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Abstract – Due to their synoptic and monitoring capacities, Earth observation satellites could prove useful for the assessment and evaluation of drought
eﬀects in forest ecosystems. The objectives of this article are: to briefly review the existing sources of remote sensing data and their potential to detect
drought damage; to review the remote sensing applications and studies carried out during the last two decades aiming at detecting and quantifying
disturbances caused by various stress factors, and especially those causing eﬀects similar to drought; to explore the possibility to use some of the
diﬀerent available systems for setting up a strategy more adapted to monitoring of drought eﬀects in forests.
drought / forest / remote sensing / satellite
Résumé – Contribution de la télédétection à l’évaluation des eﬀets de la sécheresse sur les écosystèmes forestiers. Grâce à leurs capacités de
surveillance continue, les satellites d’observation de la Terre pourraient s’avérer utiles pour l’évaluation des eﬀets de la sécheresse sur les écosystèmes
forestiers. Les objectifs de cet article sont : de passer en revue rapidement les sources actuelles de données de télédétection et leur potentiel pour
la détection des dommages dus à la sécheresse ; de passer en revue les études et applications de télédétection conduites pendant les deux dernières
décennies et visant à détecter et quantifier les perturbations induites par diﬀérents facteurs de stress, et en particulier ceux causant des eﬀets semblables
à ceux de la sécheresse ; d’explorer la possibilité d’utiliser certains des systèmes disponibles pour définir une stratégie adaptée au suivi continu des
eﬀets de la sécheresse sur les forêts.
sécheresse / forêt / télédétection / satellite

1. INTRODUCTION
Earth observation satellites have been used for more than
30 years for land cover mapping and forest monitoring. Most
of platforms have been developed by state-owned space agencies. Commercial systems with very high resolution capabilities, mainly in the optical domain, have been developed for
addressing specific markets, e.g. urban mapping, rapid mapping after natural disasters and defence needs.
In 2005, more than 60 Earth observation satellites are in
operation and are providing relevant information of the planet
environment, about half of them carrying dedicated sensors
for land and vegetation observation at diﬀerent resolution and
spectral capabilities [17]. This wide range of Earth observation
systems oﬀers in principle large possibilities for forest applications, but leads at the same time to specific problems on data
compatibility, calibration, geometry and continuity.
* Corresponding author: deshayes@teledetection.fr

No Earth observation system is fully dedicated to monitor
and quantify the impact of extreme climatic situations such as
the severe heat and drought of 2003 and a very limited literature on such situations is available in temperate climate, especially in Europe, specifically on drought eﬀects.
The aims of this article are:
(1) To briefly review the existing sources and useful physical
principles of remote sensing. The observable biophysical
variables and processes are presented.
(2) To review the remote sensing applications and studies carried out during the last two decades aiming at detecting and
quantifying disturbances caused by various stress factors.
The potential use of earth observation data for detecting
drought eﬀects can be, with some limitations, derived from
the similarity of the detected changes with those caused by
drought.
This part gives an overview of the state of the art in
the use of remote sensing for detecting and monitoring forest changes and drought eﬀects. The first section
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outlines the capability of remote sensing to detect and
track rapid vegetation structure changes such as clear cutting or storm damages. Fire-related disturbances, a very
important and specific issue in forest management, are not
considered here. The following sections deal with monitoring of changes resulting from continuous and progressive
mechanisms, such as forest decline or phenological disturbance or productivity reduction, with a focus on vegetation
anomalies due to drought and water stress. The last section
addresses the future prospects given by the process-based
models of carbon and water fluxes. The main findings of
the few papers dealing the severe 2003 drought are presented.
(3) To explore the possibility to use some of the diﬀerent available systems for setting up a strategy more adapted to monitoring of drought eﬀects in forests.
2. BRIEF REVIEW OF THE EXISTING SOURCES
OF USEFUL DATA AND OF THE OBSERVABLE
BIOPHYSICAL VARIABLES
The multiplication of space technologies, e.g. optical to
radar sensors, active and passive systems, is opening new possibilities for deriving some key biogeophysical parameters of
forest ecosystems. However, various factors are still limiting
research advances, e.g. the diﬃculty in modelling the signature
of tree canopy captured by space sensors, the complexity of
forest ecosystem functioning, and the still limited capabilities
of space observation before reaching an operational dimension. Ground measurements remain mandatory for bringing a
comprehensive and consistent picture of forest conditions.
2.1. Remote sensing in the optical domain
In the short wavelengths ranging from visible to infrared
(400–2500 nm) the sensors measure the solar radiation reflected by the Earth surface The ratio between reflected energy
on incident energy is called reflectance: expressed as a percentage, it depends on wavelength and on the way the radiation interacts with objects. The processes of reflection, absorption, transmission diﬀer strongly according to the wavelength
range: visible between 400 and 700 nm (VIS), near infra red
between 700 and 1100 nm (NIR) and short wave infrared between 1100 and 2500 nm (SWIR).
In far infrared or thermal infrared (TIR) ranging from 8 to
14 µm the sensors measure the radiation emitted by the Earth
surface. The surface temperature retrieved from thermal infrared measurements is determined by energy budget at the
surface.
2.1.1. Spatial resolution of the sensor
It can vary from tens of centimetres (aerial photographs)
to several kilometres (meteorological satellites) (Fig. 1). The
spectral response or reflectance of the observed unit on the

ground is an aggregate of spectral responses from diﬀerent
objects, e.g. single trees or tree canopies, soil, other vegetation layers, all both in sunlight and in shadow. The larger the
size of the “pixel”, the more there are diﬀerent objects included. In medium scale (1:30 000) to large scale (1:5 000)
photographs, and in very high resolution satellites images (below meter resolution), a tree is covered by several pixels, enabling detailed canopy structure and texture to be extracted
([21] for instance). In high resolution satellite images (10 to
100 m), a pixel covers several trees: this resolution is particularly adapted for monitoring forests at stand level. Medium
and low resolution satellite data are well suited for regional
forest surveys and monitoring. Pixels between 100 and 500 m
cover one to several hectares, but still contain relevant information on forest canopy properties. This is still valid for lower
resolution, e.g. 1 km, imagery in widely aﬀorested regions.

2.1.2. Spectral bands and spectral resolution
Space-borne optical imagers can usually operate in the
panchromatic mode (large spectral band width at high spatial resolution), and in the multispectral mode (several spectral bands with narrower width at lower spatial resolution).
The spectral band is characterised by the wavelength and the
band width. The finer the spatial resolution, the less is the energy received at sensor level. For technical reasons, it is difficult to develop very sensitive sensors with narrow spectral
bands. This is the reason why the spatially finest sensors (below meter) operate in the visible domain with a large (about
400 nm) panchromatic mode: this source of data is particularly
adapted for detecting structural patterns or features of the forest stands: limits of diﬀerent forest types, logging roads, clear
cutting, canopy texture, etc. The multispectral mode is more
adapted for characterising vegetation: canopy density, photosynthetic activity, water stress, fire activity, etc. The number
of spectral bands of a multispectral sensor ranges from just a
few (i.e. SPOT satellites) to more than 200 bands on hyperspectral spectrometers. Spectral bands in the visible (blue to
red wavelengths), near infrared (NIR) and short wave infrared
(SWIR) are particularly interesting for vegetation monitoring.
The bandwidth of satellite sensors is generally around 100 nm
but some low or medium resolution sensors such as MODIS
(500 and 1000 m) or MERIS (350 m) present narrower bands
(10 to 30 nm) more adapted to the retrieval of certain biophysical features. The thermal infrared domain (TIR) is used for
studying water fluxes between vegetation and atmosphere, for
estimating the evapotranspiration of vegetation canopies and
for detecting water stress. Several TIR spectral bands are necessary for separating temperature and emissivity and for correcting atmospheric eﬀects.
All disturbing eﬀects of the signal, e.g. atmospheric influence or directional eﬀects, need to be properly corrected.
Imaging sensors with high signal to noise ratio are now considered as a prerequisite for better addressing vegetation processes. For instance this point is crucial for the reflectance of
forest canopies in the visible wavelength which is usually low
especially in the case of coniferous trees.
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Figure 1. Spatial resolution and updating frequency for complete coverage of whole Europe associated with presently operating remote sensing
satellites (SVAT = Soil-Vegetation-Atmosphere Transfer, VGT = Vegetation).

2.1.3. Temporal resolution
The revisiting frequency over the same area depends on
satellite and sensor specifications, i.e. sensor swath and system manoeuvring capability. The temporal resolution ranges
from 15 min for geostationary satellites to more than 20 days
for some low orbit satellites (Fig. 1). The along or across track
viewing facility increases the agility of the satellites, giving
more opportunity to capture images of a given site, and thus
improving the temporal resolution. Appropriate algorithms
have been developed for properly correcting long time series
and for deriving the temporal reflectance with cloud screening,
atmospheric correction, geometric correction and radiometric
calibration accounting for directional eﬀects [45] .
For instance, the VEGETATION instrument on SPOT4 and
5 satellites, operating at 1.1 km resolution with 2000 km
swath, is covering the entire continents almost every day and is
used for studying vegetation processes at small scale, with its
evolution and variation between seasons or years. On the other
hand, the SPOT 5 HRG sensor with its moving mirrors can
take a 60 × 60 km image at 2.5 m resolution only every 6 days
over a fixed site: in this case, the images will be taken under
diﬀerent viewing angles. The revisit capability is only 26 days
for an image taken under the same viewing conditions. The
frequency of observation with the HRVIR sensor on board of
SPOT4 is similar, but the spatial resolution of HRVIR is lower
(10 or 20 m).
2.1.4. Physical processes and observable biophysical
variables
The reflectance of a forest canopy is related to the wavelength and depends on several biophysical parameters such as
crown closure, Leaf Area Index (LAI), chlorophyll and water
content of the leaves, architecture of the branches and leaves,

structure and composition of the under-storey layers (bush,
forest litter, bare ground, etc.) and sub-surface properties of
soil. The topography, which is too often neglected, also has an
indirect eﬀect, as do the measurement conditions (incidence
angle of the sun rays and of the space sensor, fractions of direct and diﬀuse radiation).
At leaf level, it is well known that radiation is subject to
a strong absorption due to chlorophyll pigments in the VIS
wavelengths, to a strong diﬀusion controlled by the internal
structure of the leaf in the NIR and by a relatively strong absorption by water in the SWIR. As a consequence forest parameters derived from these driving forces such as LAI and
equivalent water thickness do play a role at stand level, together with other ones such as tree cover fraction and to some
extent soil moisture.
Radiation absorption in the SWIR is less intense than in
the visible range for typical green leaves and therefore the reflectance of tree canopies in the SWIR is greater than in the
visible range and lower than in the NIR. Similarly the SWIR
band is much more sensitive to variations in LAI than the visible range.
The forest stand structure determines the fractions of illuminated and shadowed elements composing the vegetation
layers (crown, under-storey and soil). Shadowed surfaces receive a diﬀused radiation which is much weaker in SWIR than
in NIR. This results in darker shadows in the SWIR than in the
NIR. Associated to its low sensitivity to atmospheric eﬀects
and its high signal-to-noise ratio, it makes therefore SWIR
very sensitive to variations in the tree canopy structure, e.g.
LAI or cover fraction [13, 42]. Thus this spectral band may
be very useful for detecting structure changes such as clear
cuts and thinnings [52, 54]. Forest attributes, such as standing
volume, age and tree height, are often correlated one to another to some extent. They can be sometimes retrieved from
remote sensing data by inverting reflectance models related to
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biophysical parameters or by applying empirical relationships,
since they are related to density of vegetation elements (i.e.
green LAI) and their spatial distribution.
Water stress can aﬀect the SWIR signal directly since there
is less water in the leaves. It can change also indirectly the vegetation response in all the wavelengths by inducing anatomical changes in the leaves, or altering pigments or reducing
LAI [9, 85, 106].
The NDVI (Normalised Diﬀerence Vegetation Index
ρNIR −ρRED
ρNIR +ρRED , [86]) and various other vegetation indices combining reflectance in red wavelenghts (RED) and NIR [5] are
classically used for quantifying such biophysical variables as
LAI, biomass or absorbed photosynthetically active radiation
or net primary production ([98], among others). The ratio
ρNIR −ρS W IR
ρNIR +ρS W IR [60] is another useful vegetation index since it tends
to saturate less quickly with the LAI or the cover fraction than
NDVI. SWIR-based vegetation indices are also more sensitive to the vegetation moisture, but generally they only detect important variations (around 50%) in vegetation moisture,
well above ordinary variations, around 20% [51]. The results
could be improved with the use of narrow spectral bands (10 or
20 nm instead of 100 nm) as available from aerial hyperspectral sensors such as AVIRIS [33] or certain recent lower spatial
resolution sensors such as MODIS [23].
The use of thermal infrared data which allow the retrieval
of surface temperature is an eﬃcient way for estimating surface fluxes. The relationship between temperature and sensible heat flux gives access to latent heat flux (LE), with the
knowledge of the energy balance. LE is a component of the
energy budget. It is controlled by availability of soil water,
which results from the water balance. This approach has been
successfully used by numerous authors to quantify evaporation at regional scale from the thermal infrared spectral bands
of satellite sensors such as AVHRR/NOAA or METEOSAT.
The instantaneous brightness temperature measured by satellite can be combined with land surface processes models or
a simplified semi-empirical relationship with the daily evapotranspiration in order to estimate the daily value of the actual
evapotranspiration. The estimates which have an accuracy on
the order of ±1.5 mm are particularly valuable for describing
spatial variations of evaporation diﬃcult to obtain from other
techniques [89]. The accuracy in the retrieval of the surface
temperature is partly depending on the error on surface emissivity and the atmospheric correction procedures. The directional eﬀects on the measured brightness temperature is another source of error. The satellite systems well suited for the
estimation of fluxes at regional scale have a large field of view;
for instance the field of AVHRR/NOAA leads to nadir view angles ranging from 0 to 55◦ . Lagouarde et al. [63] showed over
a maritime pine forest that the hot spot eﬀect due to the sensorsun geometry is important and the variations between vertical
and oblique measurements temperatures may reach about 4 ◦ K
for the moderate to large water stress conditions studied. The
reader will find a basic review on the use of thermal infrared
data for estimating heat fluxes in [89].
Fine resolution data provided by aerial photography and
space-borne sensors have proved to be adapted for character-

ising forest condition, from tree level to stand level: forest/non
forest discrimination, mapping of main species types (coniferous, broadleaves), tree density to canopy height.
As regards the use of medium and low resolution satellite
data, the most significant advances in the past years have been
achieved with the use of the high temporal frequency capability for analysing and modelling forest ecosystem functioning, with the retrieval of biophysical parameters such as vegetation phenology and cycle duration, LAI, fraction of cover,
fraction of Absorbed Photosynthetically Active Radiation (fAPAR), albedo, soil moisture, energy fluxes, water and carbon
fluxes, fuel moisture content. . . The thermal infrared range
(TIR) is useful for land surface temperature LST and energy
fluxes retrieval, leading to water balance and water stress detection. Numerous projects are currently being carried out by
the scientific community for developing and validating the estimation of these parameters.
Abrupt and drastic structure changes, caused by syIvicultural practices (clearcuts, thinnings, etc.) or by natural hazards
(fire, storm. . . ) can be detected and quantified by space sensors, depending on their spatial resolution and the spatial extent of the phenomenon to be observed. More subtle and progressive changes, mostly caused by natural factors, e.g. pest
and disease or drought, are often characterised by a modification of water and chlorophyll content (pigments composition. . . ), by a slow evolution of the morphology of leaves and
the structure of tree crowns, and ultimately by defoliation and
tree decline. Such changes are more diﬃcult to detect, monitor
and quantify.
As a conclusion, tracking slow vegetation changes, e.g. water stress due to severe drought and heat, will require both
medium or low resolution satellite images for monitoring vegetation and forest canopy evolution on a daily basis and higher
resolution images at lower frequency for better characterising
the properties at tree and stand levels, as well as for disaggregating lower resolution pixels.
2.2. Remote sensing in the microwave domain
The spectral domain of microwaves ranges from about 1 cm
to 1 m. There are two kinds of observation. The passive systems observe the radiation naturally emitted by the surface.
The active systems or Radar emit a radiation and record its
backscattering by the earth surface.
2.2.1. Radar
Radar (RAdio Detection And Ranging) technology is a
technology that has been developed and used for many years
by the military sector and has first become available to scientists in 1978 (SEASAT satellite). Despite dramatic advances
towards operational applications in forestry, it still needs significant eﬀorts from the scientific community before reaching a level where data can be used on a routine basis. However, this source of information potentially represents a very
interesting alternative to optical sensors, especially in regions
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where cloud cover is hampering the acquisition of good quality
scenes. Radar information is also in many cases a complementary source of information as radar sensor “sees” the object in
a very diﬀerent way than optical sensors.
The basic principle of a radar system is to transmit short
and high energy pulses and to record the quantity and time
delay of the energy backscattered. Usually, the same antenna
is used for transmission and reception. The radar electromagnetic radiation is characterised by its direction of propagation,
amplitude, phase, wavelength and polarisation either vertical
(V) or horizontal (H). Real Aperture Radar (RAR) and Synthetic Aperture Radar (SAR) are the two types of imaging
radar. For space-borne radar, SAR is the most frequently used.
The sequence of pulses is processed on SAR systems to synthesise an aperture that is much longer than the actual antenna.
The nominal azimuth resolution for a SAR is half of the real
antenna size. Generally, the resolution achieved is of the order
of 1–2 m for airborne radar, and 10–100 m for space-borne
radar systems. New systems reaching 1 m resolution are expected to be launched in a short term.
The radar backscattering coeﬃcient σ0 provides information about earth surface and is depending on several key features: (i) radar system parameters, i.e. frequency, polarisation and incidence angle of the electromagnetic radiation, and
(ii) surface parameters, i.e. geometric properties of the object,
surface roughness and dielectric constant. The radar observation parameters will determine the penetration depth of the microwave into the ground targets, the relative surface roughness
and possibly the orientation of small scattering elements of the
target.
Diﬀerent wavelengths, designated by letters, are used in microwave remote sensing. With longer wavelengths, penetration
of the radiation tends to increase. For instance, over a forest
canopy, radiation in X band (with wavelength around 3 cm)
will be limited to a few centimetres, while in C band (with
wavelength around 6 cm), the waves will go deeper into the
crowns. In L and P band (respectively around 25 and 60 cm),
the penetration is going further down to trunks and eventually to the soil. Thus, the information carried by radar radiation is closely related to vegetation biomass, depending on
the interaction of the microwaves with diﬀerent layers of the
vegetation canopy. The penetration is also strongly aﬀected by
surface roughness and moisture. Increasing moisture results in
increasing radar reflectivity.
The European ERS-2 satellite, operating in C band and VV
polarisation at 30-m resolution, followed by ENVISAT-ASAR
with similar characteristics, and the Canadian Radarsat-1
satellite, operating in the same band with HH polarisation at
10 to 100 m, are the existing space systems able to procure
complementary information on forest conditions. Amplitude
C-band radar data are found to be of limited use for mapping
forest types and deforestation [81]. This is due to the rather
quick saturation of the signal with forest biomass in this frequency, thus preventing the separation of successive stages of
vegetation regrowth.
With the imaging radars operating in longer wavelengths
(L-band, possibly P-band in the future), it is possible to push
back the saturation limit [105]. In addition, the HV polarisa-
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tion is found to be more sensitive to biomass than VV. In another study, three broad classes of regenerating forest biomass
density were positively distinguished [69]. In their review, Kasischke et al. [58] recommend to use multiband and multipolarisation SAR data for mapping vegetation and for estimating forest biomass with better precision than with single
frequency and polarisation systems.
As regards monitoring damages to forests, radar data have
been assessed for detecting and mapping burnt areas. These
studies have been using C-band data (ERS, Radarsat) and have
been carried out in boreal regions, in North America [8, 32,
47, 57] and in Siberia [77], in the Mediterranean region [34,
35], and in tropical regions [62, 90]. Burnt scar mapping has
been found possible, which has generally been explained by
changes in soil humidity [47].
As regards soil moisture monitoring, radar may give some
information for bare soil or for sparse vegetation. In the case of
dense vegetation like European forests the contribution of the
soil in X- and C-band signals is generally too weak because of
the strong attenuation by the vegetation layer.
In conclusion, the potential of radar for monitoring the effects of drought are yet to be fully explored. SAR in X or C
band could be sensitive to the modification of low leaf biomass
at stand level, but the major drawback is the limitation of
ground resolution and the lack of continuous time series.

2.2.2. Passive microwaves
Passive microwave sensors measure the natural microwave
emission of the land surface. The brightness temperature measured by the radiometer depends on the emissivity and the
surface temperature. The variations of emissivity provide information on surface soil moisture and vegetation water content, as with TIR imagery. Contrary to TIR sensors passive
radar sensors are insensitive to cloud cover and can thus provide a complementary information. Their spatial resolution is
very low, 10 km to 100 km, but their temporal resolution high,
1 to 3 days. Various studies have shown the ability of the passive microwave sensors to monitor surface soil moisture with a
high temporal frequency. The diﬀerent soil moisture retrieval
approaches depend on the way vegetation and temperature effects on microwave signal are accounted for [104]. The attenuation of microwave emission by vegetation is related to its
water content; it may be estimated from green LAI derived
from visible and infrared remote sensing data.

2.3. Complementary nature of ground-based
measurements
In situ measurements can be combined with airborne and
space borne data for diﬀerent reasons: (i) calibration and validation of methods or models, (ii) temporal or spatial interpolation of ground observation network; (iii) assimilation into
models or simulation tools on ecosystems functioning, forest
growth simulation and prediction of forest production.
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Two permanent (long-term) ground-based observation networks have been established for monitoring the condition of
the whole European forests with the so-called Level 1 and 2
of the European-ICP Forests /EU system. The national systems for inventorying forest resources from National Forest
Inventories agencies are also useful when permanent networks
of sampling plots are used. Various long-term forest experiments are achieved with few sites. We can mention particularly the continuous measurements of fluxes of CO2 , water,
radiation. . . (i.e. Eddy Covariance Tower Network) and the
intensive monitoring of phenologic stages (phenologic gardens for instance), LAI (litter fall measurement in some ICPLevel2 plots for instance), and growth of trees (i.e. dendrometric data). These data obtained at local scale are valuable
for calibrating the geospatialisation of processes derived from
remote sensing data. The availability on the region under monitoring of other information such as, for instance, meteorological measurements from weather stations networks or maps of
hydrological soil properties is also useful. Mårell et al. [70]
give a classification of these facilities and a rough estimate of
the facilities available in the diﬀerent European countries.

3. APPLICATIONS FOR MONITORING FOREST
CHANGES AND DROUGHT EFFECTS
Disturbances on forest condition can be caused by numerous factors driven by human-induced or natural mechanisms.
Several factors are most often interacting with each other, rendering the diagnostic even more complex. Remote sensing
tools have been widely tested for tracking forest changes, taking benefit of the revisit frequency over a given area combined
with a relatively large coverage capability.
Rapid changes, e.g. clear cutting, fire scars or storm damage..., can usually be detected and quantified with a satisfactory accuracy as they occur in a limited period of time on the
same stand – several h to few days – and as observations from
space can provide timely information right after the disturbance. But the detection capability depends on the intensity
and extent of disturbance, and the availability of recent archive
for cross comparison. The degree of persistence is also a key
factor in the feasibility of remote sensing for detecting rapid
changes.
Changes resulting from continuous and progressive mechanisms, such as forest decline or phenological alteration or
productivity reduction, are more diﬃcult to detect with spacederived observations. The relatively low intensity of disturbance requires long term series of observations before depicting any sign of disturbance.

3.1. Detection of sudden changes in forest structure
The development of remote sensing methods dedicated to
detection of sudden and strong forest structure changes, e.g.
clear cut and storm damage assessment, has been rapidly progressing during the last ten years with the increasing need

to define indicators of sustainable management and to implement certification procedures. In addition, the preparation of
the European programme on Global Monitoring for Environment and Security is expected to lead to the implementation of
operational services such as the reporting on forest areas and
changes in the framework of the Kyoto protocol.
The resolution of optical data at 10 to 30 m is too broad
for mapping forest types according to most European National
Forest Inventory schemes. These data have however proved
to be eﬀective for updating and enriching existing maps. The
operational use of such data for an annual mapping of the
clear felling of Pinus pinaster stands over the 1 million ha
Landes forest in Aquitaine Region has been clearly demonstrated [54, 55, 93]. Thus since 1999, IFN the French national
forest inventory agency has been carrying out the assessment
of annual clear cuts from 1990 onwards over the whole Landes forest (Fig. 2), using Landsat 5 TM and Landsat 7 ETM
satellite data [93]. The method is based on a change detection
procedure, followed by a visual inspection of low probability
possible clear cuts [30, 54]. The rate of clear cutting by age
class is afterwards determined by combining the annual clear
cut map with ground inventory plots.
In April 2000, IFN used the clear cut mapping method for
assessing the damages of the 1999 storm over the northern
part of the Landes massif [92]. A map was produced with 5
damage classes (0–20%, 20–40%, 40–60%, 60–80% and 80–
100%). In 2002, satellite remote sensing methods have been
tested for mapping storm damage in other French regions and
under diﬀerent local conditions [94, 95]. The study has shown
that change detection protocols together with segmentation
techniques can be applied to satellite images acquired during
late spring and summer, leading to satisfactory results. The
method has been applied to Vosges forests in flat and hilly areas (Fig. 3) [95].
3.2. Monitoring forest health and decline
This section gives an overview of the remote sensing tools
developed during the last 10 to 20 years for monitoring forest
health and decline. Damage to forest health may occur as a
result from short term biogenic aggressions as well as long
term impact of drought and other abiotic factors.
Typical forest decline symptoms are foliage chlorosis
(degradation of chlorophyll pigments), foliage loss, degradation of tree crown structure, and tree mortality. Forest decline
and dieback can be caused by various factors, such as pests
and diseases, air pollution, or even long term eﬀect of climatic
extremes situations (drought, frost. . . ) etc. The causes are often multiple and diﬃcult to identify and separate from each
other.
Aerial photographs at large scale (1:5 000 to 1:10 000, spatial resolution < 30 cm), with panchromatic, colour and better with infrared colour films, have been commonly used over
the past two decades for assessing individual tree crowns and
mapping damage areas. As typical examples of earlier studies
triggered by drought eﬀects one can mention the assessment of
the oak decline in the Tronçais (central France) forest which
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Figure 2. Annual clear cut mapping in Landes forest with Landsat TM (period 1990–1999).

Figure 3. Damage map of 1999 storm using satellite and aerial data over Vosges department (5875 km2 ), France. Left: global view; Right: local
zoom.

occurred after the exceptional 1976 drought [82], as was as
well as Pyrenean piedmont [29]. In the early 1990s, the oaks
of the Harth forest (Alsace, north-eastern France) underwent
a serious decline following the 1989–1991 dry period, and the
forest health condition was mapped [78].
The main symptoms are generally progressive crown deterioration occurring one or several year(s) after the drought
and not short-term drought symptoms such as foliage browning, withering and early fall. More generally, typical drought
eﬀects are quite rare in temperate forests – the symptoms ob-

served during 2003 represent an extreme case – and many of
the potentially drought triggered symptoms are assessed as
damage of unknown origin.
So far, the most extensive use of aerial photographs in Europe took place during the 1980s, when several campaigns
were launched in order to assess “forest decline”, supposedly due to air pollution [1, 31, 49, 83, 84] among others).
The main investigations have been carried out in Germany,
e.g. Black Forest, in Belgium and in France, e.g. Vosges. The
damage assessment and their mapping were mostly based on
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a multi-stage sampling scheme with the use of aerial photographs for stratification. Geostatistics techniques have been
applied for optimising the sampling design and assessing the
spatial errors on the decline intensity estimates [40]. Standardisation and coordination initiatives have been attempted
at regional level by the European Commission [1, 48]. Ground
monitoring networks such as the EU/ICP Forests 16 × 16 km
Level 1 Network oﬀer a complementary and necessary source
of information: the information can be spatially extrapolated
with a high sampling design using large scale aerial photographs. As a consequence, the spatial precision of inventories is improved, and spatial processes of decline, e.g. spatial
epidemiology and relation with environment variables, are better understood.
The large scale photography has proved its eﬃciency for
monitoring forest damages (Fig. 4). The identification of the
species and the estimation of the degradation intensity of
crown structure of each inventoried tree are accurate when
they are based on the use of three-dimensional information
obtained from a visual interpretation using a stereoscope. Photogrammetric techniques were hardly used for locating the
trees or estimating their size. Now the trend is towards replacing the film with a digital sensor and replacing the tedious
conventional visual interpretation with automated image processing. The present development of automated methods for
retrieving the tree or canopy structure from airborne or spaceborne digital images with spatial resolution less than the tree
size could be profitable (see for instance [46]).
Aerial photographs at smaller scale (1/10 000 to 1/30 000)
and satellite data at metric to decametric resolution are well
suited for forest monitoring at stand level. Numerous studies
on air pollution eﬀects and pests and diseases impacts on forest condition are reported in the literature since 1980 [2, 7, 44,
50, 64, 65, 73, 80, 87, 88, 91, 96, 97, 107], among others) and
show that “severe” damage (aﬀecting a “suﬃcient” number of
trees) can be easily detected, while scattered tree decline is
diﬃcult to see with the limited resolution of space remotely
sensed data [6, 24], and without ground assessment. Finally,
the feasibility of depicting forest decline is closely depending
on the topography of the study area, on the structure of forest
stands, on the date and frequency of data acquisition and on
the spatial resolution of the remotely sensed data.
Important forest defoliation can be easily detected by satellite remote sensing. For example, defoliation by gypsy moth
(Lymantria dispar) can be mapped and monitored from satellite imagery [19, 56]. Two types of techniques can be used
to map defoliated areas or levels of defoliation: firstly by using only one image taken during the defoliation, and photointerpreting or classifying it; secondly by using two images,
one after and one before the attack, and by comparing the two
images with rating or diﬀerencing techniques. Using colour
composite transparencies, Ciesla et al. [19] have found some
limitations in the assessment of defoliation intensity, inducing
commission errors, and Joria and Ahearn [56] errors due to the
presence of non-forest areas or forest margins on the scenes.
SPOT/HRV colour composites were found to take considerably less time (5% only) than the interpretation of aerial photos, yet providing similar results [19]. A Landsat TM classifi-

Figure 4. Detailed view of an infrared colour aerial photograph at
1:5 000 taken over Harth forest, France (August 1994, spatial resolution about 15 cm). Rectangle indicates the CHS68 plot of the Level 2
European ground-based observation network (French RENECOFOR
network). Oaks are declining and the lime tree understory is at an
early senescence stage (Guyon et al. 1997 [41]).

cation diﬀerentiating two levels of defoliation, moderate and
severe, and no defoliation was found to have a 82% agreement
with aerial photography and supplementary ground data.
More recently, massive defoliations caused by gypsy moth
were observed on the oak in the forest of Haguenau in northern
Alsace during 1993 and 1994. These defoliations have been
considered as a consequence of the 1989–1991 dry period. The
defoliation intensity was assessed in the field and recorded
within a GIS database by the local forest managers (ONF,
French National Forest Agency). Landsat TM and SPOT HRV
data taken before and after defoliation were used in order
to investigate the capability of satellite data in detecting defoliations in this area. The change detection method was a
5-step approach [25, 30]: (i) radiometric and geometric preprocessing, (ii) relative radiometric normalisation of the images, (iii) computation of the diﬀerence image, (iv) analysis of radiometric evolution, and (v) threshold classification
and mapping of gypsy moth damage. Results indicate that
in the defoliated areas the reflectance in the NIR range decreases, while it increases in the VIS domain and even more
in the SWIR domain (Fig. 5). An extension of the damage between 1993 and 1994 was noticed, and the comparison with in
situ observations has shown that the satellite–based estimates
agree with ground truth (Fig. 6).
Following these encouraging results, the same method has
been applied over two French “départements” of western
France (Deux-Sèvres and Vienne, total area 12990 km2 ) for
mapping the gypsy moth attack that took place during years
1992 and 1993 [24]. Defoliation maps have been produced.
However, mapping mortality was not possible since the dead
trees were isolated and scattered.
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Figure 5. Gipsy moth defoliation mapping using Landsat TM imagery, Haguenau forest, France. Left, extract: colour composite (SWIR channel
in red, NIR in green and Red in Blue). Defoliated areas appear in purple. Right, whole forest: diﬀerence image between Landsat 1994 and
Landsat 1991 (TM 5 – SWIR channel); defoliated areas are in light shades.

Figure 6. Comparison of gipsy moth defoliation maps derived from Landsat TM imagery (left) and ground observations (right). Haguenau
forest, Alsace, France.

3.3. Monitoring drought eﬀects on vegetation
The functioning of forest ecosystems results from complex
interactions and exchanges between individual trees, undergrowth vegetation, soil and atmosphere, the climatic conditions remaining a major driving force in the evolution and balance of forest ecosystems. The short term impact of climatic
extreme events such as severe droughts is a more recent issue, thus explaining why only a few investigations have been
carried out on this topic.
This section focuses on water stress and vegetation anomalies as an immediate response to a severe drought. The most
innovative results on the drought of 2003 in Europe were obtained on these questions.
3.3.1. Eﬀects of water stress on vegetation
Intensive water stress has various ecological and physical
impacts on vegetation. Several signs are likely to be detected
from remote sensing data. The alteration of chlorophyll and
leaf pigments, resulting in leaves turning yellow or brown, influences directly the visible range. The diminution of leaf water content, if strong, may induce an increase of the short wave
infrared reflectance. Stomatal closure and reduced transpiration lead to an increase of the thermal infrared response due to
the elevation of leaf temperature and reduced latent heat transfer. Water stress can also modify the orientation and the form
of leaves and reduce the green LAI; it ultimately can result in
an early partial leaves shedding. These manifestations which

are closely comparable with an acceleration of leaves senescence concern all wavelengths.
3.3.2. Vegetation condition
The Normalised Diﬀerence Vegetation Index NDVI is commonly used for monitoring vegetation at continental scale with
large swath sensors like VEGETATION, AVHRR, MODIS or
MERIS. Using their daily observation frequency , inter-annual
variations are easily achievable, giving the opportunity to detect seasonal anomalies between two situations.
Some specific indices have been used to monitor the effects of drought, such as the Vegetation Condition Index VCI
proposed by Kogan [61] over north America from AVHRR
data time series. The VCI quantifies the vegetation greenness
anomalies by comparing the NDVI and its maximal and minimal values observed during the previous years. Drought impact in Brazil was monitored following this method [66]. More
recent studies refined the knowledge on the seasonal sensitivity of the relationships between NDVI and meteorologicaldrought indices based on precipitation [53].
With these low resolution sensors, it is diﬃcult to study
specific forest types, because the pixel size is often greater
than the size of the forest stands. Disaggregation techniques
can be applied to low resolution pixels [15]; more detailed information on the forest canopy can then be extracted. In this
way, Maselli [71] has shown using a AVHRR/NOAA longterm data series that the NDVI values of small pines and oaks
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Figure 7. Evolution 2002–2003 of vegetation index (NDVI) from VEGETATION sensor, for months of June, July and August (cf. [45]). Blue
colours indicate no major change of vegetation activity between 2002 and 2003. Yellow to red colours indicate a diminution of vegetation activity (less photosynthesis). In August, the eﬀects of drought are particularly visible in southwest to northeast of France. Fires in Var Department
are also visible.

forests in Mediterranean region have been decreasing for the
last 15 years, as a possible consequence of the diminution of
winter rainfall.
The short-term eﬀects of the exceptional 2003 drought on
vegetation activity were observed over western Europe using VEGETATION data (Fig. 7). In 2003 an important rain
deficit lasted from spring to summer, worsening the impact
of an exceptional heat during July and August. The deficit was
more severe in eastern and south-eastern France. The eﬀects of
drought and heat were visible in forests (foliage yellowing and
browning, premature defoliation) and even more so on crops
(early drying, early harvesting), and an increased number and a
higher intensity of forest fires were also observed. An average
NDVI derived from all images acquired during June, July and
August 2003 has been computed for each month, and compared with the same periods in 2002. The eﬀects of drought
are clearly visible already in June, with an aggravation of the
situation in July and even more in August (Fig. 7).
Lobo and Maisongrande [67] have detailed the analysis
over Spain and France by comparing the 1999 to 2003 annual profiles of the VEGETATION-derived NDVI. They have
observed diﬀerent responses to drought according to two different phytogeographic and climatic regions, i.e. oceanic and
Mediterranean. Negative anomalies of the vegetation index in
the summer 2003 were greater for herbaceous vegetation of
the oceanic climate region and for deciduous forests. In the
Mediterranean region, the NDVI was lower than normal, but
the anomalies were less important in absolute value. They also
compared the NDVI with the diﬀerence between total summer
precipitation and total summer potential evapotranspiration, as
an estimate of atmospheric water stress. The results indicate
that water stress is a major factor structuring the geographic
variability of NDVI in the region. The phenological anomalies
of NDVI cannot be generalised for all kinds of forests and need
some further in-depth analyses. An example is given by Coret
et al. [20] from a series of monthly 20-m spatial resolution images, acquired in 2002 and 2003 with the SPOT HRVIR sensor
over a 50 km × 50 km area of south-western France strongly
aﬀected by the heat wave. A shortening of the 2003 phenological cycle was observed for the meadows and crops, but the
response of the deciduous forests of the studied area was not

clear. In the case of the large maritime pine forest of southwestern France, which has not very severely suﬀered from the
2003 drought, Guyon et al. [43] pointed out that its impact
on the seasonal cycle of the VEGETATION-derived signal depends on the nature of undergrowth vegetation. The drought
led to an early onset in August of the autumn decline phase
of the vegetation index PVI (Perpendicular Vegetation Index).
But the eﬀect was not marked over canopies with an evergreen
understorey.
Other earth observation data sources have also been investigated to study the eﬀect of 2003 drought on vegetation
activity. Multiannual time series acquired over Europe from
1998 to 2003 with the Sea-viewing Wide Field-of-view Sensor
(SeaWiFS) and from January 2003 onwards with the Medium
Resolution Imaging Spectrometer (MERIS) instrument have
been analysed by Gobron et al. [37] to assess the state of
health of the vegetation in 2003 and 2004, compared to previous years. By having a similar coverage of the visible and
NIR domains (respectively eight and fifteen bands), both sensors allow the computation of comparable vegetation indices.
The similar vegetation indices, MGVI (MERIS Global Vegetation Index [38]) and SGVI (SeaWiFS Global Vegetation Index [36]), are good estimators of the Fraction of Absorbed
Photosynthetically Active Radiation (FAPAR), an indicator
of the state and photosynthetic activity of vegetation. Gobron et al. [37] have shown that the vegetation growth was
aﬀected as early as March 2003. An experimental surface wetness indicator derived from the SSM/I (Special Sensor Microwave/Imager) microwave sensor presents spatial patterns
of water deficit matching –with a certain time lag- areas with
negative FAPAR anomalies. Indeed the water stress was found
to precede the vegetation response by up to one month in some
places. The situation of spring 2004 was compared with previous years to document the recovery of vegetation. In 2004,
the situation has returned to normal, suggesting an absence
of observable medium term eﬀect on vegetation at continental
scale.
3.3.3. Soil moisture and vegetation water stress
Soil moisture is a key parameter for studying the water cycle and for monitoring vegetation activity. It can be studied
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using space sensors operating in passive microwave, with a
very low ground resolution (more than 10 × 10 km). SMOS,
a space mission in L band (1.4 GHz) to be launched in 2008
by ESA, will be fully dedicated to soil moisture monitoring
as well as ocean salinity (Wigneron et al. 2003). Encouraging results have been achieved with other systems operating at
shorter wavelengths (from 5 to 20 GHz), e.g. SMMR [79] or
SMMI (see [37] above).
Besides passive microwave sensors, vegetation water stress
can be assessed using remote sensing systems combining simultaneous measurements in the VIS, NIR and TIR wavelengths, as available with NOAA-AVHRR or MSG/SEVIRI
sensors. From an operational point of view, NOAA-AVHRR
presents several advantages. The main ones are its temporal
resolution (four images per day, due to simultaneous operation
of 2 satellites) and its good spectral information (visible, near,
medium and thermal infrared). The RED and NIR channels
(red, 0.58 to 0.68 µm, and near infrared, 0.72 to 1.10 µm) are
used to compute vegetation indices which are correlated with
green biomass and photosynthetic activity. The two thermal infrared channels (band 4, 10.3 to 11.3 µm, and band 5, 11.5 to
12.5 µm) allow the computation of a Surface Temperature corrected for atmospheric and emissivity eﬀects [39, 59, 72, 100].
The relation between surface-air temperature and vegetation
indices can be useful for estimating water deficit (see for instance [28]). The spatial resolution of NOAA (1.1 km at nadir
to 6 km in oblique view) gives an integration of local variations and provides an average response well adapted to global
scale [68]. SEVIRI data from Meteosat Second Generation
(MSG) satellite has proved to be useful for monitoring vegetation conditions at high temporal frequency (15-min repeat
cycle). Vegetation phenology can be monitored though estimation of the fraction of absorbed photosynthetically active radiation fAPAR and the leaf area index LAI, and water stress is
achievable by combining land surface temperature (LST) and
soil moisture, albeit at very low resolution [76].
Using the TIR channel of NOAA-AVHRR, the relationship
between LST and water balance has been studied at regional
scale for temperate forest ecosystems. On coniferous forests,
especially in the case of the large maritime pine forest in south
western France, LST is a good indicator of water stress as
the diﬀerence between LST and air temperature may reach
about 10 ◦ C during strong water stress periods, which could
be due to the large contribution of the undergrowth vegetation response [28]. Over broadleaved forests, this correlation
is not significant as the diﬀerence between LST and air temperature is low, whatever the water content of soil, because
the aerodynamic roughness of the tree canopy is high and the
high tree cover fraction does not allow for a contribution of
the understory [11]. In the case of the Mediterranean forests
Vidal et al. [101] have shown that the NOAA/AVHRR LST
can be successfully used for estimating the seasonal variations
of the ratio between the latent heat flux, LE, and the potential latent heat flux, LEp, and for detecting in that way canopy
water stress situations.
Finally, numerous references are found in the literature
about fire monitoring and fire risk assessment from space.
Many of the research activities have developed and tested wa-
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ter stress indices as a possible tool to anticipate fire risk. Ceccato et al. [16] have shown that water content at leaf level cannot be retrieved from a vegetation stress index. They defined
an Equivalent Water Thickness (EWT) which was found to
be one of the factors influencing the signal in the SWIR domain. A combination of SWIR and NIR bands is necessary
to retrieve EWT at leaf level. Dennison et al. [22] compared
the same EWT index to a simple index for measuring regional
drought, the Cumulative Water Balance index CWBI which
cumulatively sums precipitation and reference evapotranspiration over a period of time. EWT and CBWI were found to be
complementary for monitoring live fuel moisture. In another
study, Bowyer and Danson [10] have used canopy reflectance
models to analyse the canopy reflectance sensitivity to several
parameters including EWT, leaf area index (LAI) or fraction
of vegetation cover (Fcov). They have shown that if the variations of LAI and Fcov were restricted to a range of values
representative of a local site (stand level), the sensitivity of
canopy reflectance to EWT in the SWIR domain was very important, more than 65% of the total sensitivity. In this context,
the monitoring of temporal evolution of vegetation water content from space seems possible. However, if the sensitivity of
the canopy reflectance to vegetation water content is demonstrated, the radiometric quality of the signal registered by the
space borne sensors is still depending on its dynamic range
and signal-to-noise ratio, both depending on the impact of atmospheric scattering and bi-directional eﬀects. The question
of the radiometric quality of the data is even more crucial if
the variation of the vegetation water context itself is narrow,
as it has been observed by ground measurements on several
species in the Mediterranean basin [99].
3.3.4. Modelling carbon and water fluxes
In relation to the increase of greenhouse gases in the atmosphere and the related climate change, major eﬀorts are
in progress for a better understanding, monitoring and modelling of the carbon and water cycles as driving forces of
global warming. A lot of remote sensing studies are carried
out to retrieve LAI and its phenological changes, which are
key variables in photosynthesis, transpiration and energy balance. The estimates can be used as input of process-based
models or for validating process simulation results. At global
scale, the lengthening of the vegetation activity cycle can be
monitored using historical long time satellite series [74, 109].
In broadleaved forests, key phenological stages, e.g. budburst, senescence, or length of the seasonal growth, are easily
monitored from space at regional scale [27]. In situ measurements tend to confirm the satellite-derived phenological cycle,
the latter being only based on detection of seasonal changes in
the remote sensing signal (NDVI), without a need for an absolute estimation of LAI. For estimating LAI the situation is
more complex. The saturation of the NDVI with high LAI values makes their retrieval diﬃcult. The used algorithms do not
often account for the mixing of various vegetation structures in
low resolution pixels. This downscaling problem is also critical for the validation of LAI estimates, but also FAPAR or
productivity estimates, which more and more become standard
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products available to any user. Wang et al. [102,103] addressed
these questions by comparing on several forest sites local continuous ground measurements of LAI, fAPAR and gross primary production (GPP) with their retrieval from medium or
low resolution satellites (MODIS, VEGETATION, AHHRR).
Carbon and water fluxes can be estimated using functions of
surface transfer between soil, vegetation and atmosphere [14],
and simulations of ecosystem functioning processes [75]. Numerous studies address the problem of the coupling of these
process models with remote sensing data (see [3]) and their
spatial parameterisation. The assimilation of thermal infrared
response into the MuSICA model of Ogée et al. [75] is currently being tested over maritime pine stands, and a reduction
of errors in the water budget due to the directional and instantaneous measurement of the surface temperature is particularly
expected.
Extreme conditions like the 2003 heat and drought event
modify the functioning of vegetation: high temperatures, often
combined with a severe shortage of water, reduce the vegetation activity (photosynthesis), and as a consequence LAI and
the fraction of radiation absorbed by plants (fAPAR) are reduced. This may result in loss of productivity, e.g. for crops.
An index of the climatic impact on vegetation production has
been developed by Zhang P. et al. [108]: this production index was found to be a good indicator of a drought event as
measured by meteorological data.
Model predictions of climate changes and temperature increase tend to indicate that vegetation should be in more
favourable conditions in most cases, with increased carbon uptake. However, these schemes are not taking into consideration extreme conditions such as the heat wave of 2003. Using
a terrestrial biosphere simulation model to assess continentalscale changes in primary productivity, Ciais et al. [18] have
shown that the net ecosystem carbon balance, resulting from
the diﬀerence between the two opposite carbon fluxes Gross
Primary Productivity GPP and ecosystem respiration TER, has
been strongly aﬀected in June to September 2003, mainly because of a strong reduction of GPP accompanied by a lesser
reduction of TER. The maximum of reduction is observed over
France and Germany, and to a lesser extent in Italy and Spain.
Forest ecosystems in the temperate region have been more
sensitive to drought than Mediterranean ecosystems where the
vegetation is already adapted to high temperatures and scarcity
of summer rain. These results were based on carbon fluxes
modelling using climate and weather data and a land use map
derived from high resolution remote sensing data (i.e. Corine
Land cover), The simulations reproduced well the GPP and
TER anomalies observed over the CarboEurope Eddy Covariance Tower Network. They were also found to be consistent
with a fAPAR map derived from space observations (MODIS
sensor on board Terra/EOS satellite).
4. CONCLUSION: WHICH OBSERVATION
STRATEGY FOR DROUGHT EFFECTS
MONITORING?
The only existing and operational infrastructure able to
monitor forest condition over a very large extent is the pan-

European ground observation network (ICP Forests / EU
level 1). If this 16×16 km network is adapted to an assessment
at national or sub-national (regional) scales, it cannot be used
at local scale. An access to information at stand scale is necessary for forest management or as an aid to the understanding
of spatio-temporal disturbance processes (such as the propagation of bark beetles infestation within and between stands, or
the variations between crown condition change of the groundobserved plot and of its surrounding) In such a case, one practical strategy would be to combine high resolution satellite or
airborne observations with those of the existing ground system, as a complementary source of information for improving
the geospatialisation of interest variables at local scale. For
mapping forest damages, the remote sensing data could be
used for Interpolating ground observations with geostatistics
techniques (i.e. co-kriging).
Airborne and spaceborne sensors represent indeed a unique
source of information for monitoring forest response to the
2003 drought at local to regional scale: most of forest canopy
anomalies can be easily detected from space, with however
a limitation on the true size of the impact, as damage at tree
level is still diﬃcult to achieve. An adapted strategy is summarised in Table I. It proposes to combine low and high resolution satellite data with in situ data to carry out vegetation monitoring at local to regional (sub-continental) scales.
Low resolution satellites, e.g. with a spatial resolution ranging from 250 m to several kilometres, are well adapted to a
continuous monitoring of global forest condition, with daily
to hourly revisit frequency, leading to cloud free compositing
every few days. This capability has proved to be extremely
useful for monitoring forest seasonal and inter-annual activity.
The anomalies of vegetation activity, as seen from a vegetation
index or water stress index, could be detected almost in nearreal time with VEGETATION, SeaWiFS, MERIS and SEVIRI
data, as early as August 2003. This capability can be extended
to following years in order to analyse the forest response to
drought in the long term.
At local scale, finer resolution data are more appropriate for
deriving parameters at stand to tree level, but only over sites
limited in extent. The constellation of the three SPOT satellites
may oﬀer a daily revisit over only few selected sites in Western Europe. In the coming years, new systems will be able
to oﬀer enhanced possibilities for monitoring forest stands at
high revisit frequency and with richer spectral information:
the VENµS mission, to be launched in 2009, will be able to
capture the same image under the same conditions every two
days, with 12 spectral bands at decametric resolution. This approach will be limited to a sampling scheme with the acquisition of images over sample sites where ground measurements
are available, e.g. LAI, soil moisture, fraction of vegetation
cover, water and carbon fluxes. . .
Observations from space are able to oﬀer a decisive added
value through the synoptic and comprehensive coverage capability, which is critical for better understanding the spatial
variability of drought eﬀects on forests. The main drawback is
the lack of consistency between the diﬀerent resolution modes,
leading to complex schemes in data fusion or multi-sensor approaches. Due to technical limitations, the finer the resolution,
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Table I. Possible Earth observation strategies for drought eﬀects monitoring.

Geographical extent
Spaceborne data source

Objectives

Advantages

Regional monitoring
Europe

Local monitoring
1–10 000 km2 , selected sites

Sensors with wide field of view (e.g. VEGETATION, MODIS, MERIS, AVHRR) and very high
revisit frequency

High resolution sensors with high revisit frequency
(e.g. SPOT constellation, VENµS, Rapid Eye), or low
revisit frequency (Landsat ETM, ASTER. . . )

• Monitoring vegetation condition and phenological changes: seasonal reflectance and vegetation indices (NDVI) for year 2003 and following years to be compared with previous years
as reference
• Estimating vegetation surface parameters (LAI,
fAPAR...) and integration (or assimilation) into
physical and physiological processes models :
carbon up-take (GPP, NPP), water fluxes

• Land use and forest inventory applications: land
use and forest mapping , anthropogenic changes
• Detecting and mapping aerial dieback eﬀects and
damages: strong changes of forest conditions or
crown conditions, concentrated damages
• Temporal vegetation profiles (LAI, fcover. . . ) Integration or assimilation into models of vegetation functioning or of growth at stand level (limited to sites with intensive ground measurements)

• Data quickly and easily available, free of
charge
• Global snapshot of Europe
• Temporal profiles of vegetation phenology

• Analysis of forest response at stand level
• Useful for disaggregating low spatial resolution
remote sensing data

Disadvantages

Aggregation problem due to the low spatial resolution, diﬃculty to analyse small forest stands

Key issue

The two approaches are complementary for monitoring the variability of forest response to drought in
time and space
Coupling with existing ground systems is mandatory: research sites with instrumentation, European monitoring networks (ICP level I and level II), Eddy Covariance Tower (Carbon fluxes). . .

the lower the revisit capability: this makes it almost impossible to set up a space observatory over permanent plots with
the double capability in resolution and suﬃcient temporal frequency, e.g. several snapshots per month.
The research eﬀorts carried out so far tend to indicate
that, when monitored at sub-continental (regional) to continental scale, vegetation, and specially grasslands and less sensitive Mediterranean vegetation types, has quickly recovered
from the 2003 situation. If deciduous forests are found to be
severely aﬀected in some areas, it is at this point diﬃcult to
know how these vegetation types did recover during 2004,
2005 and further. It should be stressed that 2005 has been another year with water shortage over most of western France
and the Iberian Peninsula, thus increasing vegetation stress,
whilst it complicates the ability to detect the long term eﬀect
of the 2003 drought and heat wave.
New lines of research are expected to contribute applications to the monitoring of vegetation conditions and the detection and assessment of anomalies and damage. Among them:
– the development of digital analysis tools adapted to the assessment of scattered damage on very fine resolution data;
– the development of strategies for a spatial assessment of
damages including the use of remote sensing data;
– developments in a number of water stress issues, such as
the identification of potential risk areas [12], its interactions with biotic factors [26] and its impact on biodiversity [4];

No archive as reference
Possibility to monitor only a limited number of sites

– developments in water budget modeling and in ecosystem
modeling, for their development and their validation, with
the use of phenologic information provided by very high
temporal frequency sensor, together with multiannual information derived from high and very high resolution data
on tree and stand health and vigour at short and long term.
In the medium term (by 2010), the GMES (Global Monitoring for Environment and Security) Programme launched by
the European Commission and the European Space Agency is
expected to provide data series more suited to a comprehensive monitoring of forest condition at local to regional scales.
GMES is based on both space and ground infrastructures. As
for land environment, the space infrastructure should be able
to deliver cloud free compositing products at decametric resolution every week. This facility is expected to be highly relevant for monitoring forest conditions in Europe. One of the
major advances of GMES will be the setting up of operational services dedicated to an eﬀective surveillance of our
environment.
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