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Figure 8. As in Fig.7, but for 2010.

temperature anomalies of about 3-€lover western Russia, although small precipitation deficits appear to have prevailed
which persisted and further increased during summer monthduring spring in western Russia. In June and Jubfom
(JJA). Particularly, in a very large extent around Moscow, values below—50 mm monthi! were observed over west-
Tanom Values over BC persisted for 2 consecutive months ern Russia, northern Germany, Poland and the UK. These
(JA). Cooler-than-average temperatures were generally obprecipitation deficits are also reflected in B fields (not
served over the rest of Europe, except during July, which washown) which present negative anomalies during winter and
warmer than average practically over all regions. Precipita-early spring in that region. In spring 2010, soil moisture
tion patterns (Fig8b) are not as clear as in the case of 2003, fields are characterized by different dynamics on the top and
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deep layers. In March, in western Russia and Scandinaviza

on the top layer (Fig8c) SWlnom values above 4 % were 015
registered, while in the deeper layer (S\¥¢h Fig.8d), val-

ues were 1 to 4% lower than average. This enhancement ¢ z
soil moisture on the top layer was possibly due to an ear- 0.05
lier snowmelt in the beginning of spring (not shown), in ac- .
cordance tdBarriopedro et al(2011). In the rest of spring 0
and summer, SWgomdynamics follows SWinomalthough
with attenuation and an apparent lag of about a month, witrb N
SW1 achieving a prominent negative value in July and Au- 01 ,
gust, while SW4 presents the (less intense) peak anomalie

in August and September. Results obtained for the pattern 2 oos

0.1

} ~
022 024 026 028 0.3

of T, P and SW are consistent with results obtained in previ- S e Ao
ous works Ferranti and Viterbp2006 Fischer et al.2007, 0 o o "
Garcia-Herrera et al201Q Barriopedro et a).2011). 20 Te 0 Gy 0 omoE g om0l

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

(left panel, red lines), SW1 (central panel, blue lines) and SW4
Climate and vegetation conditions throughout the year ard"ght pa’lezl' Cya“_'i“es) from ERA-Interim versus Pjy @xis)
compared to the respective climatology for the two selected?” K9 C M “month™= for (a) HWO3, heatwave year 2003 agd)
regions in Fig.9. Generally, PsN increases with increas- HW10, heatwave year 2010.

ing T during winter and spring, peaking in late spring (re-

gion HWO03) or early summer (region HW10). In the region

HW10, the amplitude of the annual cycleBfis higher (no-  temperature but also, to some extent, of soil moisture, partic-
tice differentxx axis scales), and a dormant period appearsularly in the top layer (Figsic, 8c and9).

clearly associated to those months with negative or very low The combination of high temperature with long-term pre-
T. Both areas are characterized by wet winters and dry sumeipitation deficits increases soil moisture depletion, produc-
mers, with soil water peaking at lower values in late summer.ing a positive feedback that further enhances the heatwave in-
The region corresponding to HW10 is, in general, wetter thantensity, asSeneviratne et a(2006 andHirschi et al.(2011)
HWO03 at both top and deep layers and presents higher sedrave shown. To identify which variable (or variables) was
sonal variability on the annual cycle. responsible for the extreme ecological response, normalized

In HWO03, the biggest departure of PsN from the clima- monthly values offznomand SWhnomduring 2003 and 2010
tological seasonal cycle in 2003 occurs during JJA, with in-are compared with the best years (high annual productiv-
creasing temperature and remarkable SW1 deficits @&g.  ity) and worst years (low annual productivity) composites for
In September, although temperature returns to average vakach region (Figl0).
ues, PsN is still below normal, matching the reduction still  In the case of HWO03 (FidLO, left panel), the heatwave was
observed in soil moisture at the top and deeper layers. Afteassociated to both temperature and soil moisture anomalies
October, PsN returns to normal values as well'ad SW1, well outside the average conditions during the worst years.
while in SW4 large deficits remain. The dynamics of HW10 In HWO03, the composite for the best years is associated with
during 2010 (Fig9b) is very similar to the one described for warm springs and cool and wet summers, while the worst
HWO03, with the biggest departures of PsN from the climato-years present an inverse pattern. In 20Q3omduring sum-
logical cycle being registered in summer months,especiallymer months was more thars3above the composite for the
during August, with increased temperatures and reduced soivorst years, while SWhom in July and August fell below
moisture in the top layer. the values in worst years by more thaw .2Highly pro-

The patterns suggest a differentiated response to high tenductive years in HW10 appear associated with wet spring
peratures in distinct periods of the phenological cycle. Inand summer months and moderately cool summer temper-
May 2010, very high temperature and relatively small mois- atures, with lower-than-average years mostly associated with
ture deficits ¢ —1 %), are associated to an enhancement ofdry conditions and average temperatures. In HW10 (Fiy.
PsN (Figs.3 and 6) in western Russia. Since May corre- right panel), Tanom Was about 3 or more above the val-
sponds to the beginning of the phenological cycle (Bjgin- ues for the worst years during most of the growing season,
creased temperatures may increase photosynthesis\@te ( however SWinom values do not appear to fall far for the
mani et al, 2003, provided that soil moisture deficits are not variability range of that region (abottlo or less). In fact,
extreme. In both years, the patterns observed in PsN dynanduring May and June the values are even higher than regis-
ics (Figs.5, 6 and 9) depend crucially on the evolution of tered in the worst years. The difference in results between the

3.4 Climate drivers
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Hwo3 HW10 also on the contribution of Ra. In the HWO03 sector, the
decrease in GPP during the heatwave is accompanied by
a decrease in Ra, attenuating the impact on NPP. Results

% 0 § 0 are consistent with the analysis @iais et al.(2005, which
relied on an ecosystem model to compute total ecosystem
. . respiration and showed a drop in both autotrophic and
M A M J J A S M A M J J A S

heterotrophic respiration, together with GPP, during 2003. In
© 0 region HW10, a marked difference is observed in Ra anoma-
lies between the northern (increased Ra) and the southern

z ® = ° sector (decreased Ra) during 2010. Such clear north—south
s ° £ differences in Ra (under similar climatic conditions) result
-20 -20 from a differentiated response of vegetation to the heatwaves
40 -4 depending on land-cover type.
M A M J J A S M A M J J A S

The comparison of the impact of the heatwaves on GPP,
5 5 NPP and Ra between forests and crop areas reveals that the
larger decrease in NPP in forests is due to increased respi-
g /"\% g /e/\ ration, while in crops the reduction in GPP is followed by
2 Te—e [z T a drop in respiration rates. This decrease, rather than an en-
hancement with high temperatures, indicates a stronger con-
- -5 trol of biomass production and respiration in crops than in
forests. Since crops are mainly annual or sub-annual cul-
Figure 10.Normalized monthly values from March to September of tures, respiration is expected to depend mainly on biomass
(8) Tanom (b) Panomand(c) SWlanom averaged over each region produced during the growing season, while in forests res-
fpr: composites of best years (black line, circles),worst years (blaCkpiration depends on the total amount of biomass accumu-
line, squares), and 2003 (HWO3, colour lines, left panel) or 2010|510 i the tissues of the trees during their lifetime. If, in
(HW10, colour lines, right panel). Units in thg axis correspond qu total balance of HWO03 the latter effect is negligible be-

to standard deviations of each variable. Worst years are compute R | Il and dominate th
excluding the heatwave year for each region. For HW03 the highcause &hom Values are very small and crops dominate the

(low) productivity years are 2000/2007/2011 (2001/2004/2005) and'€9i0n; in the case of HW10 increased autotrophic respiration

(2002/2009/2011). 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-
two regions indicates different contributions of each variablePAR) and carbon uptake (PsN) close to (or above) average
to the extreme response of vegetation during the heatwaveduring spring and began to decline by late spring, with the
While in HW03, the extremely low values of plant productiv- larger drops in carbon uptake by vegetation occurring dur-
ity appear to be driven by a combination of high temperaturesng summer months, along with extremely high tempera-
and strong soil moisture deficits; in HW10 soil moisture val- tures. In both years, monthly PsN started to fall markedly
ues, despite being lower than average, were comparable to @utside the 10-90 % variability range only from June on-
higher than low productivity years. 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
4 Discussion and conclusions milder impact of the heatwaves on vegetation conditions dur-
ing 2003 and 2010. HowevédReichstein et al(2007) have
During 2003 and 2010 in Europe a marked decrease in vegpreviously observed the same discrepancies between fAPAR
etation carbon uptake was observed at the monthly, seasonahd eddy covariance carbon flux measurements, suggesting
and annual scales. This work intends to assess whether theflgat these differences may be due to physiological responses
deficits were a response to the two record-breaking heatwavef vegetation to dry periods, for instance with some of the
events that struck different regions in Europe during summeradiation absorbed being dissipated rather than used in pho-
in those years, and how extreme (in a climatological sensejosynthesis. Furthermore, strong negative fAPAR anomalies
were the observed anomalies. are observed when leaves turn brown and wilt, a process that
On the annual scale, NPP anomalies fell be-takes longer to occur, even if photosynthesis is already be-
low —0.2kgCm?yr-1 in both years, although in low normal. Nevertheless, in both years, fAPAR falls outside
2010 a much larger extent with very low anomalies the 10—-90 % range in August (coinciding with the heatwave
(< —0.4kg C nT2yr—1) was affected. The anomalous values events) which reinforces the conclusions about the outstand-
observed in NPP depend primarily on GPP anomalies butng impact of the heatwaves on vegetation activity.
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Thus, according to the framework used in this work This work emphasizes the fact that an extreme climatic
(Smith, 2012, only from June to August was an actual ex- event (a heatwave) may lead to distinct responses of vegeta-
treme ecological response observed. Both years were chation that may or may not be considered extreme. Responses
acterized by persistent dry conditions preceding the heatmay differ either because of the combined effect of the ex-
waves, especially in the case of 2003, with precipitation be-treme event with other disturbance (e.g. drought) or the dif-
low normal leading to water deficits in all soil layers, which ferent ability of plants to cope with extreme climate condi-
further enhanced the temperatures reached during the hedions. Since heatwaves are characterized by a strong coupling
waves. These persistent dry conditions preceding the heabetween temperature and soil moisture, the driving variables
wave are particularly relevant in the case of the 2003 eventpf the ecological response may differ from one event to an-
and appear to have contributed to the negative PsN anomaliesther, depending on the strength of the coupling, on vegeta-
observed from spring to early summer as already pointed inion type and on human factors, such as land management
other works Ciais et al, 2005 Reichstein et al.2007). On practices.
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 hadAgknowledgementshna Bastos was funded by Portuguese
stronger impact on HW10, where NPP fell more than 50 %Foundatlon for Suencg and Technqlogy (SFRH/BD/7§068/2011),
below average, while in HW03 anomalies wer@0 %. The by Calouste Gulbenkian Foundation and by Fulbright Com-

2 mission Portugal (grant ID 15122932). Célia M. Gouveia and
temporal coincidence of the extreme PsN and fAPAR values o, . o\ » Trigo were supported by QSECA (PTDC/AAG-

with the_ periods of higher temperature anomalies, po!nts tOGLO/4155/2012). Steven W. Running was sponsored by the NASA
a clear impact of the heatwave event, nevertheless, it musiopis Project (grant NNX11AF18G). The authors would like
be stressed that the heatwave may impact vegetation actip thank Martin Wattenbach and the anonymous referees for the
ity through both high temperatures and reduced soil moistureelpful comments.

due to the feedbacks between both variables during heatwave

events Geneviratne et gl2006. Edited by: M. Reichstein

This work attempts to disentangle the contribution of each
climatic factor from the very low values of GQuptake by
vegetation observed as response to the heatwaves and und
stand whether this response Wan”Ye”Py the extremely ,higrAhlstrt‘)m, A., Miller, P. A., and Smith, B.: Too early to infer a
temperatures, by reduced water availability, or by a combina- - gohal NPP decline since 2000, Geophys. Res. Lett., 39, L15403,
tion of both factors. The analysis of the anomaly valueg of doi:10.1029/2012GL05233@012.
and SW during the best and worst years in terms of vegetaAngert, A., Biraud, S., Bonfils, C., Henning, C. C., Buermann, W.,
tion productivity, and the comparison with the corresponding Pinzon, J., Tucker, C. J., and Fung, |.: Drier summers cancel out
values during the heatwave years for each region uncovers the CG uptake enhancement induced by warmer springs, P. Natl.
important differences between the two events and highlights Acad. Sci. USA, 102, 10823-10827, 2005.
the usefulness of this approach to assessing drivers of veget&allantyne, A. P., Alden, C. B., Miller, J. B., Tans, P. P., and White,
tion activity during extreme events. In the case of HWO03, the J.W.C.: Increage in observed net carbon dioxide uptake by land
heatwave months correspond to temperatures well above the and oceans during the past 50 years, Nature, 488, 7072, 2012.
ones registered for either the best and worst years togetheralsamo' G., Beljaars, A, Scipal, K., Viterbo, P., van den Hurk,

. . . . N B., Hirschi, M., and Betts, A. K.: a Revised Hydrology for the
Wlth soil moisture anomalies far below the ones attained dur- ECMWF Model: Verification from Field Site to Terrestrial Wa-
ing the worst years. However, for HW10, extreme values are ey storage and Impact in the Integrated Forecast System, J. Hy-
observed only for temperature anomalies, while soil moisture  drometeorol., 10, 623-643, 2009.
remains inside (or very close to) the best and worst yearsBarriopedro, D., Fischer, E. M., Luterbacher, J., Trigo, R. M., and
curves. In fact, in other years when photosynthetic activity ~Garcia-Herrera, R.: The Hot Summer of 2010: Redrawing the
was very low (but still higher than in 2010), vegetation expe- Temperature Record Map of Europe, Science, 332, 220-224,
rienced even lower values of soil moisture. The comparison 2011. _
of the two events in 2003 and 2010 allows for distinguishing Ci&is, P., Reichstein, M., Viovy, N., Granier, A., Ogee, J., Allard, V.,
different behaviours: while in 2003 the observed declines in ﬁ;‘rb'getb'\é";\l%‘;f;mz””{:?éh gerhgferléfi:éalci::g;;?;?ﬁ A'; Cgﬁ:’r?l'
f;]SeNhSeua%?vzs\;/tea ?grgg%émepxif;;gzer:%mg ti%gs:;l?rgrse;zzzgr wald, T., Heinesch, B., Keronen, P., Knohl, A., Krinner, G., Lous-

. . X tau, D., Manca, G., Matteucci, G., Miglietta, F., Ourcival, J. M.,
to be the .m.aln fgctor leading to low PsN. In HW10, despite Papale, D., Pilegaard, K., Rambal, S., Seufert, G., Soussana, J. F.,
water deficits being observed these do not appear to be par- sanz, M. J., Schulze, E. D., Vesala, T., and Valentini, R.: Europe-
ticularly extreme for vegetation, implying that the extreme  wide reduction in primary productivity caused by the heat and
response observed in HW10 was mainly driven by the very drought in 2003, Nature, 437, 529-533, 2005.
high temperature anomalies.
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