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Abstract. The extraordinarily warm and dry summer expe- 1 Introduction
rienced in SW Europe in 2003 provides an interesting case

study for the analysis ,Of the response of rggional—scale V€dThe productivity of a significant 40% of the continental Bio-
etation variables to drier and hotter conditions. SW EuropeSphere is limited by water availability, while a 30% is lim-

includes a boundary between phytogeographic and climatiGeq b temperature (Nemani et al., 2003). The importance

regions (Oceanic and Mediterranean) that differ in terms of ¢ ye" o |ationships between water availability and vegeta-

Zgﬁmmer preC|p|t§t|on, which letdtés. compare the response 0{ion has been traditionally recognised in Mediterranean and
ifferent vegetation types. In addition, some scenarios preqper arig regions and has become a subject of increased gen-

dict summer conditions such as those of 2003 to be commom, .. attention giving rise to a new term, ecohydrology (Eagle-

by the latter decades of the 21st century in this region. Weson, 2002; Rodguez-lturbe and Porporato, 2004). The joint

have analyzed a monthly series of regional fields of normal-; v sis of time series of fields of vegetation indices derived

ized difference vegetation index from the VEGETATION- ' satellite imagery, and fields of climate variables offers

SPOTS instrument, from 1999 to 2003. We show that neg-e nossibility of studying such relationships at continental
ative anomalies of vegetat|on' index in summer 20,03 WE€cales and has a large potential in the context of ecohydrol-
larger for herbaceous vegetation of the Oceanic climate C5gy.

gion and for deciduous forests. The vegetation index of Au- ) ) ) ]

gust 2003 in the Mediterranean climate region was also sig- C/ven the complexity of the combined geographic and
nificantly lower than normal values in August 1999-2002, temporal variability that is involved in the study of time se-

albeit the anomalies were small in absolute value. We Com_ries of geographic fields of surface variables, extraordinary

pared August NDVI, as a measure of the vegetation respons&VeNts such as the warm and dry summer of 2003 in SW Eu-
to the difference between total summer precipitation and tota[OP€ can be used as pulses producing a clear response that
summer potential evapotranspiration, as a measure of atm¢:an e tracked in space and time. The analysis of the surface
spheric water stress. Our results indicate that water stress is§SPONSses to these pulses, compared to average conditions,
major factor structuring the geographic variability of NDv| Offers interesting opportunities for advancing the understand-
in this region. In accordance with these results, the analysidd Of the relationships between vegetation and climate at
of the data of 2003 indicate that the increased water stres§ontinental scales. In this context, the analysis of the sur-
was a key factor of the observed anomalies of vegetation in/aC€ response must consider the geographic variability of the
dex. surface, and, in particular, the distribution of different vege-
tation types. Yet, the differential response of vegetation types
has not been considered in most studies involving time series
of products derived from satellite imagery (i.e., Zhou et al.,
2001; Lucht et al., 2002; Nemani et al., 2003), which at most
Correspondence tdA. Lobo have stratified their analysis by latitudinal belts and/or broad
(agustin.lobo@ija.csic.es) geographic regions.
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152 A. Lobo and P. Maisongrande: Differential response to increased water deficit

SUVIVER and monthly data for June, July and August 2003 from 110
stations. We selected the 85 common stations in both data

e sets and calculated, for each month, a grid of dOres-
& E # “jf;,i\é?”\ s olution using the algorithm of bicubic spline interpolation
.;jj g £ (Akima, 1996) from package “akima” in the statistical soft-
p pu L o o ware R (R Development Core Team, 2004). Finally, we used
, “ Z‘ o~ the GIS to make a mosaic of the data of France and Spain.
. Y=g :fl;""' This way, we produced common climate fields of mean tem-
@ O @ v . w perature and total precipitation for June, July and August and
' ' .E’! = ‘ for the same months and variables for 2003. We presume the
pe } ~ difference in the periods used to calculate the climatology to
= " . o s & i be a minor problem compared to the exceptionality of sum-
- = mer 2003. The difference in interpolation methods and the

fact that we used an “all statistical” algorithm for the interpo-
lation probably had more impact in the quality of the product.
Fig. 1. Difference between Precipitation and Potencial Evapotran-Nevertheless, we use our geographic fields as an aid to inter-
spiration (P-PET) for the summer (June to August) in mm. Left, pret the surface dynamics observed in the satellite imagery,
average summer; right, summer 2003. and we consider them satisfactory for this purpose.
We calculated geographic fields of potential evapotran-
spiration (PET) according to Thornwaite (Thornwaite and
The summer of 2003 was probably the hottest in Europemather, 1957; Custodio and Llamas, 1983) and of the differ-
since, at least, AD 1500 (Black et al., 2004), and the hottesknce between monthly precipitation and evapotranspiration
in Bourgogne (France) since 1370, with an anomaly of tem-(p-PET). We used P-PET as an estimate of the atmospheric
perature that was 43% higher than the one of the secon@alance between water supply and water demand. We se-
hottest year (1523; Chuine et al., 2004). Beniston (2003)ected the field of total summer P-PET (and its anomaly) as
discussed the possible relationships of the extreme summehe most meaningful description of the limits set by the at-
of 2003 to global change, and Stott et al. (2004) discussegnosphere to vegetation growth during summer in the region.
the possible human influences on increasing the probabilityrhe anomaly of summer 2003 P-PET is defined as the dif-
of these events. Ciais et al. (2005) (published after the subference between P-PET in summer 2003 minus the value of
mission of this paper) estimated a 30 per cent reduction inp-PET in the summer of the reference period:
gross primary productivity over Europe in this period. _
In this article we focus on the summer 2003 to analyze the (P — PED; = (P — PET);.2003— (P — PET); @)
differential responses of vegetation classes to increased wavheres stands for summer.
ter stress in SW Europe, an area that is climatically charac- Under average conditions, P-PET is negative in most of
terised by a strong gradient in moisture and with a prominentthe region of study, with a prominent NS gradient that is in-
boundary between phyto-geographic regions. terrupted by the transversal mountain ranges (Fig. 1). The
contour line of—200 mm summer P-PET is close to a ma-
jor phyto-geographic boundary in the region, with Mediter-
2 Methods ranean vegetation to the South and Euro-Siberian vegeta-
tion (in the terminology of Iberian phytogeographers, Rivas-
We compiled a climate and meteorological data set from dif-Martinez et al., 2004) to the North. The Euro-Siberian re-
ferent sources. For Spain, the Instituto Nacional de Mete-gion approximately includes the Temperate and Boreal vege-
orologa (INM) provided a climate data set (1961-2000) of tation regions in the terminology of Bohn et al. (2003). In any
monthly mean temperature and total precipitation as gridscase, this vegetation boundary essentially corresponds to the
of 5kmx5km resolution in UTM projection. INM also boundary between climatic classes Cs (Mediterranean, tem-
provided a grid of 25km25km of daily values of maxi- perate with dry summer) and Cf (Oceanic, temperate humid
mum temperature, minimum temperature and precipitatiorwith minimum of precipitation in summer) in thedppen
for June, July and August 2003, from which we calculated system.
monthly mean temperature and monthly precipitation fields To assess the response of the vegetation, we used fields of
for the three months. We sub-sampled the climate data set tthe Normalized Difference Vegetation Index (NDVI, Tarp-
a 25 kmx 25 km grid and re-projected both data sets to a gridley et al., 1984) included in the S10 products that are de-
of 10 in geographic coordinates using a GIS (TNTmips). rived from images acquired by the VEGETATION instru-
For France we obtained a climate data set of monthly meament onboard satellite SPOT. VEGETATION is an optical
temperature and total precipitation for 142 stations (periodmulti-spectral instrument that acquires a daily and almost
1961-1990) from the Universitde Lyon (Gagnard, 1996), complete cover of the Earth surface at 1%nasolution in
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four spectral bands (Hagolle et al., 2003). S10 products arevhereAV,, stands for the anomaly of NDVI of month in
calibrated, atmospherically and geometrically corrected im-2003.
ages. NDVI is a common index that makes a normalized con- 1999-2002 was the longest available period to calcu-
trast between near infrared and red reflectance and, thus, entate the reference annual course of NDVI from SPOT-
phasizes the presence of green vegetation in the pixel. NDVVEGETATION imagery. Other instruments provide longer
integrates both the abundance of green vegetation and itseries (i.e., the AVHRR GIMMS seriesitp://glcf.umiacs.
greenness, which creates certain ambiguity. Notwithstandumd.edu/data/gimms but VEGETATION imagery has a
ing, and in particular if time series are available, NDVI is higher quality, essentially because its superior geometric ac-
a linear estimate of the fraction of photosynthetically active curacy let us take advantage of its full resolution of 2km
radiation (PAR) that is intercepted by the photosynthesizingand because of its atmospheric corrections. As landscapes
tissue of vegetation present in the pixel, provided that certairin W Europe are very complex and the stratified analysis ac-
constraints on background, solar and view angles, and ateording to a fine-resolution land cover map (CORINE 2000)
mospheric transparency are fulfilled (Myneni and Williams, was an essential component of our approach, a time series
1994). of images with the finest resolution was required, hence the
An important feature of the VEGETATION S10 collection choice of VEGETATION. The intercalibration of NDVI time
is that it does not include daily images but temporal composseries derived from different sensors is still questionable (i.e.,
ites. The term composite refers to the fact that daily imagedMorisette et al., 2004; Berges et al., 2005) and no specific
for a short period of time are combined to create a synthetidransfer functions are available yet, although work described
reconstruction that is assumed to be representative of the pdoy Brown et al. (2004) indicates that we could be approach-
riod, which in this case is of 10 days. The goal of the com-ing this goal nowadays. Also, current efforts made by large
positing is to produce a data set of cloud-free images, at thggrograms from space agencies to generate multi-sensor prod-
expense of losing temporal resolution. The method that isucts (i.e., the Cyclopes program) will include producing an
used to produce each composite in the S10 data set is thiater-calibrated NDVI “climatology” that we will be able to
Maximum Value Composite (MVC, Holben, 1986), which use in the future to put the response of vegetation to sum-
consists on selecting, for each pixel, the date of the maxi-mer of 2003 in a broader context with a reasonable effort.
mum NDVI value among the 10 daily images. Each com- Meanwhile, we take the 1999-2002 period as an appropri-
posite image is, thus, a synthesis in which pixels have valuesite baseline reference of the NDVI, in particular considering
drawn from images of different days within the given period. the large abnormality of summer of 2003. In any case, the
While the MVC is effective, simple and fast, it has a number shortness of the reference period implies that our results and
of problems and alternative compositing methods have beeronclusions must be taken with caution.
implemented (see Hagolle et al., 2005, for a review of the In order to analyze the response to water stress of differ-
problems and a modern alternative method). Neverthelesgnt vegetation types, we discriminated among herbaceous
MVC is the only method currently implemented in the pro- vegetation, broadleaf deciduous forest and broadleaf ever-
cessing chain of the S10 collection and, despite some probgreen forest. For this we used the Corine Land Cover 2000
lems, time series of NDVI composites produced by the MVC (CLC2000; http://terrestrial.eionet.eu.int/ CLC200Buttner
method have proven to be a source of valuable informatioret al., 2004) vectorial map of France, Spain and Portugal.
for monitoring surface dynamics at global and regional scalesAccording to the legend definitions, we selected land cover
(i.e., Zhou et al., 2001; Lucht et al., 2002; Nemani et al., classes “Non-irrigated arable land” and “Pastures”, as herba-

2003). ceous vegetation, on one hand, and “Broadleaf forests” on
We used a dataset of S10 products from 1999 to 2003 ofhe other. CLC2000 classes “Annual crops associated with
the region extending from 520N, 11°0' W to 30°21'N, permanent crops” and “Complex cultivation patterns” in-

6°51 E, with a resolution of 32 We computed an average clude herbaceous vegetation to some extent, but they are
annual series of monthly mean NDVI images for the periodtoo heterogeneous and were not considered. We further
1999 to 2002, which we use as the “normal” reference, andsubdivided the “Broadleaf class” into evergreen and decid-
an annual series of monthly mean NDVI images for 2003: uous. For Spain, the Instituto Geagjco Nacional provides

- a CLC2000 version with a higher level legend in which both
Vin = mearnVi,q) (2)  types of broadleaf forest are discriminated. For France and
whereV stands for NDVIyu for month, V,,for the reference  Portugal we used a digital version of the map of Natural Veg-
NDVI value of monthm, anda for the year, ranging from etation anq selgcted as deciduous those polygons mcluded_ in
1999 to 2002. Also, we calculated the images of the NDvI the Euro-Siberian region and as evergreen those polygons in-
anomaly of June, July and August 2003, as the differenceeluded in the Mediterranean region. .Although not initially
between the monthly 2003 images and the monthly imageglanned, we found, as we proceeded in our analysis, the pres-

of the reference period: ence of two classes of herbaceous vegetation that were very
) distinct in terms of their NDVI vs. P-PET relationships and
AV = Voo03m — Vi 3) were geographically clumped. Thus, we decided to further

www.hydrol-earth-syst-sci.net/10/151/2006/ Hydrol. Earth Syst. Sci., 10,1811 2006


http://glcf.umiacs.umd.edu/data/gimms
http://glcf.umiacs.umd.edu/data/gimms
http://terrestrial.eionet.eu.int/CLC2000

154 A. Lobo and P. Maisongrande: Differential response to increased water deficit

3 Results

3.1 Geographic description

The normal range of summer P-PET in the region shifted
from —466.9 mm to 61.4 mm, te-567.5mm to—13.3mm
(Fig. 1). More than 90% of the region had a negative anomaly
of summer P-PET and for 50% of the region the anomaly
was more negative than100 mm. Geographically, the most
‘ | intense anomaly was found to the E of a virtual line rang-
i ing from SW to NE France, while the most extreme absolute
; values occurred in S Spain, the Ebro valley and the French
' Mediterranean coast (Fig. 2).
L PN Because of their respective geographic distributions, the
3° N . four considered vegetation classes were under different
& 5° e anomalies of summer P-PET (Fig. 3). Deciduous forest was
the class for which conditions in summer 2003 were most
Fig. 2. Anomaly of the difference P-PET (summer 2003). exceptional, these forests were very much outside their nor-
mal range of P-PET. The situation was not as exceptional for
broadleaf evergreen forests.

As shown in Fig. 4, a notorious negative anomaly of NDVI
was observed in central Spain and SE France in June. This
anomaly diminished in most of the Iberian peninsula in July
while expanded in France, to occupy the region to the SE

split the herbaceous class into “Summer Herbaceous Vegeof a virtual SW-NE diagonal. The NDVI anomaly became
tation” and “Spring Herbaceous Vegetation”, in reference toboth more acute and more extensive in August, appearing
the timing of the annual NDVI maxima (see Sect. 3). again in Spain from the central part of its Cantabric coast,
following the Central mountain range and reaching Portugal,
where large scars of extensive fires are also visible.
Considering the fact that vegetation responds to cumula- Some areas showed a positive NDVI anomaly in summer
tive values of atmospheric variables, we devoted particulai2003. A large one occurred between the North piedmont of
attention to the total summer P-PET on one hand and to théhe W Pyrenees and the Landes district, where abundant soil
NDVI of August on the other. We take summer P-PET aswater and warmer temperatures fuelled vegetation productiv-
a summary of the water stress exerted by the atmosphere dty in June. Also, small, scattered patches of positive anoma-
vegetation and the NDVI of August as a description of thelies can be observed in the highest mountains, where tem-
resulting state of vegetation. We analyzed the relationshipperature is the limiting factor and, despite a severe negative
between NDVI and P-PET by selecting the values of bothanomaly of P-PET, water availability was still sufficient.
variables for all pixels within each vegetation class. By us- Monthly means of NDVI were different among the consid-
ing the geographic variability we were able to study the full ered classes both in the 1999-2002 average summer and in
range of the variables in each vegetation class, but at the exsummer 2003 (Fig. 5), which implies that the land cover map
pense of introducing more variance. Two given pixels underis an adequate partition of the NDVI fields. Figure 6 and Ta-
the same P-PET conditions can have different NDVI valuesble 1 show the exceptional course of monthly NDVI values
because factors other than P-PET are playing a role in deduring summer 2003 averaged for each of the four vegeta-
termining the NDVI. Therefore, our task was to search for ation types. As we could only use four years (1999-2002)
trend, in the hope that the influence of summer P-PET in Au-of monthly data of NDVI to establish a reference level, bars
gust NDVI is sufficiently relevant as to be identified. We dis- in Fig. 4 do not represent standard errors but absolute min-
play the NDVI vs. P-PET relationships by grouping P-PET imum and maximum values for each month in the period.
by intervals in boxplots. Our boxplots often suggest trendsNote that mean NDVI values in August 2003 were shorter
between dependent and independent variables. Nevertheleghan the minima for the same month in the period 1999-2002
we are not modelling structural relationships in this article for all vegetation classes, which is most noticeable for the
and R values (squares of the product-moment Pearson’s coMediterranean classes (Spring-green herbaceous vegetation
efficients) are included as linear estimates of the proportiorand Broadleaf evergreen forest). In absolute terms, anoma-
of the dependent variable that is accounted for by the indelies were largely negative for summer-green herbaceous veg-
pendent variable. Unless otherwise stated, the linear relationetation and deciduous forests and slightly negative for the
ships are significant at p=0.95. Mediterranean classes. Anomalies were positive in June for
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Table 1. Monthly anomalies of NDVI during summer 2003 for each vegetation type. Bolded values indicate monthly means of NDVI in 2003
that were shorter than minimum values in 1999-2002 for the same month. SHV, summer-green herbaceous vegetation; SpHV, spring-greer
herbaceous vegetation; Dec, deciduous forests; Brdevg, broad-leaf evergreen forests.

Vegetation June June 2003 July July 2003 August August 2003
type 1999-2002 1999-2002 1999-2002
Mean Anomaly Mean Anomaly Mean Anomaly
Mean NDVI - \py; —WMean  Mean (%) ME"NDVI \pvi —Mean  Mean @) ME"NDVI \pyi—Mean — Mean @)
SHV 0.669 0.696 0.027 4.0 0.601 0.574 -0.027 —4.5 0.581 0.521 —-0.060 —-10.3
SpHV 0.365 0.340 -0.025 -6.8 0.271 0.274  0.003 12 0.254 0.244 -0.010 —4.0
Dec 0.709 0.727 0.018 2.6 0.664 0.637 —0.027 —-4.0 0.642 0.585 —0.057 -8.9
Brdevg 0.547 0.538 —0.009 -1.7 0.502 0.506 0.004 0.7 0.483 0.457 —0.026 -55
Summer herbacous vegetation Spring herbacous vegetation
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Fig. 3. Density plots of the abundance of each vegetation class along the P-PET gradient. Continuous line, summer 2003; broken line,
average summer (1999-2002).

the Euro-Siberian classes and turned into negative values isummer P-PET, many other different factors influence the ge-
July and August. The average anomaly of NDVI of spring ographic distribution of the NDVI anomaly. As a result, for a
herbaceous vegetation was negative, and its absolute valugiven P-PET anomaly, surface responses can be very differ-
decreased in July and August as a consequence of the normaht and the mentioned relationship has a large scatter. Never-
decay of NDVI in such vegetation. This behavior is in accor- theless, if values of NDVI anomaly are grouped by intervals
dance with the geographic description offered in the previousof summer P-PET anomaly in a boxplot (Fig. 7), the medians

paragraph. show an increasing trend, except for the most negative P-PET
_ _ anomalies. Note that two given medians significantly differ if
3.2 Relationship of NDVI to P-PET notches in the boxplot do not overlap. We shall see in the fol-

, ) . lowing paragraphs this relationship for the different vegeta-
While geographic patterns of the anomaly of NDVI in iqp, classes. Beforehand, it is worthwhile noting the stronger

August and of the anomaly of summer P-PET are VisU-jj o relationship between actual values of summer P-PET
ally roughly similar, the regional relationship between both _ 4 August NDVI (Fig. 7, R=0.514), with a discontinuity
anomalies is weak (10.103): in addition to the anomaly of Y ' ’
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Fig. 4. Anomaly of Normalizad Difference Vegetation Index for June to August 2003.

between—300 and—200 mm that corresponds to the geo- NDVI anomaly in August 2003. In addition to the obvious
graphic boundary between Mediterranean and Euro-Siberiafact that most of the data lie below the 1:1 line implying that
vegetation. This pattern was disrupted in 2003, when theP-PET values in 2003 were lower than expected, the color
value of August NDVI that corresponded to a summer P-PETcoding reveals that the impact in terms of NDVI was higher
of around—300 mm was higher than would be in an averagefor areas where water deficit in summer is normally moder-
year. This fact is a consequence of part of the Euro-Siberiarate. As an example, NDVI anomalies of two sites with the
vegetation, with higher NDVI values, being under such low same P-PET anomaly but with very different normal P-PET
P-PET values. are highlighted in Fig. 8: site “A’, which has a P-PET close to

F . ite. th tual NDVI v d q t-lOO mm, has a more negative NDVI anomaly than site “B”,
or a given site, the actua anomaly depends nol, .y 4 nigher deficit of P-PET-400 mm). This relation-

only on the value of the anomaly of summer P-PET, but alsoShip between NDVI anomaly and normal summer P-PET is

Ig?EEPe r|10rmallc values ofzsouorgmertE -PPE'PI'.ElfIlgurle 8 pl?:ﬁ the P?';1Iso put in evidence in Fig. 9, which plots the most negative
values ot summer vs. the - values ot the avelg /) anomaly values in August across normal P-PET values

age summer, with the color coding being proportional to the
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in summer: the impact of the P-PET anomaly is less acute for 1999 — 2002
sites which are normally humid and for sites which are nor- 0.9
mally dry. In the first case, water resources were not heavily )
depleted despite the P-PET anomaly, while in the second casi
increased drought did not result in further decreased NDVI. 0.81

3.2.1 Herbaceous vegetation 0.7¢

Results presented in the Geographic Description highlight __ 06! \
the importance of a stratified analysis considering the type of > -

land cover. A bivariate histogram of August NDVI vs. sum- Q '\‘\1
mer P-PET made for herbaceous vegetation only (Fig. 10) 0.5}

shows two distinct distributions with clearly different modes,
strongly clumped in the geographic space. The lower-left 04¢t

distribution in the bivariate plot corresponds to herbaceous
vegetation with a maximum of NDVI in spring, typical of 0.3} \
the Mediterranean region (Lobo et al., 1997): selecting these

elements and representing this selection in the geographic 2 , , ,
space highlights those pixels of herbaceous vegetation tha 0. 5 6 7 8 9
are in the Mediterranean region. The upper-right distribu-

tion in the bi-variate plot corresponds to herbaceous veg- Month

etation with a summer maximum of NDVI, which is typ-

ical of the Western-Atlantic vegetation. As mentioned in 2003
the Methods section, we have actually used this property 0.9 '

to further split the herbaceous vegetation class derived from )
CLC2000 into “spring herbaceous vegetation” and “summer
herbaceous vegetation”, with their names refering to the sea- 0.8¢
son of maximum greenness.

The plot of NDVI anomaly in August vs. anomaly of sum- 0.7¢
mer P-PET for each vegetation class (Fig. 11) shows the con-
trast between the aforementioned low sensitivity of spring — (.6t D
herbaceous vegetation and the notorious impact on summea
herbaceous vegetation. Such differences are further docu = l\l\' SH

mented in Fig. 12, which shows a linear trend of NDVI 0.5

anomaly against anomaly of summer P-PET{®&252) for
summer herbaceous vegetation while there is no trend for 0.4}
spring herbaceous vegetation?®.007). The lower sen-

sitivity of spring herbaceous vegetation is an almost trivial 0.3¢

consequence of the definition of spring herbaceous vegeta: SpH
tion, which shows very low NDVI values in August in the 0.2 . . .

average year and for which further reduced values of sum- 5 6 7 8 9
mer rain have low impact in terms of August NDVI. Month

There are also significant differences between August

NDVI values grouped by intervals of summer. P'PE,T In aver- Fig. 5. Values of mean monthly NDVI in the average June, July and
age years for summer herbaceous vegetation (Fig. 12), aly,qyst for the period 19992002 and for 2003 for each vegetation

though the trend is weakened by values at both extremegjass. Bars represent the 5% confidence interval of the mean of each
of the P-PET axis. Geographically, the lowest box, which vegetation class.

has NDVI values higher than expected from the linear trend

of the three central medians, corresponds to a small pro-

portion of pixels located in the Mediterranean region and is3-2-2 Broadleaf forests

most likely due to inaccuracies in the discrimination between

spring and summer herbaceous vegetation. The highest bokigure 11 also shows that, despite being the land cover
which has NDVI values lower than expected from the linear category experiencing the highest atmospheric water bud-
trend, corresponds to sites in the Alps and the Pyrenees thaet anomaly, the response of deciduous forests in terms of
are limited by temperature. NDVI was more moderate than that of summer herbaceous
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Summer-green Herbaceous Vegetation Spring—green Herbaceous Vegetation
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Fig. 6. Annual courses on monthly NDVI for each vegetation class. Blue, average for the period 1999-2002; red, 2003. Bars represent
maximum and minimum values observed in the 1999-2002 period.

vegetation, as corresponds to the higher resilience of treethe distributions) is stronger that that of the medians. A rea-
and their access to more extensive water supplies. Broadleafonable conjecture for such a difference in the slopes defined
evergreen forests experienced a water budget anomaly highéy medians and lower quartiles would be that the NDVI re-
than herbaceous vegetation and lower than deciduous foressponse in deciduous forests is complicated by differences in
with a NDVI response in August that, albeit lower than that access to soil water stocks: while medians would include this
of deciduous forests, was still higher than what we initially dispersion, lower quartiles would represent the relationship
expected for evergreen vegetation. between August NDVI and summer P-PET for those forests
with shallower soils and reduced field capacity.

Figure 14 plots NDVI in August 2003 against NDVI of
the average August, colored by the value of the summer P-
PET anomaly. Sites whose NDVI values are close to the 1:1
to semi-deciduous forests in the Iberian peninsula. In conJiN€ experienced less intense P-PET anomalies, except at the

trast to the case for summer herbaceous vegetation, the relfigher extreme of the NDVI axis. Sites whose NDVI in Au-
tionship between NDVI in August and summer P-PET was 9ust 2003 were lower than the 1999-2002 average tended to

different in 2003 than in the average year: deciduous forestgave_suffered more intense atmospheric water de.ficit in 2003
experiencing a decreased P-PET in summer 2003 did nof@n in the average summer, although the pattern is somewhat
simply adjust their NDVI to the corresponding values in the dlspersg. Th|§ dispersion is in agreement with the boxplot of
average year. The response was more complex. While ther@nomalles (Flg. 13) _and results from factors other than sum-
was still a relationship between both anomalies, the relation™Mer P-PET influencing the NDVI values.

ship was weaker (R20.034) than for the summer herbaceous NDVI values above the 1:1 line, indicating a positive
vegetation. The most important NDVI impact according to anomaly for August 2003, concentrate at the high extremes
the medians was produced by an anomaly-da00mm in  of the axes, for any value of P-PET. A plausible conjecture
summer P-PET, but while the other three medians are ordereis again related to differences in soil water resources: forests
in accordance to the P-PET axis, they are not significantlynormally exhibiting higher NDVI values would have access
different among them. Instead, note that the trend definedo larger soil water stocks and would have been, thus, unaf-
by the minima of the boxes (which are the lower quartiles of fected by the decreased P-PET of summer 2003.

Boxplots in Fig. 13 show the relationship between NDVI
in August and summer P-PET in average years=(R139)
for deciduous forests. The first box, the one {6400 mm,
which does not follow the general trend, actually correspond
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Fig. 9. Most negative NDVI anomalies in August 2003 across P-
Fig. 8. Plot of the P-PET in summer 2003 vs. P-PET in the aver- PET in the average summer (1999-2002).

age summer (1999-2002). Colors indicate the anomaly of NDVI in
August 2003.

for a random sample of pixels of deciduous forests (Fig. 15).

Each arrow in this figure starts at the point of the average

The dispersion of the response in terms of NDVI is also putsummer and points towards the point corresponding to sum-
in evidence by the trajectories in the NDVI vs. P-PET plane mer 2003. It is worthwhile noting that such dispersion of the
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Fig. 11. Plot of the mean values and standard errors (p=0.95) of the
Fig. 10. Bivariate histogram of NDVI in the average August vs. P- anomaly of NDVI in August 2003 vs. the anomaly of P-PET in sum-
PET for the average summer (1999-2002). Colors are proportionainer 2003 for the four vegetation classes considered. Dec, deciduous
to abundancel, summer herbaceous vegetati@;spring herba-  forests; Brev, broadleaf evergreen forests; Spr, spring herbaceous
ceous vegetation. vegetation; Sum, summer herbaceous vegetation.

NDVI response of deciduous forests occurs despite the fac@ consistent negative anomaly in August 2003, although we
that summer P-PET deficit attained exceptional values thahave not found any trend between this anomaly and the one
put deciduous forests in the region very much outside theiof summer P-PET for these classes.
normal range (Fig. 3), suggesting again that soil water stocks In general, anomalies in time series of NDVI for evergreen
buffered the impact of P-PET. vegetation are difficult to analyze, as responses tend to be
In the case of broadleaf evergreen forests, there is small and are, thus, difficult to separate from atmospheric,
stronger relationship between August NDVI and summer p-angular and other spurious variability in the NDVI time se-
PET in the average year (Fig. 132$90.388). The observed ries. Nevertheless, the average .anomaly detected in Auggst
relationship is actually tracking the gradient in canopy clo- for broadleaf evergreen forests is small but robust, as it is
sure associated to annual P-PET, parallel to the pattern thdbe result of integrating geographically dispersed values, in-
is observed in other systems, such as along the Kalahari trarf/uding different atmospheric conditions. This anomaly may
sect (Scholes et al., 2002). As was the case for deciduou@ctually have been a response of the fraction of herbaceous
forests, the relationship in the average year represents a Stru_elants within the areas labeled as broadleaf evergreen forest
tural gradient and is disrupted in summer 2003. Our data" the land cover map rather than a response of the evergreen
do not show a relationship between August NDVI anomaly trées and shrubs themselves. This hypothesis is supported by
and summer P-PET anomaly for broadleaf evergreen forestdhe fact that summer P-PET values in 2003 were not so ex-
only the median of the box of the200 mm interval is sig- ceptional for broadleaf evergreen vegetation, as shown by the
nificantly different from the rest, and there is no ordering large overlap between the density functions (Fig. 3). Also,
following the P-PET axis (R=0.0218). broadleaf evergreen forests regularly suffer water stress in
summer while keeping their green leaves, therefore the in-
creased stress in summer 2003 may not have affected their
4 Discussion NDVI, but the NDVI of the accompanying herbaceous veg-
etation. Events in which leaves of evergreen trees have
It is interesting to note that, despite being small in absoluteP€€n seen to decay involve periods of drought in spring (i.e.,
terms, mean NDVI values in August 2003 for both Mediter- Peiuelas etal., 2001). If the fraction of accompanying herba-
ranean classes (spring herbaceous vegetation and broadlgZfOUS vegetation was constant, we could still have found a
evergreen forests) are shorter (more negative) than the mirsignificant relationship between NDVI anomaly and summer
imum for August in the 1999-2002 period. Also, relative P-PET anomaly, but as this fraction is geographically vari-
values of the anomalies in August calculated in respect to théble, such a relationship could only be detected if the values
average August NDVI for the Mediterranean classes are off the fraction of herbaceous vegetation were known and fac-
the same order as the ones for the other two classes. These fféred out.
sults indicate that Mediterranean vegetation actually showed
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Fig. 12. Boxplots of August NDVI by intervals of summer P-PET and their anomalies for herbaceous vegetation. See caption of Fig. 4 for
the interpretation of the boxplots. Top row, from left to righ£=®.0479 (F=186.3; £0.0001), R=0.0544 (F=213.1; §0.0001), R=0.252
(F=931.9; p<0.0001). Bottom row, from left to right: R:0.0358 (F=46.4; p0.0001), R=0.0013 (F=1.63, p0.05, N.S.), R=0.0072
(F=9.07, p-0.001).

From the point of view of the impact of the NDVI anomaly which is below—20.9% of the average NDVI value in Au-
for the survival of vegetation, we must keep in mind that gust for the 1999-2002 period (0.642). We have to add to this
NDVI is not a good indicator of stress for broadleaf ever- consideration that NDVI is approximately proportional to the
greens. The fact that NDVI anomaly was small for broadleaffraction of intercepted PAR of the forest, and that the reduc-
evergreen vegetation does not necessarily imply that thesgon of interception experienced by the trees themselves was
plants were not under stress, just that they were keeping thejproportionally higher. Also, by the time leaves decayed be-
capacity to intercept PAR. Actually, keeping LAI mostly cause of drought trees had already been under severe stress.
intact despite drought is a fundamental competitive ability In short, at least for a part of deciduous forests, summer 2003
of broadleaf evergreen vegetation because these plants camplied a reduction in their photosynthetic period, which
make use of their leaves for light interception and photosyn-could have resulted in a negative carbon balance, depleting
thesis once the drought is over. Deciduous vegetation, ortheir reserves and threatening their survival. We are now
the other hand, has a limited period to photosynthesize. Ifapproaching the impact on deciduous forests with more de-
leaves of deciduous vegetation fall or decay in summer betail and are exploring by means of the physiologically-based
cause of drought and depletion of soil water resources, thenodel GOTILWA (Gracia et al., 1999) the medium-term im-
losses extend beyond the end of the drought: photosynthesigact of situations such as the one of summer 2003.
remains reduced when water becomes available again, this
time because there is not sufficient LAI. In this regard, note
that according to our data (Table 1) and assuming a normay,  conclusions
distribution, an appreciable proportion16%) of the total

surface of deciduous forest in our area of study had a NDVhys have found large anomalies of NDVI in July and August

anomaly in August 2003, one standard deviation below the;03 jn summer-green herbaceous vegetation and deciduous
mean anomaly. This implies an anomaly belevd.134,  forests and in June for spring-green herbaceous vegetation.
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Fig. 13. Boxplots of August NDVI by intervals of summer P-PET and their anomalies for forests. See caption of Fig. 4 for the interpretation of
the boxplots. Top row, from left to right: R0.1242 (F=166.9,£0.0001), R=0.0141 (F=16.8, 0.0001), R=0.0319 (F=38.8, £0.0001).
Bottom row, from left to right: R=0.3875 (F=308.7, £0.0001), B=0.1009 (F=54.8, 0.0001), = 0.0218 (F=10.88, p=0.0011).

Deciduous forests
T

_ We have also found small but significant anomalies in spring-
w green herbaceous vegetation and broadleaf evergreen forests
in August. The later is notable, as NDVI values of evergreen
vegetation are quite constant. Nevertheless, there are reasons
to think that such anomaly might be due to the NDVI of ac-
H]i;‘ companying herbaceous plants rather than a reduction of the
H S NDVI of evergreens.
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1‘ H ro each vegetation class in 2003, we have found a relationship
between the anomaly of August NDVI and the anomaly of
summer P-PET for the Euro-Siberian classes but not for the
Mediterranean classes. For the summer-green herbaceous
vegetation, the relationship consisted in a linear trend, while
for the deciduous forests there was a significant difference
between those areas under no anomaly and those under neg-
ative anomaly.
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Fig. 14. Grid plot of NDVI in August 2003 vs. NDVI in the average With the reserve of the short period covered by our NDVI
August (1999-2002) for deciduous forests. Colors are proportionakeries (1992-2002), we can take the values of average Au-
to the summer P-PET anomaly. gust NDVI and average summer P-PET as an approach to a
climatic description of the relationships between vegetation
and atmospheric water balance. For herbaceous vegetation,
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there are two distinct modes in the plane defined by av- o°
erage NDVI in August and average summer P-PET. These .|
two modes are geographically segregated and correspond t
spring-green herbaceous vegetation (in the Mediterranean re
gion) and summer-green herbaceous vegetation (in the Euro o}
Siberian region). In summer 2003, an important part of
the summer-green herbaceous vegetation was under P-PEg o
conditions that approached those of the Mediterranean re-5 oest
gion. The response of summer-green herbaceous vegete<
tion was fast, with greatly reduced August NDVI and with

a linear trend between both anomalies. NDVI of summer- °%f
green herbaceous vegetation did not attain values as low a: s}
those characteristic of spring-green herbaceous vegetatior
for equivalent P-PET, probably because NDVI values in the
Mediterranean region are often lowered by incomplete veg-
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etation cover. The reader should recall here the ambigu- Summer P-PET (mm)
ity that is inherent to NDVI, which combines both vegeta-
tion and soil responses. The relationship between vegetatioF

ig. 15. Trajectories in the August NDVI vs. summer P-PET plane

cover and precipitation is also partially behind the trend re- or a random sample of pixels of deciduous forests. Each arrow
P p P y starts at the point of the average year (1999-2002) and ends at the

lating average August NDVI to average summer P-PET '[hatpoint of values for 2003.
is present in spring-green herbaceous vegetation, even more
so for broadleaf evergreen forests. While a fast response im-

plies reduced plant greenness, a decrease in vegetation cover .
would be a more complex, longer term response coupled t¢€" Was depleted. Such depletion would be accelerated by
land use. increased agricultural irrigation. Elucidating the impact of
Among the four considered classes, deciduous forest wallicreased water stress in summer for deciduous forests is a
the class that was under the greatest atmospheric anomaly ffndamental task for conservation management.
summer 2003. Compared to herbaceous plants, LAl phe- Our study indicates the importance of stratifying the anal-
nologies of deciduous trees are more stable. The NDVIysis of time series of satellite observations. Time series of
anomaly of deciduous forests was not, in absolute terms, agverages from extensive geographic amalgams that mix fun-
notorious as the one of summer-green herbaceous vegetatiodlamentally different vegetation strategies may cloud impor-
Also, there was more scatter in the relationship between théant relationships between the surface and the atmosphere.
anomalies of August NDVI and summer P-PET in 2003. We The stratification created by land cover classes also calls for
hypothesize that such dispersion is mainly due to the geotime series of satellite images with finer resolution, as the
graphic variability of soil water availability. We consider spatial grain of the land cover is very fine, at least for our
the fact that the lower (more negative) parts of the NDVI region of study. Finally, our study contributes to emphasiz-
anomaly having a more linear relationship to the anomaly ofing the relevance and the limitations of NDVI series, and the
summer P-PET than the medians as a clue for our conjecheed of more advanced products derived from satellite im-
ture: forests with less soil water holding capacity were moreagery. A comparison of our results to those obtained from
dependent upon P-PET and, for equal P-PET anomaly, expeVODIS imagery would be interesting, and we expect that
rienced a more negative anomaly of NDVI. We plan a directstudies based on Earth observation such as ours will benefit
testing of this conjecture by using regional soil maps and, tofrom products of multi-satellite origin such as those currently
overcome the uncertainity that is present in these productdyeing developed (i.e., Bacour et al., 2003).
complementing them with more detailed soil information for
selected forest sites. )
The impact of summer 2003 on deciduous forests deserve,gckrjowledgementsThe' authors thank . C. Almarza .(Instltuto
further investigation. Our region of study includes the south-acional de Meteoroldg)for his help with meteorological data
ern boundary of these forests in Europe, a boundary tha?f Spain. The original manuscript was greatly improved thanks to

e . : . .. _comments by K. Caylor, E. Foufoula-Georgiou and an anonymous
coincides with the one between Euro-Siberian and Mediter- y y g Y

; ; reviewer. This research has been supported by projects AMFIBER
ranean vegetation and that is under the control of the dura;ren2001-1841/GLO) of the Ministerio de Educaeiy Ciencia
'[IOﬂ and IntenSIty Of water S'[I‘ESS, pal"[lcularly |n summer. WeOf Spa”ﬂl, and H|DROL|M’ of the Departament d’UniversitatS’
have seen that increased water stress resulted in appreciatfcerca i Societat de la Informaadf the Generalitat de Catalunya
NDVI decrease and the buffer effect provided by soil water and Region des Midi-Pyérées.

would be less important if summer meteorological conditions

such as the one of 2003 became more frequent and soil waEdited by: E. Foufoula
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