ppb in early July (Supplementary Fig. S4). Below, we show a more detailed analysis of the

impacts of fires. Overall, the broader spatial pattern offered by the ICOS network confirms the more southerly center of drought

impact compared to 2018, with a larger integrated atmospheric CO2 summer anomaly.

A quantification of the impact on net ecosystem exchange during JJA suggests a reduction of carbon uptake of 57-62 TgC,

relative to 2019-2021, over the affected areas shown in Figure 1. This similar to the 50-65 TgC we estimate for JJA 2018,

which in turn agrees closely with our earlier estimate (49.8 TgC over the blue (including the blue/yellow hatched) area in Fig

2) for that event30. The quoted range includes one mechanistic model calculation (SiB4) from our CTE-HR near real-time

flux product for Europe31, as well as preliminary results from atmospheric inverse modeling with a limited set of observation

sites (see Supplement D). We note that such an atmospheric inverse modeling estimate is a time-consuming task, requiring

several inputs that are not directly available, and therefore inverse fluxes are typically not available until a year after such an

event, while CTE-HR results are available within one week after real-time. The close correspondence of the inverse results and

the bioshere model calculations, reconfirms the capacity of the underlying SiB4 biosphere model to convincingly capture the

summer drought impact on European NEE, as we also reported in Smith et al. (2020)30.

Regionally, we find the central (blue-yellow hatched) area in Fig. 2 that was hit twice by summer droughts to have responded
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Figure 4. Spatial distribution of mean anomalies during the months June, July and August 2022 for detrended near-infrared

reflectance of vegetation (NIRv, a) calculated from MODIS surface reflectance, gross primary production (GPP, b) simulated by

the SiB4 biosphere model, and Net Ecosystem Production (NEP, c) simulated by the SiB4 biosphere model. The climatology is

based on 2008–2022. Monthly mean values of the 2022 anomalies over the entire 2022 drought region (indicated by the black

contours) from April to November are shown underneath each corresponding map (d-f) in red. The climatology and its one and

two-sigma bandwidth are indicated in blue.

less strongly in JJA 2022 (an anomaly of 7.8 TgC in 2022 and 19.7 TgC in 2018), but also experienced at a slightly less extreme

drought (SPEI of -1.66 in 2022 versus -1.98 in 2018). The role of delayed and compound effects of multiple warm and dry

preceding summers on these needs more detailed analysis in a future study. In the South (yellow) region, we find, per unit area,

a smaller response in 2022 compared to the North (blue) region in 2018 (2.0 and 3.0 gC m−2 month−1, respectively), even

though the South locally experienced more extreme conditions (mean 3-month SPEI of -1.88 and -1.68, and average VPD of

13.6 and 5.1 hPa, respectively). We argue that this signifies a higher drought tolerance of the southern European vegetation,

which is likely to be better adapted to high mean temperatures and low moisture availability than the northern forests hit in

201832, 33.

Finally, the East (red) region, which was impacted only in 2022, contributed most to the net ecosystem productivity (NEP)

anomaly in the drought-influenced area (76%). This is a result that is based on the SiB4 model calculations, made necessary

by a lack of sufficient atmospheric observation sites in the East. This gap in our monitoring capacity, also quantified in34,

limits our understanding of drought impacts on net carbon uptake across pan-European forests, and will hamper the desired

independent verification of forest carbon sequestration across the EU.

Forest productivity
Reduced net carbon uptake in summer is a combination of reduced Gross Primary Productivity (GPP), partly balanced by

reduced Terrestrial Ecosystem Respiration (TER)35. Reduced GPP results from a well-known mechanism to increase leaf-level

water-use efficiency and reduce evaporative loss at the expense of carbon assimilation, detectable at leaf, ecosystem, and

continental scale36–38. This in turn affects the canopy structure and leads to sub-optimal interception of sunlight and widespread

reductions in the reflection of near-infrared reflection by vegetation (NIRv39) which scales highly linearly with GPP39. For an

extensive analysis of NIRv, see Supplementary Section F. This NIRv reduction is shown in Fig. 4, and independently confirms

large impacts on carbon uptake by vegetation across the southern, eastern and central region. The year 2022 ranks 1st or 2nd

(behind 2018, depending on the gridcell) in magnitude over the 2000-2022 NIRv record (see Supplementary Fig. S9. Moreover,

it highlights the eastern European region as a key impacted area with an unprecedentedly low summer NIRv on record. This

partly results from the 2022 drought already starting in spring of 2022 in eastern Europe, propagating slowly towards the center

of the East area in Fig 2, and further intensifying in June (see Supplementary Fig. S8).

Following the approach we introduced in Smith et al.30, we convert the anomaly in NIRv to GPP using its biome-specific
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Table 1. Meteorological and flux anomalies at forest EC sites during summer (JJA) and autumn (SON) of 2022, relative to

2019-2021 for gross primary production (GPP), net ecosystem exchange (NEE), total ecosystem respiration (TER),

Standardized precipitation and evaporation index (SPEI) and vapour pressure deficit (VPD).

GPP (µmol m−2 s−1) NEE (µmol m−2 s−1) TER (µmol m−2 s−1) SPEI (-) VPD (hPa)

JJA SON JJA SON JJA SON JJA SON JJA SON

Station name

DK-Sor -2.12 0.60 0.89 -0.60 -1.27 -0.03 -0.21 -1.37 1.22 0.48

IT-SR2 -3.62 -2.92 2.20 0.55 -1.54 -2.32 -0.67 -0.39 1.97 1.09

FI-Hyy 2.11 1.34 -1.56 -1.11 0.55 0.23 -0.93 -0.98 1.14 0.16

BE-Bra 1.42 - -1.52 - -0.10 - -0.78 - 0.95 -

FR-FBn -1.93 2.48 1.81 -1.83 -0.12 0.65 0.40 0.21 1.96 0.11

FR-Pue -2.33 1.49 1.56 -0.64 -0.77 0.85 -0.94 -0.00 6.38 -1.39

FR-Fon 2.30 1.70 -2.12 -1.08 0.18 0.61 -1.51 -0.16 4.11 -0.41

FR-Hes -3.19 0.33 1.67 0.01 -1.52 0.32 -1.57 0.11 3.44 -1.05

SE-Htm 0.25 1.51 -0.38 -0.92 -0.10 0.62 -1.64 -1.68 2.01 0.60

DE-Tha -1.64 0.71 1.44 -0.67 -0.20 0.03 -0.79 1.03 3.89 1.74

CH-Dav -2.01 -0.44 -0.04 -0.05 -1.96 -0.38 -1.74 -1.70 1.86 0.72

BE-Vie -0.30 0.36 0.20 0.55 -0.11 0.92 -1.70 -0.48 3.30 0.04

FR-Bil -6.32 -1.60 4.32 1.11 -1.97 -0.50 -0.25 0.76 7.57 1.44

DE-HoH -2.31 -0.31 1.35 -0.52 -0.67 -0.37 -0.44 -0.35 2.95 0.76

linear relation to GPP derived from eddy-covariance observations (see Suppl. Info F). This results in averaged JJA reductions

of -44.1 ± 16.4 / -50.7 ± 18.2 / -47.3 ± 17.8 TgC/month over the Centre, South and Eastern region, respectively over the

three summer months. Forests contributed 31.5 ± 11.1 TgC to this GPP anomaly (-8.2 ± 3.0 / -10.0 ± 3.4 / -13.3 ± 4.5),

corroborating the better resilience to drought than European grasslands and croplands found previously by Teuling et al (2010)40.

Independently, SiB4 calculates GPP-anomaly patterns highly similar to the observed NIRv (spatial correlation of R=0.78,

N=41, p=10−9, see Supplementary material G), integrating to 12 / 18 / 25 TgC/month for the same areas. Furthermore, the

agreement with the EC-measurements at point scale (see Supplementary Fig. S12) lends further credibility to our analyses of

the underlying drought response of GPP using SiB4, which we provide next.

Vapour pressure deficit vs Soil moisture

Our SiB4 results indicate that large atmospheric vapor pressure deficits are the dominant cause of reduced GPP in the southern

and central regions in July-August 2022, while soil moisture deficits underlie the strongest impacts in eastern Europe. This is

illustrated in Fig. 5, which shows the relative importance of three calculated vegetation stress factors (excess heat, high VPD,

deficit in root-zone soil moisture) for July and August of 2022, along with those of 2018. Soil moisture deficits, responsible for

the most intense impacts on GPP in 2018, have played a smaller role in the central region in 2022 and were not the dominant

driver of GPP reductions in southern France and Italy, where impacts were nevertheless high in 2022.

The important role of VPD in the southern and central regions is independently confirmed by local EC-observations, but soil

moisture observations of sufficient quality and continuity were not available. At the EC towers that experienced above-average

VPD, GPP is reduced by 37% (also see Table 1 and Supplementary Fig. S12). Furthermore, Fig. 5 indicates the extreme

GPP anomaly for 2022 for the selected sites is mainly in the South region. Reduced GPP is often paired with a reduction

in ecosystem respiration19, 30, 41. These countering effects reduce the impact of the drought on the net ecosystem exchange.

Nevertheless, some sites that were most severely struck by the drought (FR-Bil and FR-Pue) became a net source of CO2 during

JJA of 2022. This switch from sink to source of carbon sink during summer has not been observed before, and proves that

extreme conditions can cause carbon loss to the atmosphere even during the growing season. Moreover, if heat and atmospheric

moisture demand are the main drivers, the extremes that drove the 2022 reversal will become part of normal climatological

conditions as climate warming persists17, 42.

EC-observations that could confirm the dominance of soil moisture limitations calculated by SiB4 (Fig. 5) are lacking

for the eastern region, but strong soil moisture depletion is simulated by ERA-Land21 and observed through SMAP L-band

satellite observations43 of top-level soil moisture (Fig S2, SMAP not shown). Depleted soil moisture is also very plausible

given the early start of rainfall deficits in the eastern region. We see this as another example of the importance of spring-summer

legacy effects in carbon uptake30, 44, 45, but confirmation with local observations and more intense monitoring is needed to truly

understand the driving mechanism.
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Figure 5. Dominant stress factors (VPD: atmospheric drought; SM: Soil moisture; T2m: temperature) for July and August

2018 (left) and 2022 (right) in the SiB4 model (see Supplementary Section G.3). The EC sites used are indicated by black dots.

Bottom row: 3-month SPEI, averaged over July and August and VPD anomalies at available EC sites in different regions

(Supplementary Table S3) for the years 2016-2022, with 2022 marked with a black contour. Colours indicate measured GPP

anomalies with respect to 2016-2022.
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Warm autumn compensation

Besides the warm summer, 2022 also experienced the warmest autumn on record in Europe3. This warm autumn was

accompanied by replenished soil water over large parts of the drought-affected area3(see also Supplementary Fig. S1). These

conditions led to delayed leaf senescence, as seen by NIRv (Figures S8 and S10) and at EC sites (Table 1). The higher than

normal NIRv is estimated to account for 66 ± 12 TgC/month higher GPP in October and November which is roughly 30%

above normal. At the same time, mean atmospheric CO2 mole fractions were 0.89 ppm lower than normal at the used stations

(Fig. 3), suggesting enhanced CO2 uptake during the warm autumn and possible result in a partial compensation for the reduced

summer net carbon uptake. However, a large fraction of these CO2 anomalies are driven by advection of southerly air that

was relatively low in CO2 as also indicated by lower CO and CH4 at these stations (Fig. S4) and an atmospheric transport

quantification of this influence (Supplementary Table S2).

We calculate that the enhanced uptake in October and November compensates up to 32% of the reduced uptake during

the summer in the Centre and South region, much smaller than the 2018 warm spring compensation of ±75% found for

201830, 44, 45. The lesser effect of a warm autumn compared to spring has also been found in deciduous forests46, where better

growing conditions in spring promote GPP more than TER, potentially due to the higher soil moisture and incoming radiation

in spring46. Moreover, the mechanisms of enhanced autumn and spring uptake differ. Enhanced autumn uptake is controlled

by late leaf senescence and continued photosynthesis in regions with sufficient light and heat47, 48, while enhanced spring

carbon uptake is caused by early snow-melt and advanced accumulation of the temperature threshold for leaf-out, and plentiful

sunlight49, 50. In both mechanisms, accumulated impacts (i.e. higher than normal temperatures or incoming radiation due to

lower cloud cover) affect phenology of vegetation. This is a difficult process to simulate mechanistically47, 50 as evidenced by

the poorer performance of SiB4, as well as other vegetation models (see Suppl S15) in autumn 2022. Note that we could not

constrain this effect for the East region due to lack of measurements.

Fires

Although in the Les Landes region in the south-west of France the drought spurred exceptionally large wildfires, the total loss

of carbon through fires in Europe in 2022 is thought to be small (14.6-16.0 TgC, see Supplementary information I). VIIRS

active fire counts51 for the year 2022 show a positive anomaly relative to the previous 20 years, ranking 4th with total detections

until August (Fig S18). They similarly show a high anomaly in France, equivalent in magnitude to 2003 that had a similar

water deficit and peak temperature. Importantly, in 2003 the fire anomaly occurred in Mediterranean areas whereas it took place

in temperate areas during 2022 with the Les Landes forests (Fig S16). This resulted in more biomass burned per unit area in

2022 compared to 2003.

An assessment of these fires in France, based on Sentinel-2 observations of burned area at a 10m resolution and a 10 m map

of impacted biomass density derived from Global Ecosystem Dynamics Investigation (GEDI) height and French National forest

inventory (NFI) plot data was produced by Vallet et al.52. Vallet et al.52 did not calculate emissions, but biomass lost from fires.

Emissions of carbon gases and aerosols to the atmosphere should represent at most 50% of the biomass lost52, given typical

combustion completeness factors. Our best estimate of biomass loss derived from this study is of 0.5 Tg C y−1. Specific to

the fire season 2022 in France was that frequently burned Mediterranean forests and shrublands did not show an anomaly, but

extreme fires occurred in regions where they have not been observed before (Atlantic pine forests in the South West, Brittany,

Loire valley and Jura), affecting temperate forests with higher biomass, and thus leading to larger biomass loss rates. Although

strongly affecting emissions from France, fires seem to have played a smaller role across the rest of Europe.

Despite high temperatures and extended drought, at European scale, the year 2022 only ranks 5th on record for GFAS

(2003-2022) carbon emissions28. It was characterized by below-normal emissions from March to June, followed by a fast rise

in July, with a peak at 4.5 Tg C month−1, which shows the highest July fire rate observed (Fig S17). At country scale, the

largest fire flux was in Spain with emissions of 1.8 Tg C month−1 in July, accounting for 40% of the European emissions in that

month. The second largest fire emissions emissions were in Portugal, peaking in August at (0.8 Tg C month−1), about equal to

France in July (0.6 Tg C month−1). The integrated additional loss of carbon to the atmosphere from fires in 2022 is 5.2 TgC

yr−1 over the drought regions identified in this study. Compared to 2003, the fire emissions over the entirety of Europe are very

similar (15.2 and 14.6 TgC yr−1 in 2003 and 2022, respectively), with 2003 having its peak carbon loss from fires in August

(see also Supplementary Fig. S17.

Discussion

We find a 2022 summer reduction of NEP of 57-62 TgC over the drought-affected area, which is similar to the reduced NEP in

the summer of 2018 (50-65 TgC). But contrary to the drought of 2018, we do not find a large offset of this reduced uptake

outside of the growing season as found previously30, 44, 45. This thus suggests a larger impact on the European carbon budget

overall, with GPP anomalies (derived from NIRv and EC observations) over the drought-affected area over the growing season

almost 50% higher in 2022 than in 2018 (see Supplementary Section F). Also, fires played a substantially larger part in carbon
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loss from forests than in 2018. Together, these two droughts show a substantial response of the European forest sink of CO2 to

drought, with the absence of favorable spring conditions and intensity of atmospheric heat and moisture deficits in summer as

exacerbating factors.

Recent studies of tree-level responses to the 2018 drought have also shown this vulnerability of forest ecosystems to

droughts53. Especially beech forests were found to be vulnerable54, 55. Many of these beech forests reside in the East region56,

which is a poorly monitored part of Europe34. With beech forests projected to have a growth reduction up to 90% by 2090 in

areas that are projected to experience more severe droughts55, it is imperative to better observe these forests.

Forest vulnerability to drought was also found in Haberstroh et al.,57, who found 47% of their 368 Scots pine trees to have

died in 2020, due to legacy after the 2018 drought. Also Senf et al.58 found reduced resilience due to drought, indicating

persistent effects of drought. In this first assessment of the drought of 2022, we could not account for such legacy effects, that

will likely play out in the next few years. Therefore, these legacy effects could potentially aggravate the effects of the 2022

drought. These legacy effects should therefore be further explored in future studies, as should potential compound effects45, 59,

such as the warm winter of 2022-2023.

Our study, which we have carried out from the atmospheric perspective, also shows a critical role of TER and soil moisture

for the drought response. We find a strong reduction of GPP, but lower NEP reductions, indicating a reduction in TER as well.

However, contrary to GPP, which can be estimated from satellite products, TER cannot currently be quantified on a large scale.

Nevertheless, EC observations show reduced TER with reduced GPP due to the drought in the South region in 2022. In contrast,

we find a strong GPP response in the centre region, but no corresponding TER response (Supplementary Fig. S7). Although we

currently cannot verify this, we hypothesise that the lack of TER response is due to the strong VPD limitation on GPP, but

no strong soil moisture limitation on TER. This shows the importance of TER for total ecosystem response to drought, and

the difference between soil moisture and VPD-driven droughts. However, these findings are not backed up by the biosphere

models, possibly because TER parameterisations in biosphere models (mainly temperature-based) do not fully capture the

actual TER response60, 61.

Due to a lack of direct observations, our current results in the eastern region are based mostly on the biosphere model SiB461,

downscaled to a higher resolution31. SiB4 was found to simulate the NEP response to droughts well in central and northern

Europe30, 31, and also in this work its calculations agree well with observed atmospheric and EC-based anomalies where available

(see Supplementary Figures S5 and S12). Nevertheless, the lack of CO2 observing capacity, both in atmospheric CO2 and

ecosystem exchange over eastern European forests, as also indicated by34, 62, remains worrisome. Especially eastern European

forests could become an important part of the EU’s goal to net-zero greenhouse gas emissions63 but remain understudied until

more extensive monitoring is realized. Most importantly, the impact of more frequent events like 2018 and 2022 need to be

factored into potential carbon sequestration calculations by these, and other European forests64.

Despite the mentioned limitations in the European carbon cycle monitoring, we also show in this study that with the build-up

of ICOS, the infrastructure is present to analyse and quantify a major event in the European carbon cycle in near-real time.

All atmospheric measurements, eddy-covariance measurements, satellite observations and model results we presented were

available within a few days to maximally 3 months behind real-time. This is a stark improvement over the analysis of the 2018

drought that was concluded nearly 24 months after the event20. Especially, this offers good prospects for continuous integrated

monitoring of the European carbon balance, aimed for by the EU’s Copernicus program65.
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