
royalsocietypublishing.org/journal/rstb
Research
Cite this article: Graf A et al. 2020 Altered

energy partitioning across terrestrial

ecosystems in the European drought year 2018.

Phil. Trans. R. Soc. B 375: 20190524.
http://dx.doi.org/10.1098/rstb.2019.0524

Accepted: 3 July 2020

One contribution of 16 to a theme issue

‘Impacts of the 2018 severe drought and

heatwave in Europe: from site to continental

scale’.

Subject Areas:
ecology, environmental science

Keywords:
eddy covariance, energy balance,

evapotranspiration, heat flux,

net carbon uptake, water-use efficiency

Author for correspondence:
Alexander Graf

e-mail: a.graf@fz-juelich.de
© 2020 The Author(s) Published by the Royal Society. All rights reserved.
Electronic supplementary material is available

online at https://doi.org/10.6084/m9.figshare.

c.5105937.
Altered energy partitioning across
terrestrial ecosystems in the European
drought year 2018

Alexander Graf1, Anne Klosterhalfen1,2, Nicola Arriga3, Christian Bernhofer4,
Heye Bogena1, Frédéric Bornet5, Nicolas Brüggemann1, Christian Brümmer6,
Nina Buchmann7, Jinshu Chi2, Christophe Chipeaux8, Edoardo Cremonese9,
Matthias Cuntz10, Jiří Dušek11, Tarek S. El-Madany12, Silvano Fares13,
Milan Fischer11, Lenka Foltýnová11, Mana Gharun7, Shiva Ghiasi7,
Bert Gielen14, Pia Gottschalk15, Thomas Grünwald4, Günther Heinemann16,
Bernard Heinesch17, Michal Heliasz18, Jutta Holst18, Lukas Hörtnagl7,
Andreas Ibrom19, Joachim Ingwersen20, Gerald Jurasinski21, Janina Klatt22,
Alexander Knohl23, Franziska Koebsch21, Jan Konopka24, Mika Korkiakoski25,
Natalia Kowalska11, Pascal Kremer20, Bart Kruijt26, Sebastien Lafont8,
Joël Léonard5, Anne De Ligne17, Bernard Longdoz17, Denis Loustau8,
Vincenzo Magliulo27, Ivan Mammarella28, Giovanni Manca3,
Matthias Mauder22, Mirco Migliavacca12, Meelis Mölder18, Johan Neirynck29,
Patrizia Ney1, Mats Nilsson2, Eugénie Paul-Limoges30, Matthias Peichl2,
Andrea Pitacco31, Arne Poyda20,32, Corinna Rebmann33, Marilyn Roland14,
Torsten Sachs15, Marius Schmidt1, Frederik Schrader6, Lukas Siebicke23,
Ladislav Šigut11, Eeva-Stiina Tuittila34, Andrej Varlagin35, Nadia Vendrame31,
Caroline Vincke36, Ingo Völksch22, Stephan Weber24, Christian Wille15,
Hans-Dieter Wizemann37, Matthias Zeeman22 and Harry Vereecken1

1Institute of Bio- and Geosciences: Agrosphere (IBG3), Forschungszentrum Jülich, Wilhelm-Johnen-Straße, 52428
Jülich, Germany
2Department of Forest Ecology and Management, Swedish University of Agricultural Sciences, Skogsmarksgränd
17, 90183 Umeå, Sweden
3European Commission, Joint Research Centre (JRC), Ispra, Italy
4Chair of Meteorology, Technische Universität Dresden, Pienner Straße 23, 01737 Tharandt, Germany
5BioEcoAgro Joint Research Unit, INRAE, Université de Liège, Université de Lille, Université de Picardie Jules
Verne, 02000 Barenton-Bugny, France
6Institute of Climate-Smart Agriculture, Johann Heinrich von Thünen Institute, Bundesallee 65, 38116
Braunschweig, Germany
7Department of Environmental Systems Science, ETH Zurich, Universitätstraße 2, 8092 Zurich, Switzerland
8ISPA, Bordeaux Sciences Agro, INRAE, 33140, Villenave d’Ornon, France
9Climate Change Unit, Environmental Protection Agency of Aosta Valley, Italy
10Unité mixte de Recherche Silva, Université de Lorraine, AgroParisTech, INRAE, UMR Silva, 54000 Nancy, France
11Department of Matter and Energy Fluxes, Global Change Research Institute of the Czech Academy of Sciences,
Bělidla 986/4a, 60300 Brno, Czech Republic
12Department of Biogeochemical Integration, Max Planck Institute for Biogeochemistry, Hans-Knöll-Straße 10,
07745 Jena, Germany
13National Research Council (NRC), Institute of Bioeconomy, Via dei Taurini 19, 00100 Rome, Italy
14University of Antwerp, Plants and Ecosystems, Universiteitsplein 1, 2610 Wilrijk, Belgium
15Remote Sensing and Geoinformatics, German Research Centre for Geosciences (GFZ), Telegrafenberg, 14473
Potsdam, Germany
16Environmental Meteorology, University of Trier, Behringstraße 21, 54296 Trier, Germany
17Terra Teaching and Research Centre, University of Liege – Gembloux Agro-Bio Tech, Avenue de la Faculté, 8,
5030 Gembloux, Belgium

http://crossmark.crossref.org/dialog/?doi=10.1098/rstb.2019.0524&domain=pdf&date_stamp=2020-09-07
http://dx.doi.org/10.1098/rstb/375/1810
http://dx.doi.org/10.1098/rstb/375/1810
http://dx.doi.org/10.1098/rstb/375/1810
mailto:a.graf@fz-juelich.de
https://doi.org/10.6084/m9.figshare.c.5105937
https://doi.org/10.6084/m9.figshare.c.5105937


royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

375:20190524

2

18Department of Physical Geography and Ecosystem Science, Lund University,
Sölvegatan 12, 22362 Lund, Sweden
19Department of Environmental Engineering, Technical University of Denmark (DTU),
Bygningstorvet 115, 2800 Lyngby, Denmark
20Institute of Soil Science and Land Evaluation, University of Hohenheim,
Emil-Wolff-Straße 27, 70599 Stuttgart, Germany
21Department for Landscape Ecology and Site Evaluation, University of Rostock,
Justus von Liebig Weg 6, 18059 Rostock, Germany
22Institute of Meteorology and Climate Research - Atmospheric Environmental
Research, Karlsruhe Institute of Technology, Campus Alpin, Kreuzeckbahnstraße 19,
82467 Garmisch-Partenkirchen, Germany
23Bioclimatology, University of Göttingen, Büsgenweg 2, 37077 Göttingen, Germany
24Climatology and Environmental Meteorology, Institute of Geoecology, Technische
Universität Braunschweig, Langer Kamp 19c, 38106 Braunschweig, Germany
25Climate System Research Unit, Finnish Meteorological Institute, PO Box 503,
00101 Helsinki, Finland
26Department of Environmental Sciences, Wageningen University and Research, PO
Box 47, 6700 AA Wageningen, The Netherlands
27CNR - Institute for Agricultural and Forest Systems, Via Patacca, 85, 80040 Ercolano
(Napoli), Italy
28Institute for Atmospheric and Earth System Research/Physics, Faculty of Science,
University of Helsinki, Gustaf Hällströmin katu 2B, 00014 Helsinki, Finland
29Research Institute for Nature and Forest, INBO, Havenlaan 88 Box 73, 1000 Brussels,
Belgium
30Department of Geography, University of Zurich, Winterthurerstraße 190, 8057 Zurich,
Switzerland
31Department of Agronomy, Food, Natural resources, Animals and Environment,
University of Padova, Viale dell’Università 16, 35020 Legnaro, Italy
32Institute of Crop Science and Plant Breeding, Grass and Forage Science/Organic
Agriculture, Christian-Albrechts-University Kiel, Hermann-Rodewald-Straße 9,
24118 Kiel, Germany
33Helmholtz Centre for Environmental Research GmbH - UFZ, Department
Computational Hydrosystems, Permoserstraße 15, 04318 Leipzig, Germany
34School of Forest Sciences, University of Eastern Finland, Yliopistokatu 7,
80101 Joensuu, Finland
35Laboratory of Biocentology, A.N. Severtsov Institute of Ecology and Evolution,
Russian Academy of Sciences, Leninsky pr.33, Moscow 119071, Russia
36Environmental Sciences, Earth and Life Institute, Université catholique de Louvain,
1348 Louvain-la-Neuve, Belgium
37Institute of Physics and Meteorology, University of Hohenheim, 70593 Stuttgart,
Germany

AG, 0000-0003-4870-7622; AKl, 0000-0001-7999-8966;
NBr, 0000-0003-3851-2418; CBr, 0000-0001-6621-5010;
NBu, 0000-0003-0826-2980; JC, 0000-0001-5688-8895; CC, 0000-0003-0338-8517;
EC, 0000-0002-6708-8532; MC, 0000-0002-5966-1829;
TSE-M, 0000-0002-0726-7141; LF, 0000-0001-8202-955X;
MG, 0000-0003-0337-7367; TG, 0000-0003-2263-0073;
GH, 0000-0002-4831-9016; BH, 0000-0001-7594-6341; JH, 0000-0001-8719-1927;
LH, 0000-0002-5569-0761; AI, 0000-0002-1341-921X; GJ, 0000-0002-6248-9388;
AKn, 0000-0002-7615-8870; FK, 0000-0003-1045-7680;
MK, 0000-0001-6875-9978; NK, 0000-0002-7366-7231; SL, 0000-0002-9605-8092;
JL, 0000-0002-9907-9104; DL, 0000-0003-3990-400X; VM, 0000-0001-5505-6552;
IM, 0000-0002-8516-3356; MMa, 0000-0002-8789-163X;
MMi, 0000-0003-3546-8407; PN, 0000-0001-6821-8661;
MP, 0000-0002-9940-5846; APi, 0000-0002-7260-6242;
CR, 0000-0002-8665-0375; MR, 0000-0002-5770-3896; TS, 0000-0002-9959-4771;
MS, 0000-0001-5292-7092; FS, 0000-0002-5668-3467; LŠ, 0000-0003-1951-4100;
AV, 0000-0002-2549-5236; NV, 0000-0002-2772-6755; IV, 0000-0001-9700-2771;
SW, 0000-0003-0335-4691; MZ, 0000-0001-9186-2519; HV, 0000-0002-8051-8517

Drought and heat events, such as the 2018 European
drought, interact with the exchange of energy between
the land surface and the atmosphere, potentially affecting
albedo, sensible and latent heat fluxes, as well as CO2

exchange. Each of these quantities may aggravate or
mitigate the drought, heat, their side effects on pro-
ductivity, water scarcity and global warming. We used
measurements of 56 eddy covariance sites across Europe
to examine the response of fluxes to extreme drought
prevailing most of the year 2018 and how the response dif-
fered across various ecosystem types (forests, grasslands,
croplands and peatlands). Each component of the surface
radiation and energy balance observed in 2018 was com-
pared to available data per site during a reference period
2004–2017. Based on anomalies in precipitation and refer-
ence evapotranspiration, we classified 46 sites as drought
affected. These received on average 9% more solar
radiation and released 32% more sensible heat to the
atmosphere compared to the mean of the reference
period. In general, drought decreased net CO2 uptake by
17.8%, but did not significantly change net evapo-
transpiration. The response of these fluxes differed
characteristically between ecosystems; in particular, the
general increase in the evaporative index was strongest
in peatlands and weakest in croplands.

This article is part of the theme issue ‘Impacts of the
2018 severe drought and heatwave in Europe: from site
to continental scale’.

1. Introduction
Exceptionally dry and warm periods can serve as a testbed for
the future response of the land surface to climate change, as
they represent air temperature, net radiation (Rn) and region-
ally also precipitation (P) and incident solar radiation (Rsi)
levels that may occur more frequently in the future. Depending
on their severity and duration, heatwave and soil water short-
age episodes have been observed to dramatically reduce plant
productivity, ecosystems’ carbon balance and food, fibre and
wood production in Europe, with an increasing frequency
during the three last decades [1–3]. In contrast with distinct
summer heatwaves, in 2018, unusually warm conditions
throughout most of Europe and dry conditions in its northern
half started in spring and persisted throughout the remainder
of the year [4], representing the largest annual soil moisture
anomaly in the period 1979–2019 [5].

Higher Rn enforces an increase in the sum of the turbulent
sensible heat flux (H ), latent heat flux (λET), heat stored in
the ground, vegetation and water bodies (Sl) and energy
converted chemically (Ec), particularly into biomass by
photosynthetic CO2 uptake or vice versa by respiration:

H þ lETþ Sl þ Ec ¼ Rn ¼ (1� a)Rsi � Rlo þ Rli: ð1:1Þ
Land surface albedo (α), outgoing longwave radiation from
the land surface (Rlo) and incoming longwave radiation
from the atmosphere (Rli) co-determine the relation between
Rsi and Rn.

A small increment in Rn can increase any, and probably all,
terms on the left-hand side of equation (1.1). If sunny and dry
conditions prevail, however, changes will be more diverse.
The increase in Ec may diminish as photosynthesis becomes
limited by stomatal closure or biochemical limitations [6]. The
same may happen to evapotranspiration (ET) as near-surface
water for evaporation becomes depleted or stomatal closure
limits transpiration. As stomatal closure or soil water shortage
continues, plants may develop less green leaf area than usual
or initiate senescence, eventually leading to a decrease in tran-
spiration and Ec, as well as to a change in α and thus Rn.
At the same time, soil water shortage can reduce soil respiration
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in spite of higher temperature, moderating the decrease inEc, as
shown for the 2003 drought and heatwave [1,2]. If a warm
anomaly is characterized by advection rather than by local pro-
duction of atmospheric heat,Hmight decrease according to the
temperature difference between land surface and atmosphere.
Hence, responses on the left-hand side of equation (1.1) might
differ in magnitude and sign between fluxes.

The objective of this study was to analyse the response of
land surface–atmosphere energy fluxes to the exceptionally
dry and warm conditions during the year 2018 at ecosystem
monitoring sites across Europe. Based on the response mech-
anisms described above, we hypothesize that Sl and H are
likely to consistently increase across different ecosystems.
ET and Ec, by contrast, may increase in response to increasing
Rn and Rsi, respectively, or decrease in response to soil water
depletion. ET and Ec are linked to each other by the drought
response of the vegetation, but can partly decouple owing to
the role of soil respiration and evaporation. Each flux has a
different effect on the atmosphere, e.g. direct heating through
H, local cooling and nonlocal heating through ET, and long-
term global cooling through the greenhouse effect of Ec on
Rli. Examining the ecosystem-dependent variability of ET
and Ec responses, and their side effect on H, may help to
understand how land use modulates local and global heating
in response to droughts and heatwaves [7]. In this study, we
compared fluxes from equation (1.1) directly measured at 56
eddy covariance [8] stations across Europe in 2018 to those in
a reference period 2004–2017, discriminating between the
ecosystem types forest, grassland, cropland and peatland.
2. Methods
Meteorological data and fluxes [9] were originally provided as
half-hourly averages, mostly in the framework of the ICOS
(www.icos-ri.eu) and TERENO (www.tereno.net) networks
[10,11]. A site was selected for this study when sufficient data of
the turbulent fluxes of sensible heat, water vapour and CO2 were
available for 2018 and at least for one year from the reference
period 2004 to 2017. All 14 reference years were available at
seven sites, and only one reference year at four sites. The majority
of siteswere forest sites, 10were crop sites, nine grassland sites and
six peatland sites (electronic supplementary material, (a), table S1
for details). Reference years with incomparable land use to 2018
(e.g. different crops in a crop rotation, or years before wood har-
vesting) were omitted and are already excluded from the above
numbers.

While all radiation terms of equation (1.1) were measured
directly and the turbulent fluxes were computed from high-
frequency raw data [11–13], Sl and Ec were estimated according to:

Ec � �0:469
J

mmol
NEE ð2:1Þ

and

Sl � SHFd þ d(rs cs þ uwrw cw)
DTs

Dt
þmc

A
cc
DTc

Dt

þ hm racp
DTa

Dt
þ l

Drv
Dt

� �
: ð2:2Þ

Note that in equation (2.1), past studies on energy balance
closure (EBC) used different CO2 flux components such as net
ecosystem exchange (NEE), gross primary production (GPP) or
overstorey CO2 flux to estimate Ec, which typically contributes
≪5% to the budget [14–18]. The measurement or modelling tech-
nique for the different components of Sl (equation (2.2))
determines whether heat released by respiration needs to be
excluded, included or partly included in equation (2.1). In most
cases including this study, the unknown fraction of (soil) respir-
ation below level d (equation (2.2)) would need to be excluded.
By estimating Ec from NEE, we avoid overestimating energy bal-
ance closure and inducing further uncertainties from source
partitioning. This also implies relative changes in Ec reported
in this study are equivalent to relative changes in net carbon
uptake (ecosystem productivity) NEP =−NEE.

The soil heat flux at depth d (SHFd) is measured by heat flux
plates (first term on the right-hand side of equation (2.2)) and cor-
rected for estimated storage changes over time (Δ/Δt) between
plate and soil surface (second term), in biomass (third term) and
air below the flux measurement level (last term). They depend
on temperature (T ), density (ρ) and specific heat capacity (c) of
the respective medium soil (s), soil water (w, θw being the volu-
metric soil water content), plant canopy (c, mc A−1 being wet
biomass per unit area), air (a) and water vapour (v, cp being
atmospheric heat capacity at constant pressure and λ the water
vaporization enthalpy). In each term, the height integral was
approximated by multiplying average available measurement
values (indicated by overbars, see the electronic supplementary
material, (a) for details) with the respective layer thickness d and
hm (height of flux level).

The combined inter-annual and spatial variability of the
change of a variable in 2018 versus the reference period was
used to estimate its 95% confidence interval (more details in the
electronic supplementary material, (a)). We report only changes
that were significant against this variability, unless explicitly
stated otherwise.

For the water budget and drought intensity, the potential eva-
potranspiration (ET in absence of water stress) is an important
characteristic, which can be estimated by the Penman–Monteith
equation. To disentangle atmospheric conditions from site-specific
responses and to rely on variables available with high temporal
coverage and quality at all sites, we used the grass reference evapo-
transpiration ET0 [19]. A meteorological, atmospheric or potential
drought is defined byeither the anomaly in precipitation (ΔP), or in
the climatological water balance (P - ET0) [20–22]. Obviously, the
latter definition captures more of the processes that can eventually
lead to actual drought stress or soil drought. However, not all of
ET0 leads to actual water loss by ET at each site, and ET0 also cor-
relates with factors positively affecting plant growth in energy-,
temperature- or light-limited regions, such as Rsi or growing
degree days. Therefore, figures 1 and 2 depict all sites in a
two-dimensional coordinate system of both ΔP and ΔET0.
3. Results and discussion
(a) Meteorological drought conditions
In 2018, most sites (46 of 56) were characterized by a joint
negative (‘dry’) ΔP, positive (‘dry’) ΔET0, and Δ(P − ET0)
below −75 mm (lower right quadrant of figure 1a). This
group of sites, which suffered atmospheric drought con-
ditions according to any of these three definitions on an
annual basis, will be referred to as affected sites. It includes
26 forest, seven crop, seven grassland and six peatland
sites. While ΔP in this group spanned a large range of more
than 500 mm, ΔET0 was confined to a narrow band around
+100 mm. On average, P was reduced by 180 mm and ET0

increased by 105 mm. Mean annual temperature across
these sites was 0.82°C higher than in the reference period,
with little variability among ecosystem types except for peat-
lands, which showed only 0.66°C average increase and a
comparatively large variability among sites (see the electronic
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supplementary material, (a), table S2). The remaining smaller
group of 10 sites, referred to as other, included few sites with a
moderate Δ(P - ET0) deficit of less than 100 mm, and potential
drought stress eminent only in ΔP or ΔET0, but not both. The
majority of this group, which may or may not have suffered
drought conditions during subperiods of 2018, exhibited
positive (‘wet’) annual P anomalies jointly with negative
(‘wet’) ET0 anomalies. ΔET0 was thus (negatively) correlated
to ΔP (r =−0.60), and by its role in the Penman–Monteith
equation positively to Rsi (r = 0.87), but also to the sum of
growing degree days above 10°C (r = 0.78), which is poten-
tially beneficial for plant growth. Flux site data thus
confirm that over a large region of Europe, 2018 was not a
singular rain-deficient, warm, or sunny year, but showed a
combination of these anomalies. Affected sites were located
in central Europe north of the Alps, Scandinavia and Eastern
Europe (figure 1b), in general agreement with other ground-
based and remote sensing observations as well as models
[21,23]. In particular, affected sites are well distributed
across the region suffering the strongest annual reduction in
the standardized precipitation-evapotranspiration index
(SPEI [24]).
90524
(b) Changes in radiation balance and energy balance
closure

Incoming shortwave (global solar) radiation (Rsi) across affected
sites increased by +360 MJ m−2 yr−1 (+9%), as opposed to
−147 MJ m−2 yr−1 across the other sites. Radiation budget com-
ponents other than Rsi were not available with sufficient
coverage at all sites, such that the following results represent
sub-datasets (see the electronic supplementary material, (a),
table S2, minimum 35 affected and six other sites).

Outgoing shortwave radiation (Rso) was mostly following
incoming radiation Rsi, increasing slightly more (+11.5%),
most likely owing to a small net albedo change, which was
however not significant, differing in sign between ecosystems
and sites.

Incoming longwave radiation at affected sites changed insig-
nificantly (+24 MJ m−2 yr−1, +0.2%, but +1.6% at other sites),
indicating cancelling effects of increased atmosphere tempera-
ture (positive) and reduced cloudiness (negative). Outgoing
longwave radiation, by contrast, reflected the higher land sur-
face temperature at affected sites (148 MJ m−2 yr−1, +1.3%) in
comparison to no significant change at other sites.

Net radiation (Rn) changed by +123 MJ m−2 yr−1 (+6.3%)
across affected while not significantly across other sites, reflect-
ing the dominant role of Rsi and the moderating role of
higher outgoing longwave radiation from the warmer land
surface. However, a large variability (95% confidence interval
±60 MJ m−2 yr−1) might indicate instrumental issues at
some sites.

Eddy covariance measurements are known for a gap in the
EBC, i.e. the sum of H and λET is frequently 15 to 30% smaller
than Rn - Sl - Ec [25,26]. Mean EBC across sites in this study
changed by 3% between the reference period and 2018 (see
electronic supplementary material, (b) for details), indicating
that relative changes in the fluxes reported remain independent
of the EBC problem. Owing to the ongoing debate about its
reasons and implications for any hypothetical flux correction,
absolute fluxes are reported without any correction [27] for
the EBC gap, which was on average 20% in our study.
(c) Sensible heat and evapotranspiration
Among the non-radiative surface energy fluxes (left-hand side
of equation (1.1)), the sensible heat flux (H ) showed the stron-
gest and most consistent change across affected sites, with
+169 MJ m−2 yr−1 (+32.3%, and no significant change across
other sites, figure 2a).

Latent heat flux at affected sites did not change signifi-
cantly on average (−0.3 MJ m−2 yr−1). We attribute this to
the opposing roles of increased ET0 on the one hand and
soil water depletion, stomatal closure and plant development
on the other hand. ET increased where and when sufficient
water was available from recent precipitation or from long-
term storage, and later decreased only at sites where stored
soil water was depleted (electronic supplementary material,
(c)). Consequently, among affected sites annual λET typically
decreased at those sites with a severe precipitation deficit,
while it frequently increased at sites with the same ET0

surplus but only moderate precipitation deficit (figure 2b).
Figure 2c shows a clearer drought signal in the evaporative
fraction (fraction of H+λET used for ET): even where ET
increased, it typically increased less than proportionally to
the larger energy available.

Averages across ecosystems further confirm this hypothesis
of ET response depending on stored water. Affected peatland
sites were the only ecosystem type with a significant increase
in λET (+205 MJ m−2 yr−1) and no significant increase in
H. Crop sites showed a significant decrease in λET
(−122 MJ m−2 yr−1), which could have a number of reasons:
(i) crop sites are under-represented among high elevation
and high latitude sites, thus water limitation at a given precipi-
tation deficit is more likely compared to some forest and
grassland sites at higher elevations or latitudes; (ii) crop sites
typically feature periods of bare soil, during which ET is
dominated by evaporation. Transpiration can be sustained
longer than evaporation because of the access of plants roots
to water in deeper soil layers; (iii) these periods may start ear-
lier in a drought year owing to accelerated maturity and
harvest (electronic supplementary material, (c)).
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In 2018, anomalies in ET of grassland, forest and other
sites reacted to ET0 and P as predicted by the Budyko frame-
work ([28], figure 3). A small offset may reflect a systematic
underestimation of ET owing to the EBC and vanishes
when comparing to the curve fit by Williams et al. [29]. At
crop sites, however, the fraction of P used for ET increased
less, as could be expected according to the above reasons.
All six peatland sites showed an increase in ET, which was
linearly related to the increase in ET0. One of them (DE-SfS)
is an ombrogenic bog fed only by precipitation and showed
the smallest ET increase and largest H increase among peat-
land sites. The remaining fen peatlands can receive
additional inflows from the surrounding landscape and
increase ET in response to higher ET0 and lower P for a
longer period than other ecosystems. Bogs show a vertical
pore space structure and self-regulatory mechanisms [30]
that could lead to an earlier decrease in ET. A few peatland
and forest sites lost more water by ET than they received
by P (points above the water limit line in figure 3). At one
peatland site (DE-ZRK), available measurements of the
change in water table depth between the start and the end
of 2018 (−0.65 m) would reconcile ET P2018

−1 (1.8, not shown
in figure 3 for scaling reasons) with the theoretical water
limit. A detailed analysis of the effect of extractable soil
water in forests for selected sites is presented in [6].

On an annual basis, affected forest sites showed a larger aver-
age increase in H (+235 MJ m−2 yr−1) than grassland sites
(+79 MJ m−2 yr−1), while the contrast in the insignificant ET
changes between both ecosystems was opposite. For the case
of 2003, it was demonstrated [7] that owing to differences in sto-
matal control and rooting depth, forests show less ET andmore
H than grasslands during the early stage of a heatwave. Ulti-
mately, however, the resulting more rapid depletion of
available soil water under grass led to more atmospheric heat-
ing than over forests at the peak of the heatwave 2003 [7].
Evolutionary reasons for such a more conservative strategy of
forests are suggested in [31]. According to our study, the
former effect (more heating over forests) dominated over the
latter (more heating over grasslands once soil water is depleted)
on an annual basis in 2018. This may be partly owing to
the lower albedo resulting in higher total available energy of
forests, partly owing to the grassland ensemble including
more humid sites (figure 3), and partly to the different time-
scales of the studies. A brief sub-annual comparison between
grasslands and forests largely supporting [7] is presented in
the electronic supplementary material, (c). Also for 2003, an
analysis of four example catchments showed a net increase of
ET [32] to amplify the soil drought, which could not be found
at themajority of our sites on an annual basis in 2018. However,
as a consequence of more available energy transferred as H,
apart from direct heating of the atmosphere, precipitation can
also be reduced owing to a higher and cooler cloud base [33].

(d) Minor energy fluxes, water-use efficiency of CO2
uptake and soil water content

The increase in heat storage in the soil and the canopywas small
(+9 MJ m−2 yr−1 across affected sites), demonstrating that most
of the additional energy during a warm and dry anomaly is
transferred back to the atmosphere. The relative change was
large (approx. 300%) owing to the fact that net energy storage
was approximately balanced in the reference period.

The change in energy storage in photosynthesis products
was even smaller and highly variable between sites
(−1.6 MJ m−2 yr−1 across affected, insignificant across other
sites). However, the change across affected sites corresponds
to 17.8% of reference period CO2 uptake, or 38 g C m−2 yr−1.
The radiative forcing of this amount not removed from the
atmosphere in 2018, estimated according to the methodology
of [34] and [35], corresponds to 1.9 MJ m−2 yr−1 during each
year of its atmospheric lifetime, such that the total heating
effect owing to unused photosynthetic energy and the green-
house effect cumulates to, e.g. 3.5 MJ m−2 yr−1 in 2019. Our
observation of a reduced net CO2 uptake across affected sites
is in general agreement with observed changes in atmospheric
CO2 concentrations over Europe [36,37].

CO2 uptake is typically closely related to ET loss through
the concept of water-use efficiency [38,39]. Inherent water-
use efficiency (IWUE*) estimated from annual GPP, vapour
pressure deficit and ET according to Beer et al. [40] increased
across affected sites by 3.1 g C hPa kg−1 H2O (31.4%, no signifi-
cant change across other sites). For assessing the climatological
response of the land surface to drought, it is worthwhile
to also consider the net ecosystem water-use efficiency
−NEE ET−1 (WUEeco) or, dimensionless, Ec λET−1. While
CO2 uptake adds to the potential of an ecosystem to mitigate
drought and heatwaves in any respect (see above), ET has
ambiguous effects, providing a local cooling and moistening
of the atmosphere on the one hand, while on the other hand
transferring latent heat to the atmosphere, adding H2O to its
greenhouse gas concentration at least on a short term, and
depleting soil water needed for future productivity. Ec λET

−1

decreased across affected sites by −11 · 10−4 (−13.8%, no signifi-
cant change across other sites). On average, the affected land
surface thus reinforced water scarcity and global warming
during the drought and heatwave. Soil water content measured
within the top 0.3 m of the soil decreased on average by
−0.05 cm3 cm−3 (−16.2%), while increasing by 0.03 cm3 cm−3

across other sites. Differences between forest and grassland
sites in both IWUE* and WUEeco (electronic supplementary
material, (a), table S2) are in qualitative agreement with a
forest–grassland comparison among Swiss sites, where forest
significantly increased water-use efficiency [31]. However,
figure 4 demonstrates that the relationship between smaller
CO2 uptake and increased ET water loss [2] was not universal.
Peatlands typically lost more water via ET than in the reference
period without absorbing more CO2, possibly because of
exposure of large amounts of organic carbon in otherwise
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inundated soils to aerobic conditions favouring respiration, or
an increase in evaporation rather than transpiration. Some of
the affected cropland and forest sites, in contrast, showed
increased CO2 uptake with no or little additional water loss.
A more detailed future analysis of the site-specific conditions
causing such responses might help to develop more drought-
and warming-resilient land-use strategies.
ing.org/journal/rstb
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4. Conclusion
Among the land surface responses to the 2018 European
drought, a considerable relative increase in H by 32.3% was
the most important change in absolute terms, as well as the
most consistent one across ecosystem types and drought inten-
sities. λET did not change significantly on average but showed
a large variability, including increases at sites with large water
reservoirs (peatlands) or moderate drought intensity and stron-
ger decreases at crop sites. However, the evaporative fraction
(fraction of turbulent heat transfer used for λET) clearly
decreased and the evaporative index (fraction of precipitation
used for λET) clearly increased across ecosystems. Responses
in energy used for net CO2 uptake (Ec) showed a correspond-
ingly large variability and a moderate correlation to λET
response, but a significant average decrease of −17.8%. Heat
storage in the ground showed a strong relative but small absol-
ute increase, and the response of albedowas variable, generally
small and as a result not significant across the assessed sites.

Albedo and Ec potentially cool the land surface–atmosphere
system, the latter both through energy consumption during
photosynthesis and greenhouse gas removal, while H has a
heating effect. λET has a large variety of effects including local
cooling and nonlocal heating of the atmosphere, atmospheric
humidityand cloud formation, anddepletionofwater resources
required for productivity and groundwater recharge. Thus, an
increase or decrease in ET does not generally mitigate or
reinforce drought, butmust be assessed considering local priori-
ties and potential correlations with Ec and albedo. Because H
increased consistently, CO2 uptake decreased on average and
albedo and ET showed no consistent change, the affected Euro-
pean landsurface respondedwithaclearnet heatingeffect to the
drought in 2018.
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