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Abstract. In the last decade, Europe has been stricken by two
outstanding heatwaves, the 2003 event in western Europe and
the 2010 episode over Russia. Both events were character-
ized by record-breaking temperatures and widespread socio-
economic impacts, including significant increments on hu-
man mortality, decreases in crop yields and in hydroelectric
production.

Previous works have shown that an extreme climatic event
does not always imply an extreme response by ecosystems.
This work attempts to assess how extreme was the vegetation
response to the heatwaves during 2003 and 2010 in Europe,
in order to quantify the impacts of the two events on car-
bon fluxes in plant productivity and to identify the physical
drivers of the observed response.

Heatwave impacts in vegetation productivity were anal-
ysed using MODIS products from 2000 to 2011. Both 2003
and 2010 events led to marked decreases in plant productiv-
ity, well below the climatological range of variability, with
carbon uptake by vegetation during August reaching nega-
tive anomalies of more than 2 standard deviations, although
the 2010 event affected a much larger extent. A differentiated
response in autotrophic respiration was observed, depending
on land-cover types, with forests increasing respiration rates
in response to the heatwaves, while in crops respiration rates
decreased.

The widespread decrease in carbon uptake matched the
regions where very high temperature values were also pre-
ceded by a long period of below-average precipitation, lead-
ing to strong soil moisture deficits. In the case of the 2003
heatwave, results indicate that moisture deficits coupled with
high temperatures drove the extreme response of vegetation,
while for the 2010 event very high temperatures appear to be
the sole driver of very low productivity.

1 Introduction

Heatwaves in Europe are expected to become more frequent,
intense and long lasting, mostly due to the increase in mean
summer temperature and corresponding variability (Luter-
bacher et al., 2004; Meehl and Tebaldi, 2004; Fischer and
Schär, 2010). The first decade of the 21st century in Europe
was particularly prone to extremely warm events (Coumou
and Rahmstorf, 2012). Besides the warm summers of 2002,
2006 and 2007, this decade registered two extreme events in
magnitude, spatial extent and duration, the so-called mega-
heatwaves in 2003 and 2010 (Barriopedro et al., 2011).

In 2003, Europe registered the warmest summer in 500
years, with record-breaking temperatures being reached at
the daily, weekly and monthly scales in western and central
Europe. In large sectors of France and the Iberian Penin-
sula, daily maximum temperatures were between 7.5◦C
and 12.5◦C above the 1961–1990 average for several
weeks (Luterbacher et al., 2004; Trigo et al., 2005; García-
Herrera et al., 2010). According to several authors, this event
was so extreme in central Europe that it fell completely out-
side the range of any extreme episodes observed before, even
for stations with more than 100 years of daily data (Schär
et al., 2004). In this regard, despite the intrinsic difficulties
in computing robust return periods for such an event, 2003
was considered extremely rare and with a low probability of
occurring again in the near future (Schär et al., 2004).

Yet in 2010, Europe was stricken by an even warmer sum-
mer, with a very large extent over western Russia, register-
ing temperatures 4 standard deviations above the reference
mean for a wide range of temporal aggregations (weekly,
monthly, seasonal).Barriopedro et al.(2011) have shown that
the 2010 heatwave affected a much larger extent and was
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far more intense than the 2003 event, with a record-breaking
area of∼ 2 million km2 compared with∼ 1 million km2 in
central Europe in 2003. These heatwaves were responsible
for a significant increase of human mortality, unusually large
fires and widespread impacts in ecosystems and crop yields
(Trigo et al., 2005; García-Herrera et al., 2010; Barriopedro
et al., 2011).

Several works have stressed the role of land–atmosphere
coupling, particularly soil-moisture feedbacks, in climate
variability and extremes in Europe (Seneviratne et al., 2006;
Hirschi et al., 2011). Both 2003 and 2010 heatwaves were
associated with persistent anti-cyclonic conditions from late
spring to summer and with precipitation deficits from late
winter until August. The latter, combined with increased ra-
diation flux during late winter and spring, contributed to a
rapid reduction in soil moisture through enhanced evapora-
tion and led to persistent drought conditions. Low precipita-
tion and soil moisture deficits during summer amplified the
high temperatures reached during the heatwaves, as the re-
duction in evaporation was compensated by an increase in
sensible heat flux (Ferranti and Viterbo, 2006; Fischer et al.,
2007; García-Herrera et al., 2010; Barriopedro et al., 2011).
Furthermore,Teuling et al.(2010) has shown that different
land-cover types may contribute to reinforcement or attenu-
ation of the coupling between temperature and soil moisture
through non-linear evapotranspiration responses to high tem-
perature spells.

The enhancement in carbon uptake by ecosystems ob-
served in past decades, particularly in Europe, has been at-
tributed to increased atmospheric CO2 concentration and
warmer springs (Zhou et al., 2001; Nemani et al., 2003; Men-
zel et al., 2006; Le Quéré et al., 2009; de Jong et al., 2013).
However, several studies have pointed that these effects may
be offset in the future due to different mechanisms such as (a)
temperature increase in other seasons (Piao et al., 2008); (b)
higher temperature variability or climate extremes (Heimann
and Reichstein, 2008; Zhao and Running, 2010; Schwalm
et al., 2012); and (c) changes in precipitation regimes (Angert
et al., 2005). For instance,Ciais et al.(2005) estimated the
2003 heatwave to have reverted the equivalent of 4 years
of net carbon uptake by European ecosystems. Additionally,
Gouveia et al.(2008) found a reverse response of vegetation
activity to increases in temperature during spring or summer
in northern Europe, whilePeng et al.(2013) have stressed
the asymmetric effect of changes in minimum and maximum
temperatures. Given the existing feedbacks between land and
atmosphere and the importance of the land CO2 sink in the
global carbon budget (Ballantyne et al., 2012), reducing un-
certainties about the future behaviour of ecosystems is par-
ticularly relevant for earth system science (Meir et al., 2006;
Friedlingstein and Prentice, 2010; Reichstein et al., 2013).
Understanding the role of climate extremes on interannual
variability of carbon uptake by vegetation is thus of great in-
terest, particularly in Europe, where ecosystems remove 7–
12 % of the corresponding anthropogenic CO2 emissions and

constitute one of the most important global CO2 forest sinks
(Janssens et al., 2003; Pan et al., 2011).

The link between climatic and ecosystem extremes is not
always as straightforward to establish as is often considered
within the climate community.Smith(2011) has brought at-
tention to the fact that the extremeness of a climatic event
may not always translate into an extreme ecological re-
sponse (Kreyling et al., 2008; Jentsch et al., 2011). Con-
sidering these limitationsSmith (2011) proposed a frame-
work to analyse the ecological impact of a climatic extreme
that requires an extreme ecosystem response to be observed
and attributable to the period of the extreme climatic event.
Zscheischler et al.(2013) have also stressed the importance
of spatio-temporal analysis to attribute biosphere responses
to extreme climatic events. Furthermore, for a single climatic
extreme there may be several indirect factors affecting veg-
etation response. The tight physical coupling between tem-
perature and soil moisture during heatwaves may be respon-
sible for differentiated responses of vegetation to a particular
event.

This work follows the methodology proposed bySmith
(2011) and performs a comparative analysis of the 2003 and
2010 heatwaves to

(i) quantify the impact of the mega-heatwaves on plant car-
bon uptake

(ii) assess how exceptional the response of vegetation to
both events was

(iii) identify the physical drivers of vegetation dynamics.

2 Data and methods

2.1 Vegetation activity

The work relies extensively on gross primary productivity
(GPP), net primary productivity (NPP) and net photosynthe-
sis (PsN) from the improved C5 MOD17 data sets which
are derived from the MODIS-NPP algorithm (Running et al.,
2004) using daily meteorological data from the NCEP/DOE
II Reanalysis as described inZhao and Running(2010) and
Zhao et al.(2006). This collection is an improvement of the
C4 MOD17 data as described inZhao et al.(2005), having
lower uncertainties due to corrections in the meteorological
inputs, in the quality control of the input radiometric data as
well as a recalibration of the biome parameters.

There has been some debate about the ability of MOD17
products to reproduce real vegetation variability patterns
since GPP, NPP and PsN are computed using a model
that combines both spectral observations of vegetation ac-
tivity (fraction of absorbed photosynthetically active radia-
tion, fAPAR) and climatological data (Running et al., 2004).
The main critiques focus on the strong influence of tem-
perature variations in both the respiration (Q10) and the
vapour pressure deficit (VPD) functions (Medlyn, 2011).
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Zhao and Running(2011) have performed a sensitivity anal-
ysis of these terms, concluding that relaxing the limits of
maximum daytime VPD or using lowerQ10 would lead
to unrealistic values of global NPP. Furthermore,Ahlström
et al. (2012) have compared the results inZhao and Run-
ning (2010) to NPP values computed using a bottom-up ap-
proach based on a dynamic vegetation model, finding a simi-
lar response of NPP to drought conditions. Other studies have
shown that MOD17 products are able to reproduce seasonal
and interannual variability across a wide variety of biomes,
especially in sub-tropical to polar latitudes (Running et al.,
2004; Mu et al., 2007; Schubert et al., 2012; Hasenauer et al.,
2012; Frazier et al., 2013) and to capture the impact of the
2003 heatwave in Europe (Reichstein et al., 2007). Neverthe-
less, it is worth keeping in mind that throughout the following
analysis, observed patterns in GPP, NPP and PsN correspond
to partially modelled results.

For annual variability analysis, MOD17A3 annual global
GPP and NPP data sets were used, while for the seasonal
analysis the work relied on MOD17A2 monthly PsN and
GPP data sets. PsN corresponds to the difference between
GPP and maintenance respiration in leaves and fine roots.
Growth and woody tissue respiration are only subtracted at
the end of the year to compute annual NPP (Running et al.,
2004). Thus, by computing the difference between GPP and
NPP, it is possible to estimate annual autotrophic respiration
(Ra) fields.

Spectral observations of the fraction of absorbed photo-
synthetically active radiation (fAPAR) were used to assess
the robustness of the results found in GPP, NPP and PsN pat-
terns. Thus, the C5 MOD15A2 8-day fAPAR data set, also
retrieved by MODIS (Myneni et al., 2002), was extracted and
monthly fAPAR composites were computed from the 8-day
data.

All data sets are provided at 1 km spatial resolution and
were selected for a 12 yr period spanning from 2000 to 2011,
over a region covering Europe, between 34.6◦ N–73.5◦ N and
12.1◦ W–46.8◦ E. Annual GPP, NPP, Ra and monthly PsN
and fAPAR anomaly fields (hereafter VARIABLEanom) were
also computed as the departure from the corresponding long-
term average (annual or seasonal) in the study period.

The integrated European NPPanom time series was com-
puted for 12 yr period, and partitioned in the time series cor-
responding to western (longitude< 25◦ E) and eastern (lon-
gitude≥ 25◦ E) European sectors.

The two regions with anomalies below
−0.2 kg C m−2 yr−1 in 2003 and 2010 correspond roughly to
the centres of the highest temperature anomalies registered
during the summer heatwaves in each year (García-
Herrera et al., 2010; Barriopedro et al., 2011) and were
accordingly selected (boxes in Fig.1b) for the following
analysis, being henceforth referred to as HW03 and HW10,
respectively. HW03 covers an area of 102 000 km2, while
HW10 covers a much larger extent, about 660 000 km2.

The analysis of the annual fields does not provide a de-
tailed assessment of the impacts of the heatwave events,
which occurred during a few summer weeks. Following
Smith(2011) andZscheischler et al.(2013), a more compre-
hensive spatio-temporal analysis is required in order to assess
if there was in fact an extreme ecological response to this cli-
matic extreme, the amplitude of such an extreme ecological
response and, if it can be attributed to the referred heatwaves.
To assess the impact of the heatwaves on the seasonal cycle
the work relies on monthly PsN fields and regional values
which, despite lacking growth and woody respiration terms,
provide information about the seasonal behaviour of carbon
uptake by plants. The PsN seasonal cycle and the correspond-
ing cumulative values in 2003 and 2010 were compared to
the corresponding statistical distribution. The departure to
the median and the 10–90 % variability range provides an
indication of the extremeness of vegetation activity during
a given period. The respective end-of-year balances of PsN
relative to the median (1PsN) were also computed for com-
parison with NPP.

2.2 Land cover and burned area

Land cover was assessed by the Global Land Cover 2000
(GLC2000) data set, provided by the Global Environ-
ment Monitoring Unit of the European Commission Joint
Research Centre (http://bioval.jrc.ec.europa.eu). GLC2000
makes use of a data set of 14 months of pre-processed daily
global data acquired by the VEGETATION instrument on
board the SPOT 4 satellite, and information is stratified into
22 classes of land cover. GLC2000 data are provided at 1 km
spatial resolution and were selected over the study region,
that is from 34.6◦ N to 73.5◦ N and 12.1◦ W to 46.8◦ E. Nine
main land-cover types in both regions struck by the heat-
waves were selected and grouped in two major categories,
forests and crops. Forests correspond to GLC2000 classes
1 to 6, in other words broad-leaved (evergreen and decid-
uous), needle-leaved and mixed forests. Crops correspond
to GLC2000 classes 16 to 18: cultivated and crops, mosaic
of cropland, and tree cover and mosaic of cropland, shrub
and/or grass cover. Land-cover maps of the two selected re-
gions were analysed, with the two regions presenting similar
composition: crops constitute 50 % of HW03 and 48 % of
HW10, while forests correspond to 26 % of HW03 and 37 %
of HW10. To provide a more detailed picture of the differen-
tiated response of distinct land-cover types, average and inte-
grated anomalies of GPP, NPP, Ra and cumulative PsN were
computed for each of the two main land-cover categories.

As mentioned previously, the 2010 heatwave was asso-
ciated to the unusual number of large wildfires, however,
GLC2000 does not provide such updated information. There-
fore, burned areas in 2003 and 2010 were assessed using
MODIS MCD45 Collection 5.1 burned area product, which
provides the approximate day of burning at 500 m spatial res-
olution (Roy et al., 2005). Maps for fires occurring during
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summer months (JJA) were selected over the study region
and re-sampled to the coarser resolution of 1 km used for all
the other MODIS-based data sets.

2.3 Climate data

As MOD17 products rely on a light-efficiency model forced
with spectral observations and climate data from from the
NCEP/DOE II Reanalysis (Zhao and Running, 2010), part
of the response observed may depend on the climate data
used. Therefore, this work relies on independent data sets
from ERA-Interim Reanalysis from the European Centre for
Medium-Range Weather Forecasts (ECMWF) (Dee et al.,
2011) and from the Global Precipitation Climatology Centre
(GPCC) (Rudolf and Schneider, 2005). The effect of changes
in water availability on plant productivity relied on distinct
variables from the ones used to force the MOD17 algorithm:
precipitation and soil moisture data (instead of VPD) which,
despite being physically correlated with VPD, allow a further
verification of the robustness of the results.

Monthly fields of average temperature at 2 m (T ), average
snow depth (SD) and volumetric soil water (SW) at four dif-
ferent levels (1 to 4, 0–7 cm, 7–28 cm, 28–100 cm and 100–
289 cm, as inBalsamo et al., 2009), were extracted from the
ERA-Interim Reanalysis (Dee et al., 2011). Data are orga-
nized on a regular grid at 0.75◦ spatial resolution over a re-
gion extending from 34.5 to 75◦ N and−13.5◦ W to 48◦ E
and were selected for the study period 2000–2011.

Precipitation data was extracted from the GPCC moni-
toring product which is based in near-real time rain gauge
observations and provides monthly mean global precipita-
tion (P ) fields at 1◦ spatial resolution (Rudolf and Schnei-
der, 2005) and data were selected on a region between 34–
74◦ N and−12◦ W–47◦ E, between 2000 and 2011. Monthly
anomaly fields were computed for each climate variable after
removing the seasonal cycle, and are henceforth indicated as
VARIABLE anom.

To understand the relationship between the observed re-
sponses in vegetation and the climate conditions in each re-
gion, the regionally averaged climatological seasonal cycle
was plotted for the pairs (PsN,T ), (PsN, SW1) and (PsN,
SW4) and compared to the corresponding cycle during the
heatwave year. Although useful to understand the evolution
of climate conditions during each year in the affected re-
gions, the departure to the mean cycle does not provide suf-
ficient insight about the relative contribution of each climate
variable to the vegetation response. To disentangle the con-
tribution of each variable from the extreme response by veg-
etation, climate conditions observed during 2003 and 2010
were compared to the ones corresponding to the best and
worst 25 % percentiles of PsN. Normalized values (mean
µ = 0 and standard deviationσ = 1) of monthlyTanom and
SW1anomvalues during 2003 and 2010 (the variables known
to impact more directly vegetation activity) were calculated
for each pixel, averaged over the selected regions and com-

pared to 3-year composites of the 3 best years (high annual
productivity) and the 3 worst years (low annual productiv-
ity) for each region. For the calculation of the 3 worst years,
the year corresponding the the heatwave was excluded, for
HW03 the high (low) productivity years are 2000/2007/2011
(2001/2004/2005) and for HW10 the high (low) productivity
years are 2001/2004/2005 (2002/2009/2011).

3 Results

3.1 Annual impacts

The time series of the NPP anomaly at the European scale
for the 12 yr period (Fig.1) indicates that 2003 and 2010
correspond to remarkably low values over the period, with
NPPanom of about−100 Tg C in both years. The separate
analysis of the eastern and western sectors shows that these
very low NPP values at the European scale were due to strong
anomalies in western Europe in 2003 and in the eastern sec-
tor in 2010, coinciding with the main regions affected by the
heatwaves in each year.

NPPanom fields for the 2 years (Fig.1b) provide a better
representation of the spatial variability of such low anoma-
lies. In 2003 widespread negative anomalies were observed
throughout most of Europe, with a region over southern and
central France with anomalies below−0.2 kg C m−2 yr−1

and, in some pixels even lower than−0.4 kg C m−2 yr−1.
Positive anomalies were limited to some sectors of north-
ern Scandinavia, the UK, Ireland and western Russia. On
the contrary, in 2010 it is possible to observe a large extent
in western Russia with very low anomalies (from−0.2 to
−0.4 kg C m−2 yr−1) while in most of western Europe vege-
tation activity was close to average or slightly higher (Iberia,
the Balkans and the area around the Black Sea).

The response observed in NPPanom corresponds to the
balance between GPPanom and Raanom, presented in Fig.2.
GPPanom fields in both years present very similar patterns
to the ones in Fig.1b, although anomalies are considerably
lower (< −0.4 kg C m−2 yr−1) in most of the pixels affected
by the heatwaves. This implies that, in those pixels, Ra was
also below normal (Fig.2b), although in HW10 a dipole
pattern is observed, with the northern region presenting in-
creased Ra, while southern areas correspond to decreased Ra.
Such conspicuous patterns point to differences in the vegeta-
tion types affected, which will be further analysed.

Results of regional average balances for HW03 and HW10
are summarized in Table1. Overall balances of GPP in
HW03 and HW10 reveal distinct responses in the two re-
gions. Despite being very similar in absolute magnitude, NPP
anomalies in HW03 correspond to reductions of about 20 %
of the average annual productivity, while in HW10 NPP fell
below 50 % (or less) of the average NPP. In HW03, anoma-
lies for both GPP and Ra are negative, indicating that the de-
crease in photosynthetic activity was followed by a decrease
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Figure 1.Annual NPP anomalies over Europe:(a) integrated NPP anomaly between 2000 and 2011 for Europe (solid black), western Europe
(light grey dashed, circles) and eastern Europe (dark grey dashed, squares);(b) NPPanomfields for 2003 (left) and 2010 (right). The dashed
lines in (b) separate the western and eastern European sectors used to compute the time series in(a). The reference period 2000–2011
excluding each year (2003 or 2010), to avoid the bias effect on the average of the extremely low values registered during the heatwaves.
Annual NPP are derived from the MOD17A3 algorithm (Running et al., 2004) using daily meteorological data from the NCEP/DOE II
Reanalysis.

in overall vegetation activity, damping the effect on NPP. On
the contrary, in HW10 overall respiration presents a positive
anomaly, which leads to NPPanomlower than the anomaly ob-
served in GPP. Furthermore, since the extent affected in 2010
was much larger than the one in 2003, the total NPPanom re-
sulting from the 2010 event was almost five times the value
registered in the 2003 heatwave.

Results in Table1 for the two main land-cover cate-
gories reveal an inverse response in respiration, which jus-
tify the differences observed in the regional balances. In
both regions, while crops are characterized by below-average
Ra values (i.e. reduced carbon release), forests present posi-
tive (i.e. enhanced carbon release) respiration anomalies. In
fact, Raanomin HW10 is five times higher than in HW03 and,
since forests correspond to a larger fraction of the latter re-
gion, this results in overall NPPanom values below GPPanom
(i.e. respiration reinforces the decrease in carbon uptake).
Crops present very similar values in both regions for the

three variables (differences are less than 0.005 kg C m−2),
with lower magnitudes of NPPanom than forests. This fea-
ture suggests higher resistance of these vegetation types to
the heatwaves, however, this is most likely due to some de-
gree of human intervention in order to minimize the impacts
of the heatwave.

The analysis of the balances in burnt pixels shows that
these were significant only for HW10. The widespread fires
that occurred during the summer in this region primarily
affected crops (68 %) and led to total NPPanom values of
−1.8 Tg C, almost 2 % of the overall balance. These values
reflect only the contribution of fires to the reduction in NPP
observed; they do not account for the carbon emissions due
to combustion or for the losses in carbon uptake over the
following years before the whole ecosystem recovers, which
would lead to much larger values of carbon flux anomalies.
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Figure 2. Annual fields of(a) GPPanom(obtained from MOD17A3
algorithm) and(b) Raanom (computed as the difference between
NPP and GPP) for 2003 (left) and 2010 (right) over Europe, please
note the use of different scales. The colour map in Raanom is in-
verted so that colours match the net effect on NPPanom in Fig. 1.

3.2 Seasonal impacts

3.2.1 Seasonal cycle

The PsN seasonal cycle in 2003 and 2010 for the se-
lected regions was compared to the corresponding clima-
tology (Fig. 3a). Region HW03 presents a longer and
more productive average seasonal cycle, reaching peak PsN
values between 0.15 to 0.2 kg C m−2 month−1, while in
HW10 vegetation is generally dormant from November un-
til March and does not reach productivity values above
0.15 kg C m−2 month−1, explaining the differences in annual
productivity mentioned previously. Moreover, PsN is charac-
terized by larger variability in summer months, as expressed
by the 10–90 % variability intervals.

During 2003, HW03 experienced lower-than-average PsN
during most of the winter and spring, although still in-
side the 10–90 % variability range over the study period
(Fig. 3a, left). From May and until October, vegetation activ-
ity was exceptionally disturbed, in particular during the sum-
mer months (JJA), when remarkably low anomalies (below
−0.05 kg C m−2 month−1) were reached. It should be em-
phasized that the HW03 reached the strongest magnitude in
early August 2003, however, it was preceded by an extremely
warm period in June (García-Herrera et al., 2010; Barriope-
dro et al., 2011). In HW10, PsN remained within the 10–
90 % percentiles (Fig.3a, right) with slightly positive anoma-
lies during the beginning of the growing season (April–May).
These positive anomalies were rapidly offset during summer,
especially in July and August, with PsNanom values below

Figure 3. (a) Climatology of the seasonal cycle of monthly PsN
(as obtained from MOD17A2 algorithm in kg C m−2 month−1) for
the reference period 2000–2011 averaged over the two selected re-
gions HW03 (left) and HW10 (right). Light grey interval delimits
the 10 and 90 % percentiles; dark grey delimits the 25 and 75 %
percentiles; solid black line corresponds to the median. Dashed
bold line corresponds to the seasonal cycle for the heatwave years,
2003 for HW03 and 2010 for HW10 and the corresponding seasonal
anomalies are represented in the bottom panel.(b) as in(a) but for
monthly fAPAR from MOD15A2.

−0.05 kg C m−2 month−1. It is worth noting that in both re-
gions August was the month registering the largest departure
from the 10–90 % range, coinciding with the strongest pe-
riod of the heatwave events. Analysis of seasonal GPP (now
shown) reveals a very similar behaviour, with anomalies be-
low the 10 % percentile during summer months in both re-
gions.

Analysis of monthly fAPAR (Fig.3b) shows that before
the summer months, vegetation activity was close to or even
above average in both regions. In HW03 fAPAR shows very
high positive anomaly in March, remaining close to average
until June, while negative anomalies are already observed
in PsN. In HW10 fAPAR remains above average from late
winter to early summer, matching the slight enhancement in
PsN in late spring, but not the strong negative PsNanomvalue
reached in June. In both regions, only during summer months
(JAS) are negative fAPAR anomalies found, however these
reach extreme values only in August, when fAPAR clearly
stays below the 10 % percentile.

3.2.2 Carbon balance

The preceding months with above-average PsN have a pos-
itive impact on the total carbon uptake during the seasonal
cycle, cancelling out part of the negative impact of the
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Table 1.Relative and total GPPanom, NPPanom, Raanomand difference in accumulated PsN during 2003 (HW03) and 2010 (HW10) for each
region. Values for forests, crops and total area are given in each column. Results are presented as average carbon uptake (in kg C m−2) and
the corresponding integrated balance over each region (in Tg C).

Forests Crops Total
HW03 HW10 HW03 HW10 HW03 HW10

GPPanom
kg C m−2

−0.25 −0.13 −0.15 −0.15 −0.21 −0.13
Tg C −6.5 −30.1 −7.6 −48.9 −20.8 −90.1

NPPanom
kg C m−2

−0.25 −0.18 −0.13 −0.13 −0.19 −0.14
Tg C −6.7 −40.7 −6.6 −42.5 −18.9 −93.6

Raanom
kg C m−2 0.01 0.05 −0.02 −0.02 −0.02 0.01
Tg C 0.2 10.5 −1.0 −6.4 −1.9 −3.4

1PsN
kg C m−2

−0.30 −0.24 −0.22 −0.18 −0.23 −0.19
Tg C −7.2 −55.1 −14.9 −56.0 −23.0 −125.0

% of area 26 37 50 48 – –

heatwaves, and worth assessing the evolution of the cumu-
lative carbon balance (Fig.4a, coloured lines). The cumula-
tive balances of PsN in both regions start to depart from the
median only by the end of spring and present much lower ac-
cumulation rates during summer, especially in August. The
end-of-year departure from the median is quite similar for
both regions (about 0.25 kg C m−2), however, relative to the
corresponding standard deviation, the impact of the heatwave
on PsN in HW10 was slightly higher, reaching−2.8σ in Au-
gust 2010 (Fig.4a), while in HW03 the departure in August
2003 was−2.4σ (Fig. 4a). From October to December, cu-
mulative PsN curves for the two extreme years follow a sim-
ilar trajectory as the respective climatologies, thus the nega-
tive balance is mainly due to the decrease in PsN during JJA.

Results for forests and crops (Fig.4b and c) indicate that
forests, the most productive land-cover type, were affected
more severely. In HW03 forests registered null or slightly
negative PsN (i.e. turning into a source of CO2) from July
to August. Again, this evolution between July and August
2003 reflects to a certain extent the double nature of the 2003
heatwave in western Europe with an early peak in June and
a stronger one in August (García-Herrera et al., 2010; Bar-
riopedro et al., 2011). Crops in general present a weaker re-
sponse to the heatwaves, relative to forests. In the case of
the sub-class cultivated and croplands, the departure does not
even fall outside the climatological variability range. Table1
summarizes end-of-year balances of PsN relative to the me-
dian, over the total area and discriminated for the main land-
cover types. In both regions, forests suffer greater relative
losses, however, crops contribute more to the area-integrated
balance in HW03, while in HW10 the two main land-cover
types contribute in approximately equal parts to the total bal-
ance.

3.2.3 Spatial patterns

Assessing whether the major decreases in vegetation carbon
uptake during summer were a direct response to the high tem-
peratures registered during the heatwaves requires the anal-
ysis of seasonal evolution of PsNanomspatial patterns during
2003 and 2010 (Figs.5 and6, respectively) and further com-
parison with the corresponding climate patterns.

Western and central Europe experienced low levels of pro-
ductivity from the early beginning of 2003 (Fig.5). In April,
very low PsNanom values were observed in the Balkans, but
were followed by 2 months of enhanced productivity. In June
a large area of PsN anomalies below−0.2 kg C m−2 formed
over southern and central France (the region corresponding
to HW03), which remained approximately stable during July.
In August, the region with very low PSNanom spread over
most of western and central Europe. It is worth noting the
strongly enhanced productivity observed in western Russia
and some sectors of Eastern Europe during the summer, es-
pecially in July and August, of 2003.

In 2010, more contrasting patterns were observed (Fig.6).
Above-average productivity in May over most of eastern
Europe was then followed in June by PsNanom values be-
low −0.2 kg C m−2 on a very large region centred in west-
ern Russia, while throughout most of Europe high produc-
tivity was still observed. In July, the region with very low
PsNanom spread north-westwards, affecting some parts of
Scandinavia, the UK, northern Germany and Poland. In Au-
gust, the area of low PsNanomvalues over western Russia was
further enlarged southwards, while in many sectors of west-
ern and central Europe PsN was again enhanced.

3.3 Climate patterns

Figures7 and8 summarize results for the climatic conditions
observed during spring and summer (March–September) in
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Figure 4. (a)Accumulated monthly PsN (from MOD17A2) climatology (box plots and black lines) for the two selected regions HW03 and
HW10. Boxes represent the±0.5σ range and whiskers extend to the most extreme data that are not outliers. Accumulated monthly PsN for
2003 in region HW03 (red) and for 2010 in region HW10 (blue).(b) and(c) as in(a) but for forests and crops, respectively.

Figure 5. Monthly PsNanomfields from MOD17A2 during 2003.

2003 and 2010, respectively, forTanom, Panom, SW1anomand
SW4anom.

The strong PsN anomalies (Figs.5 and 6) match the
patterns of very high temperature anomalies shown in

Figure 6. As in Fig.5, but for 2010.

Figs.7a and8a. In southern and central France, temperatures
reached anomalies higher than 4◦C in June and August of the
same year (Fig.7a). However, in July 2003, temperatures in
this region were only about 1◦C above average, and still very
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Figure 7. Monthly climate anomalies over Europe during spring and summer 2003:(a) average temperature at 2 m (Tanom); (b) precipitation
(Panom); (c) volumetric soil water at level 1, 0–7 cm (SW1anom); and(d) volumetric soil water at level 4, 100–289 cm (SW4anom). Tanom,
SW1anomand SW4anomfields from the ERA-Interim Reanalysis andPanomfrom GPCC, based in near-real time rain gauge observations.

low PsNanompersisted. Strong precipitation deficits were ob-
served (Fig.7b) throughout most of central and western Eu-
rope in 2003, especially in early spring (March) and all the
summer months, wherePanomvalues below 50 mm month−1

were registered. Soil moisture deficits in top and deep lay-
ers (Fig.7c and d) were observed in central Europe during

spring and summer, particularly at the top layer (SW1), but
were considerably exacerbated between June and August.
The dry conditions may thus explain the persistence of low
PsN anomalies between the stronger heat spells.

In 2010, the moderately cool spring months (March and
April) over most of Europe (Fig.8a) were followed by
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Figure 8. As in Fig.7, but for 2010.

temperature anomalies of about 3–4◦C over western Russia,
which persisted and further increased during summer months
(JJA). Particularly, in a very large extent around Moscow,
Tanom values over 5◦C persisted for 2 consecutive months
(JA). Cooler-than-average temperatures were generally ob-
served over the rest of Europe, except during July, which was
warmer than average practically over all regions. Precipita-
tion patterns (Fig.8b) are not as clear as in the case of 2003,

although small precipitation deficits appear to have prevailed
during spring in western Russia. In June and July,Panom
values below−50 mm month−1 were observed over west-
ern Russia, northern Germany, Poland and the UK. These
precipitation deficits are also reflected in SDanom fields (not
shown) which present negative anomalies during winter and
early spring in that region. In spring 2010, soil moisture
fields are characterized by different dynamics on the top and
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deep layers. In March, in western Russia and Scandinavia,
on the top layer (Fig.8c) SW1anom values above 4 % were
registered, while in the deeper layer (SW4anom, Fig.8d), val-
ues were 1 to 4 % lower than average. This enhancement of
soil moisture on the top layer was possibly due to an ear-
lier snowmelt in the beginning of spring (not shown), in ac-
cordance toBarriopedro et al.(2011). In the rest of spring
and summer, SW4anomdynamics follows SW1anomalthough
with attenuation and an apparent lag of about a month, with
SW1 achieving a prominent negative value in July and Au-
gust, while SW4 presents the (less intense) peak anomalies
in August and September. Results obtained for the patterns
of T , P and SW are consistent with results obtained in previ-
ous works (Ferranti and Viterbo, 2006; Fischer et al., 2007;
García-Herrera et al., 2010; Barriopedro et al., 2011).

3.4 Climate drivers

Climate and vegetation conditions throughout the year are
compared to the respective climatology for the two selected
regions in Fig.9. Generally, PsN increases with increas-
ing T during winter and spring, peaking in late spring (re-
gion HW03) or early summer (region HW10). In the region
HW10, the amplitude of the annual cycle ofT is higher (no-
tice differentxx axis scales), and a dormant period appears
clearly associated to those months with negative or very low
T . Both areas are characterized by wet winters and dry sum-
mers, with soil water peaking at lower values in late summer.
The region corresponding to HW10 is, in general, wetter than
HW03 at both top and deep layers and presents higher sea-
sonal variability on the annual cycle.

In HW03, the biggest departure of PsN from the clima-
tological seasonal cycle in 2003 occurs during JJA, with in-
creasing temperature and remarkable SW1 deficits (Fig.9a).
In September, although temperature returns to average val-
ues, PsN is still below normal, matching the reduction still
observed in soil moisture at the top and deeper layers. After
October, PsN returns to normal values as well asT and SW1,
while in SW4 large deficits remain. The dynamics of HW10
during 2010 (Fig.9b) is very similar to the one described for
HW03, with the biggest departures of PsN from the climato-
logical cycle being registered in summer months,especially
during August, with increased temperatures and reduced soil
moisture in the top layer.

The patterns suggest a differentiated response to high tem-
peratures in distinct periods of the phenological cycle. In
May 2010, very high temperature and relatively small mois-
ture deficits (∼ −1 %), are associated to an enhancement of
PsN (Figs.3 and 6) in western Russia. Since May corre-
sponds to the beginning of the phenological cycle (Fig.3), in-
creased temperatures may increase photosynthesis rate (Ne-
mani et al., 2003), provided that soil moisture deficits are not
extreme. In both years, the patterns observed in PsN dynam-
ics (Figs.5, 6 and 9) depend crucially on the evolution of

Figure 9. Climatological seasonal cycle (black lines) and sea-
sonal cycle on the heatwave year (coloured lines) of (xx axis) T

(left panel, red lines), SW1 (central panel, blue lines) and SW4
(right panel, cyan lines) from ERA-Interim versus PsN (yy axis)
in kg C m−2 month−1 for (a) HW03, heatwave year 2003 and(b)
HW10, heatwave year 2010.

temperature but also, to some extent, of soil moisture, partic-
ularly in the top layer (Figs.7c, 8c and9).

The combination of high temperature with long-term pre-
cipitation deficits increases soil moisture depletion, produc-
ing a positive feedback that further enhances the heatwave in-
tensity, asSeneviratne et al.(2006) andHirschi et al.(2011)
have shown. To identify which variable (or variables) was
responsible for the extreme ecological response, normalized
monthly values ofTanomand SW1anomduring 2003 and 2010
are compared with the best years (high annual productiv-
ity) and worst years (low annual productivity) composites for
each region (Fig.10).

In the case of HW03 (Fig.10, left panel), the heatwave was
associated to both temperature and soil moisture anomalies
well outside the average conditions during the worst years.
In HW03, the composite for the best years is associated with
warm springs and cool and wet summers, while the worst
years present an inverse pattern. In 2003,Tanomduring sum-
mer months was more than 3σ above the composite for the
worst years, while SW1anom in July and August fell below
the values in worst years by more than 2σ . Highly pro-
ductive years in HW10 appear associated with wet spring
and summer months and moderately cool summer temper-
atures, with lower-than-average years mostly associated with
dry conditions and average temperatures. In HW10 (Fig.10,
right panel),Tanom was about 3σ or more above the val-
ues for the worst years during most of the growing season,
however SW1anom values do not appear to fall far for the
variability range of that region (about±1σ or less). In fact,
during May and June the values are even higher than regis-
tered in the worst years. The difference in results between the
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Figure 10.Normalized monthly values from March to September of
(a) Tanom (b) Panomand(c) SW1anom, averaged over each region
for: composites of best years (black line, circles), worst years (black
line, squares), and 2003 (HW03, colour lines, left panel) or 2010
(HW10, colour lines, right panel). Units in theyy axis correspond
to standard deviations of each variable. Worst years are computed
excluding the heatwave year for each region. For HW03 the high
(low) productivity years are 2000/2007/2011 (2001/2004/2005) and
for HW10 the high (low) productivity years are 2001/2004/2005
(2002/2009/2011).

two regions indicates different contributions of each variable
to the extreme response of vegetation during the heatwave.
While in HW03, the extremely low values of plant productiv-
ity appear to be driven by a combination of high temperatures
and strong soil moisture deficits; in HW10 soil moisture val-
ues, despite being lower than average, were comparable to or
higher than low productivity years.

4 Discussion and conclusions

During 2003 and 2010 in Europe a marked decrease in veg-
etation carbon uptake was observed at the monthly, seasonal
and annual scales. This work intends to assess whether these
deficits were a response to the two record-breaking heatwave
events that struck different regions in Europe during summer
in those years, and how extreme (in a climatological sense)
were the observed anomalies.

On the annual scale, NPP anomalies fell be-
low −0.2 kg C m−2 yr−1 in both years, although in
2010 a much larger extent with very low anomalies
(< −0.4 kg C m−2 yr−1) was affected. The anomalous values
observed in NPP depend primarily on GPP anomalies but

also on the contribution of Ra. In the HW03 sector, the
decrease in GPP during the heatwave is accompanied by
a decrease in Ra, attenuating the impact on NPP. Results
are consistent with the analysis inCiais et al.(2005), which
relied on an ecosystem model to compute total ecosystem
respiration and showed a drop in both autotrophic and
heterotrophic respiration, together with GPP, during 2003. In
region HW10, a marked difference is observed in Ra anoma-
lies between the northern (increased Ra) and the southern
sector (decreased Ra) during 2010. Such clear north–south
differences in Ra (under similar climatic conditions) result
from a differentiated response of vegetation to the heatwaves
depending on land-cover type.

The comparison of the impact of the heatwaves on GPP,
NPP and Ra between forests and crop areas reveals that the
larger decrease in NPP in forests is due to increased respi-
ration, while in crops the reduction in GPP is followed by
a drop in respiration rates. This decrease, rather than an en-
hancement with high temperatures, indicates a stronger con-
trol of biomass production and respiration in crops than in
forests. Since crops are mainly annual or sub-annual cul-
tures, respiration is expected to depend mainly on biomass
produced during the growing season, while in forests res-
piration depends on the total amount of biomass accumu-
lated in the tissues of the trees during their lifetime. If, in
the total balance of HW03 the latter effect is negligible be-
cause Raanom values are very small and crops dominate the
region, in the case of HW10 increased autotrophic respiration
in forests makes their contribution of overall NPP anomalies
to be similar to that obtained for crops.

Seasonal analysis of vegetation activity in the selected re-
gions indicates that photosynthetic activity (as given by fA-
PAR) and carbon uptake (PsN) close to (or above) average
during spring and began to decline by late spring, with the
larger drops in carbon uptake by vegetation occurring dur-
ing summer months, along with extremely high tempera-
tures. In both years, monthly PsN started to fall markedly
outside the 10–90 % variability range only from June on-
wards, and reached larger departures (more than two stan-
dard deviations) in August. The dynamics in PsN is not com-
pletely reflected in fAPAR anomalies, which could suggest a
milder impact of the heatwaves on vegetation conditions dur-
ing 2003 and 2010. HoweverReichstein et al.(2007) have
previously observed the same discrepancies between fAPAR
and eddy covariance carbon flux measurements, suggesting
that these differences may be due to physiological responses
of vegetation to dry periods, for instance with some of the
radiation absorbed being dissipated rather than used in pho-
tosynthesis. Furthermore, strong negative fAPAR anomalies
are observed when leaves turn brown and wilt, a process that
takes longer to occur, even if photosynthesis is already be-
low normal. Nevertheless, in both years, fAPAR falls outside
the 10–90 % range in August (coinciding with the heatwave
events) which reinforces the conclusions about the outstand-
ing impact of the heatwaves on vegetation activity.
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Thus, according to the framework used in this work
(Smith, 2011), only from June to August was an actual ex-
treme ecological response observed. Both years were char-
acterized by persistent dry conditions preceding the heat-
waves, especially in the case of 2003, with precipitation be-
low normal leading to water deficits in all soil layers, which
further enhanced the temperatures reached during the heat-
waves. These persistent dry conditions preceding the heat-
wave are particularly relevant in the case of the 2003 event,
and appear to have contributed to the negative PsN anomalies
observed from spring to early summer as already pointed in
other works (Ciais et al., 2005; Reichstein et al., 2007). On
the seasonal scale, HW03 and HW10 present similarly ex-
treme responses (PsN more than 2 standard deviations below
average), however, on the annual scale the heatwave had a
stronger impact on HW10, where NPP fell more than 50 %
below average, while in HW03 anomalies were∼ 20 %. The
temporal coincidence of the extreme PsN and fAPAR values,
with the periods of higher temperature anomalies, points to
a clear impact of the heatwave event, nevertheless, it must
be stressed that the heatwave may impact vegetation activ-
ity through both high temperatures and reduced soil moisture
due to the feedbacks between both variables during heatwave
events (Seneviratne et al., 2006).

This work attempts to disentangle the contribution of each
climatic factor from the very low values of CO2 uptake by
vegetation observed as response to the heatwaves and under-
stand whether this response was driven by the extremely high
temperatures, by reduced water availability, or by a combina-
tion of both factors. The analysis of the anomaly values ofT

and SW during the best and worst years in terms of vegeta-
tion productivity, and the comparison with the corresponding
values during the heatwave years for each region uncovers
important differences between the two events and highlights
the usefulness of this approach to assessing drivers of vegeta-
tion activity during extreme events. In the case of HW03, the
heatwave months correspond to temperatures well above the
ones registered for either the best and worst years, together
with soil moisture anomalies far below the ones attained dur-
ing the worst years. However, for HW10, extreme values are
observed only for temperature anomalies, while soil moisture
remains inside (or very close to) the best and worst years’
curves. In fact, in other years when photosynthetic activity
was very low (but still higher than in 2010), vegetation expe-
rienced even lower values of soil moisture. The comparison
of the two events in 2003 and 2010 allows for distinguishing
different behaviours: while in 2003 the observed declines in
PsN suggest a strong impact of the long dry period preceding
the heatwave, in 2010 extremely high temperatures appear
to be the main factor leading to low PsN. In HW10, despite
water deficits being observed these do not appear to be par-
ticularly extreme for vegetation, implying that the extreme
response observed in HW10 was mainly driven by the very
high temperature anomalies.

This work emphasizes the fact that an extreme climatic
event (a heatwave) may lead to distinct responses of vegeta-
tion that may or may not be considered extreme. Responses
may differ either because of the combined effect of the ex-
treme event with other disturbance (e.g. drought) or the dif-
ferent ability of plants to cope with extreme climate condi-
tions. Since heatwaves are characterized by a strong coupling
between temperature and soil moisture, the driving variables
of the ecological response may differ from one event to an-
other, depending on the strength of the coupling, on vegeta-
tion type and on human factors, such as land management
practices.
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