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Abstract. In the present work, the role played by vegetation
parameters, necessary to the hydrological distributed mod-
eling, is investigated focusing on the correct use of remote
sensing products for the evaluation of hydrological losses in
the soil water balance. The research was carried out over a
medium-sized river basin in Southern Italy, where the veg-
etation status is characterised through a data-set of multi-
temporal NDVI images. The model adopted uses one layer
of vegetation whose status is defined by the Leaf Area Index
(LAI), which is often obtained from NDVI images. The in-
herent problem is that the vegetation heterogeneity – includ-
ing soil disturbances – has a large influence on the spectral
bands and so the relation between LAI and NDVI is not un-
ambiguous.

We present a rationale for the basin scale calibration of
a non-linear NDVI-LAI regression, based on the compar-
ison between NDVI values and literature LAI estimations
of the vegetation cover in recognized landscape elements
of the study catchment. Adopting a process-based model
(DREAM) with a distributed parameterisation, the influence
of different NDVI-LAI regression models on main features
of water balance predictions is investigated. The results
show a significant sensitivity of the hydrological losses and
soil water regime to the alternative LAI estimations. These
crucially affects the model performances especially in low-
flows simulation and in the identification of the intermittent
regime.
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(pamelamilella@agr.uniba.it)

1 Introduction

Among prominent environmental hazards that occur in
Mediterranean regions, floods and droughts may be consid-
ered the most dangerous for economic and social impact.
Droughts may affect very large areas for months or years
causing prolonged water stress for crops and forest trees, and
affecting plant health and growth (Zierl, 2001). On the other
hand flood prediction and mitigation is fundamental for eco-
nomical and environmental wealth. In both cases, the devel-
opment of knowledge in physical modeling is a crucial is-
sue and spatially distributed hydrological models represent a
useful platform accounting for processes that affect the veg-
etation state.

In a semi-arid Mediterranean environment, evapotranspi-
ration is recognized as the main hydrologic loss (50÷60% of
mean annual rainfall) and can be evaluated as the sum of two
distinct processes: evaporation from bare soil and transpira-
tion from vegetative soil. In drought conditions, the evapora-
tion from bare soil increases, while canopy transpiration gen-
erally decreases. Therefore, space-time distribution of veg-
etation is a key factor for a correct evaluation of evapotran-
spiration. This study is focused on the use of the Leaf Area
Index (LAI) as a basic physiological descriptor of the veg-
etation cover. In particular, we used the Normalized Differ-
ence Vegetation Index (NDVI) derived from NOAA-AVHRR
satellite data as an indicator of the vegetation status in the
hydrologic modeling application. LAI maps may be derived
from NDVI observations by means of several models avail-
able in literature. Among these we tested the simple equation
proposed by Caraux-Garson et al. (1998) and the more com-
plex Beer’s law (Lacaze et al., 1996). Thus, the paper mainly
focuses on the evaluation of the evapotranspiration fluxes in
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water balance modeling and particular attention is devoted to
the methodology for selecting and calibrating the most suit-
able LAI-NDVI relationship to be used at basin scale.

For this purpose, several hydrological models may be used
for rainfall-runoff simulations and water balance analysis:
TOPMODEL (Beven and Kirkby, 1979; Sivapalan et al.,
1987), THALES (Grayson et al., 1995), TOPKAPI (Ciara-
pica and Todini, 2002), BROOK-90 model (Federer, 1995;
Kennel, 1998), WaSiM-ETH model (Schulla, 1997; Gurtz
et al., 1998), WAWAHAMO (Zierl, 2001) and many oth-
ers. The selection of the “best” model always involves a
balance between data requirements and cost of model imple-
mentation (Manfreda et al., 2005). For this paper, the semi-
distributed DREAM model (Manfreda et al., 2005) was se-
lected to simulate the water balance in the study catchment.
This model was chosen because (i) it has a parsimonious
structure, (ii) it has proven to be suitable for the Mediter-
ranean environment of Southern Italy (e.g., Fiorentino et al.,
2007; Vita et al., 2008), (iii) following a rich and consis-
tent literature it strongly exploits LAI information. More-
over, continuous simulations of D-DREAM (at daily time-
step) can be used in prediction of both floods (providing the
antecedent soil moisture conditions) and droughts. The same
model has been used profitably in a number of works and ap-
plications such as those presented by Hyndman et al. (2007)
and Sheikh et al. (2009).

The DREAM water balance simulation performance, eval-
uated with respect to daily flows recorded at a gauged site, is
used to check the physical meaning and the numerical con-
sistency of derived LAI vaues.

2 The soil water balance in the DREAM

DREAM (Distributed model for Runoff Et Antecedent soil
Moisture simulation), introduced by Manfreda et al. (2005),
is a semi-distributed hydrological model, suitable for contin-
uous simulations. The main hydrological processes are com-
puted on a grid-based representation of the river basin that
takes into account the spatial heterogeneity of hydrological
variables using digital elevation models, soil and vegetation
grid-maps.

Canopy cover determines the amount of rainfall inter-
cepted by vegetation before hitting the soil surface. Through-
fall (precipitation minus interception) is initially stored in
surface depressions; net precipitation (throughfall minus de-
pression storage) is then subdivided in surface runoff and in-
filtration into the soil; soil water content, which is the lim-
iting factor of evapotranspiration from vegetation, is redis-
tributed within river sub-basins according to the morpholog-
ical structure of the basin exploiting the wetness index pro-
posed by Beven and Kirby (1979). Groundwater recharge is
obtained as percolation through the vadose zone and is routed
as a global linear reservoir.

DREAM applied at daily time-step requires the calibra-
tion of only one parameter, thanks to a robust and physically
based parameterization, which allows for an extensive use of
prior information. The DREAM model was applied in sev-
eral medium-size basins, exhibiting considerable differences
in climate and other physical characteristics (e.g., Manfreda
et al., 2005; Fiorentino et al., 2007).

2.1 Use of LAI in DREAM

In the present section, the role of vegetation parameters in
DREAM is described with particular reference to the basic
equations where the LAI is taken into account.

The first hydrological loss of the model is represented by
the canopy interception that may be responsible for losses
reaching 10%–20% of the total precipitation on the annual
scale (e.g. Chang, 2003). Therefore, a suitable representation
of vegetation interception should be able to capture seasonal
dynamic of plant physiological development.

DREAM describes the interception process as a simple
bucket of limited capacitywsc, representing the value of
maximum interception storage [mm] under the assumption
that each leaf or needle is covered with a 0.2-mm-thick water
film on one side (Dickinson, 1984). Therefore:

wsc = 0.2 LAI (mm). (1)

The canopy water content is governed by a balance equation:

1wc

1t
= pv − ewc , (2)

wherepv is the interception rate andewc is the direct evapo-
ration rate.

According to Famiglietti and Wood (1994) direct evapora-
tion of water from the canopy is assumed proportional to the
wet canopy ratiowwc:

ewc = wwc ewct if wc > 0 , (3)

where:wwc=(wc/wsc)
(2/3) is the ratio of wet canopy (Dear-

dorff, 1978) andewct is the potential evaporation rate from
the entire canopy.

Total evapotranspiration (Etot), is evaluated as the sum of
evaporation from bare soile0 (due to water stored in surface
depressions), and canopy evapotranspiration ETveg. The dis-
tinction between vegetation cover and bare soil is based on
the equation proposed by Eagleson (1982):

M = 1 − e−µ LAI , (4)

whereM represents the fraction of soil covered by vegeta-
tion, µ is an extinction coefficient which indicates the de-
gree of decrease of light due to adsorption and scatter within
a canopy. Equation (4) is one of the outcomes of the gap-
fraction theory by Larcher (1975). This theory states that, for
whole canopies, the decrease in light intensity (light attenu-
ation) with increasing depth of the canopy is described as an

Nat. Hazards Earth Syst. Sci., 9, 979–991, 2009 www.nat-hazards-earth-syst-sci.net/9/979/2009/



V. Gigante et al.: Influences of LAI estimations on water balance predictions 981

exponential decay with a coefficient representing a stand- or
species-specific constant. Different types of vegetation have
therefore different decay coefficient values, causing different
rates of light attenuation for the same amount of leaf area. In
this study, the values ofµ were related to the land use, and
the following values suggested by Larcher (1975) were used:
0.35 for grass, 0.45 for crops, 0.65 for trees.

The actual evapotranspiration from the canopy fractionM

of each basin cell is evaluated as:

ETveg = M min

(
1,

4

3

St

Smax

)
EP′ , (5)

whereSmax=θsD is the soil water content at saturation (θs

is the volumetric soil moisture content at saturation,D is the
soil depth),St is the soil water content at timet and EP’ is
given by the potential evapotranspiration (EP) minus direct
evaporation (ewc).

The actual evaporation from bare soil is evaluated by as-
suming that all the available water in depression storage
evaporates until the potential rate is reached:

e0 = (1 − M) min
(
EP, wdep

)
, (6)

wherewdep is the water storage of surface depressions. After
canopy interception and surface depression storage are de-
ducted, with regard to the hydrological processes that trigger
runoff production, net precipitation infiltrates until the satu-
ration capacitySmax of the soil is reached. As a consequence,
surface runoffRt and infiltrationIt are found as:

Rt = Pnet,t − (Smax − St−1) if Pnet,t ≥ (Smax − St−1) (7)

It = Pnet,t − Rt if Pnet,t > 0 , (8)

where: Pnet,t=Pt−pv−pdep is the net precipitation in the
time step1t (rainfall minus interception and surface stor-
age).

2.2 LAI-NDVI relationship

The Leaf Area Index (LAI) is broadly defined as the pro-
jected leaf area per unit of ground area (Ross, 1981). LAI
assumes different values according to belonging species and
for the same species it varies with the stage of development
and the crop technique.

Like net primary productivity (NPP), LAI is a key struc-
tural characteristic of vegetation and land cover because of
the role of green leaves in a wide range of biological and
physical processes. Data on estimates of LAI worldwide are
needed by the scientific community investigating global scale
fluxes and energy balance of the land surface. In fact, LAI
provides an indicator of vegetation growth cycle and, as such,
of the plant activity in terms of water transpiration. LAI can
be derived from satellite data (e.g. NOAA-AVHRR) using
multi-temporal NDVI images (e.g. McMichael, 2004).

In order to derive LAI from NDVI, the vegetation hetero-
geneity of Mediterranean regions, including soil disturbances

(having a large influence on the spectral signatures), has to be
considered. Thus the relationship between LAI and NDVI
is not unambiguous and multiple values of NDVI may cor-
respond to a single value of LAI. Moreover, the NDVI is
closely related to the vegetation canopy LAI only if the plant
cover is uniform, otherwise the effect of the undergrowth
layer must be considered.

In erlier applications of DREAM the following linear
equation suggested by Caraux-Garson et al. (1998) was used:

LAI = −0.39+ 6 NDVI . (9)

Nevertheless, several authors (e.g. Asrar et al., 1984; Sell-
ers, 1985; Fassnacht et al., 1997) report that the relationship
between NDVI and LAI generally has a linear form only for
LAI between zero and three because of the saturation effect
on the greenness index with the increase of vegetation leaf
area. In order to get a better description of the LAI distribu-
tion, a non-linear relationship such as the Beer’s law (already
applied by Lacaze et al. (1996) in a Mediterranean shrubland)
can be used:

LAI = −
1

k
ln

NDVIcan− NDVI

NDVIcan− NDVIback
, (10)

where NDVIcan (canopy) is the asymptotic value of NDVI
for higher LAI values, NDVIback (background) is the NDVI
value corresponding to bare soil (Baret and Guyot, 1991) and
k is the extinction coefficient. These parameters may depend
on vegetation, soil and sensor types used for NDVI estimates.
Several reference values are available in literature (see Brivio
et al., 2006) for parameters depending on the peculiarity of
the analyzed vegetation covers (Table 1). In particular,k is
the absorption-scattering coefficient that determines the sen-
sitivity of the vegetation index to a unit increase of LAI. The
extinction coefficient depends both on the sensor type and the
canopy/vegetation characteristics as density, leaf angle distri-
butions, soil optical properties and leaf physiological proper-
ties (Campbell, 1986; Maselli et al., 2004; Nouvellon et al.,
2000; Wu et al., 2007). In other words,k may have a very
large range of variability even for a given vegetation type be-
ing this last also influenced by the foliage properties. In this
paper, we analyze the influence of the extinction coefficient
on the water balance, using first the value ofk suggested by
literature for a Mediterranean environment (Hoff et al. 1995)
and then proposing a calibration procedure for the investi-
gated study area.

Figure 1 represents different LAI-NDVI relationships ob-
tained using Eqs. (9) and (10), where NDVIcanand NDVIback
are assumed as in Table 1, while the extinction coefficient
ranges from 0.1 to 0.3. This graph clearly shows the errors
associated to a linear approximation for the LAI-NDVI rela-
tionship especially for smallerk values (e.g.,k=0.1).
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Table 1. Parameters of Beer’s law: literature values referring to
different vegetation and sensor types (Brivio et al., 2006).

Vegetation
type NDVIback NDVIcan k Sensor Reference

Conifer
0.100 0.868 0.363

Landsat- Leblon et al.
forest Tm (1993)

Mediterra-
0.224 0.859 0.213

Landsat- De Jong
nean area Tm (1994)

Mediterra-
0.225 0.862 0.212

NOAA- Hoff et al.
nean area AVHRR (1995)

3 Study area and geographical database

The Candelaro river basin, with area of 1980 km2 and mean
elevation of 300 m is located in a temperate Mediterranean
region (Puglia, Southern Italy, Fig. 2). The main river reach
has its origins at the bottom of the Gargano headland, at
145 m a.s.l., and outlets after 67 km in the Adriatic Sea. The
hydrologic regime is characterized by Mediterranean semi-
arid features like strong seasonality, intermittency and peri-
odic occurrence of droughts and sudden floods.

A distinctive feature of the area is the intensive agricultural
activity with a high percentage of soil destined to wheat, as
such being cause of frequent water shortage conditions and
massive groundwater exploitation. The watershed is charac-
terized by substantial heterogeneity in morphology, geology
and hydrology. The disomogeneity of Candelaro, which in-
cludes Appennine mountains, Capitanata plain and part of
the Gargano headland, influences surface and underground
discharge.

On the left of the main river reach the basin contributing
area is rather small compared to the right one which is wide
and ploughed by a large number of tributaries, mostly with
intermittent regime. The main tributary, Celone (62 km),
drains a sub-catchment of about 100 km2, it has an intermit-
tent streamflow regime, with a dry period with negligible or
null runoff lasting for more than three months on the average
hydrologic year. The inter-annual variability of precipitation
strongly affects the streamflow regime. The peculiarity of
this sub-basin of Candelaro is the marked predominance of
wheat cropped areas (68%), followed by wooded surfaces
(24%) and olive groves (8%).

The hydrological simulation was performed using daily
series of rainfall and discharge recorded during the period
1976–1996. The spatial distribution of rainfall was ac-
counted for by applying the Thiessen polygon method to
five existing rainfall gauges (Faeto, Biccari, Orsara di Puglia,
Orto di Zolfo, Troia). Other parameters regarding the basin
morphology were obtained by the 90 m resolution DEM pro-
duced by the Shuttle Radar Topography Mission (SRTM)
(Farr and Kobrick, 2000). Corine Land Cover 2000 was
adopted to describe land use and vegetation coverage while
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 Fig. 1. LAI-NDVI relationship according to Caraux-Garson and
Beer’s law (NDVIback=0.225; NDVIcan=0.862).

the ACLA2 dataset (Caliandro et al., 2005) was exploited for
the pedological characterization.

Monthly NDVImaps derived by 1×1 km NOAA-AVHRR
(Advanced Very High Resolution Radiometer, onboard Na-
tional Oceanic and Atmospheric Administration satellites)
data recorded in 1998 and calibrated using NOAA-NESDIS
coefficients (Rao and Chen, 1999) were used for the de-
scription of vegetation cycle. The final NDVI product were
obtained in form of monthly Maximum Value Composite
(MVC) images mapped in a geographical reference system
with a 1×1 km pixel size. Thus, for the year 1998, twelve
30-day MVC images were available (Fig. 2). The MVC tech-
nique retains the highest NDVI value for each pixel during a
30-day period producing images that are spatially continuous
and relatively cloud-free, with temporal resolution sufficient
for evaluating vegetation dynamics (Eidenshink, 1992; Hol-
ben, 1986; Simoniello et al., 2008).

LAI maps were derived using the different regression
models above presented in Eqs. (9) and (10) and were used
for model simulations. Unfortunately not any discharge
record was available in 1998 and the 1976–1996 discharge
time series was used for model verification. Therefore, veg-
etation status was treated as an invariant feature in the model
development repeating its seasonal dynamic from one year
to the other. The assumption of invariant land cover between
1998 (NDVI dataset), 2000 (Corine dataset) and the hydro-
logic record (1976–1996) is quite consistent for wheat cov-
erage which is the traditional crop in those areas where no
irrigation supply is available as occurs in most parts of the
study catchment.

4 Parameter estimation of the LAI-NDVI relationship

As first working hypothesis, we have used the relation-
ship proposed by Caraux-Garson (Eq. 9) and the Beer’s law
(Eq. 10) with parameters taken from the literature. In par-
ticular, the Beer’s law was applied using the parameters
of Table 1 suggested for Mediterranean area (Hoff et al.,
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Figure 2.  NDVI  maps of four months measured in 1998 over the Candelaro basin, Southern Italy. 

 

Fig. 2. NDVI maps of four months measured in 1998 over the Candelaro basin, Southern Italy.

1995) using the AVHRR sensor (k=0.212; NDVIback=0.225;
NDVIcan=0.862). We obtained significant differences in the
empirical cumulative frequency distribution of LAI for April
and December that are reported in Fig. 3a and c, being these
months with the highest and the lowest values of NDVI, re-
spectively. Such distributions include LAI values, within
the Candelaro basin, covered by either cropland (63.6% of
the basin area), or shrubland (3.1%), or deciduous vege-
tation (broadleaf and conifer for 0.2%). In the same fig-
ures, we report as vertical lines some reference values (min-
imum and maximum) reported by literature (see Scurlock
et al., 2001; Hagemann, 2002; LDAS, 20071) for the men-
tioned vegetation covers. The comparison in Fig. 3a shows
that the function of Caraux-Garson provides values of LAI
much smaller than those given by the literature in a period
when vegetation has the most significant activity. On the
other hand, the Beer law yields, especially in December,
many negative LAI values which are physically inconsistent
and have been replaced with zeros (see Fig. 3c). Such pre-
liminary investigation indicates that, according to the avail-
able NDVI dataset, the NDVIback parameter needs to be
assumed equal to the minimum NDVI value observed in
the dataset (NDVIback=0.0039), as suggested by Lacaze et
al. (1996). On the other hand, the NDVIcan suggested by
Hoff et al. (1995) looks consistent with our dataset because
not any exceedance of such asymptotic value was observed
in the maximum values observed.

Particular attention is required also for the estimation of
the extinction coefficientk. In principle, the extinction co-
efficient k depends on vegetation density, then it could be

1Land Data Assimilation System,http://ldas.gsfc.nasa.gov.

considered as a distributed parameter assuming different val-
ues in any grid-cell. On the other hand its variability may
be significantly due to the observed sample variability of the
minimum NDVI values in space. We exploited decadal val-
ues of LAI provided for wheat crops, in our study area, by
the MARS Crop Yield Forecasting System (CGMS software
MARS-JRC-EC) developed at the JRC (Hooijer, 1993). In
particular this provides a reliable estimation of yearly LAI
profile and a reference value for the maximum LAI=6.17 for
wheat crop. Thus, for the estimation ofk, we only focused
on areas covered by wheat being, also, this crop the dominant
cover of the examined database and we gave strong consid-
eration to the local variability range of the NDVI values ob-
served in each cell of the considered area (Fig. 4a and b). We
derived the cell-dependentk values rewriting Eq. (10) as:

k = −
1

LAI max
ln

NDVIcan− NDVImax

NDVIcan− NDVIback
(11)

and fixing the maximum LAI (LAImax) equal to 6.17 (Hooi-
jer, 1993), NDVIcan equal to 0.862 (Hoff et al., 1995),
NDVImaxand NDVIbackequal to, respectively, the local max-
imum and minimum NDVI values observed in each cell. Fig-
ure 4a and b shows the absolute frequency of, respectively,
the minimum and maximum NDVI values observed in each
pixel of the map. These values were used in Eq. (11) in or-
der to obtain thek values whose distribution is displayed in
Fig. 4c. Finally we assumedk equal to the mode value 0.17,
as representative of the wheat crops in the study area.

In order to evaluate the reliability of the proposed estima-
tion procedure ofk we selected 5 homogeneous samples ar-
eas of wheat crop in the basin (Fig. 6). They were found
by comparative examination of Corine land cover maps with
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Figure 3. Empirical cumulative distribution functions of LAI referring to all vegetation types 

covering the Candelaro basin obtained with different LAI-NDVI  relationships. In (a) April and (c) 

December,  NDVIback=0.225,  NDVI can=0.862, k=0.212. In (b) April and (d) December,  

NDVIback=0.0039,  NDVIcan=0.862, k=0.17. 
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Fig. 3. Empirical cumulative distribution functions of LAI referring to all vegetation types covering the Candelaro basin obtained with dif-
ferent LAI-NDVI relationships. In(a) April and (c) December, NDVIback=0.225, NDVIcan=0.862,k=0.212. In(b) April and (d) December,
NDVIback=0.0039, NDVIcan=0.862,k=0.17.
1 Scurlock et al. (2001).2 Hagemann (2002).3 Value available onhttp://ldas.gsfc.nasa.gov.

aerial photos of 2000 and 2006 provided by the Italian En-
vironment Ministry (2007)2. Each sample area, of size
4 km×4 km, includes 16 cells of the NDVI maps. In Fig. 5
the estimated monthly LAI profiles of the 5 homogeneous
samples and a curve representing the mean of all wheat
cells within the investigated area are compared with the ex-
pected monthly LAI profile (as derived from CGMS software
MARS-JRC-EC, Hooijer, 1993). In the graphs, four different
parameter sets are used (see Table 2). In particular, Fig. 5a
is obtained assuming the literature value ofk=0.212 while
Fig. 5b, c and d uses the estimated valuek=0.17. Moreover,
in Fig. 5a and b, the NDVIback is assumed equal to the min-
imum NDVI observed in the whole wheat area. Figure 5c is
obtained by assuming NDVIback equal to the average mini-
mum NDVI estimated from the distribution shown in Fig. 4a.
Figure 5d has a different NDVIback for any curve which is the
minimum NDVI value in the sample area. In all graphs, the

2Ministero dell’Ambiente e della Tutela del Territorio e del
Mare,http://www.pcn.minambiente.it.

NDVIcan is always equal to the literature value 0.862. All fig-
ures highlight the strong LAI variability observed between
different sample sites of the same land-cover in both peak
and peak time.

In particular, the time profile of the LAI referred to
“Site 4” is always quite higher than others and it has al-
ways the maxima simulated values in April. Differences
between the local vegetation patches and the expected LAI
profiles can be related to the co-existence of different sea-
sonal species with slightly shifted phenological cycles (cul-
tivars) in the same geographical area. Also, one should con-
sider that these analyses were performed using only one year
of observations (1998). The use of the estimatedk value
(Fig. 5b), instead of the literature one (Fig. 5a) suggested
by Hoff et al. (1995), causes, in all sample sites and for all
months, a light overestimation of LAI. For what concerns the
NDVIback, we can notice that, though the NDVIback equal to
0.1123 is statistically consistent (Fig. 5c), the best fitting is
given for sample sites by an NDVIback equal to the sample
minimum value (Fig. 5d), and for the whole basin average

Nat. Hazards Earth Syst. Sci., 9, 979–991, 2009 www.nat-hazards-earth-syst-sci.net/9/979/2009/
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Fig. 4. Absolute frequency distribution of the minimum(a) and
maximum(b) recorded values of NDVI for the multi-temporal maps
of the study area; and the corresponding extinction coefficientsk

calculated from Eq. (10)(c). Shown distributions regard wheat
crops in the entire Candelaro basin and refer to year 1998.

by NDVIback equal to the minimum value in map (0.0039,
Fig. 5b). This particular value, also provides a slight overesti-
mation of LAI values in months of very low vegetation cover
where the LAI should be equal to zero. (July–January). This
bias was expected because we assumed the NDVIback equal
to the minimum value in map in order to avoid the presence
of negative values of LAI which are physically inconsistent
(Fig. 5c). Moreover, the overestimation of LAI values for
the period July–January could be ascribed to the presence
of weeds which are not accounted in LAI simulation. How-
ever, the effect of this bias, is less important with respect to
the hydrological evaluation of water balance for two reasons:

Table 2. Parameters of Beer’s law: results of calibration applied to
wheat.

Beer’s law Calibrated Method of
parameters value calibration

k 0.17 Mode ofk
frequency distribution

NDVIback 0.0039 Minimum recorded
value of NDVI

NDVIback 0.1123 Mean of frequency
distribution referred
to minimum recorded
NDVI values

NDVIback 0.0667 (Site 1) Minimum recorded
0.1373 (Site 2) value of NDVI
0.0745 (Site 3) referred to
0.0510 (Site 4) sample sites
0.0588 (Site 5)

(1) the role of evapotranspiration is much more effective in
months from March to June, when wheat reaches maximum
productivity; (2) the slight overestimation of LAI in other
months is practically at least partially compensated by the
heterogeneity of soil coverage which is always present to a
certain extent in large cells of 1 km×1 km.

The final step in this rationale for the estimation of the
parameters of the Beer’s law consists of an analysis of con-
sistency of the obtained LAI maps. To describe the spatial
variability of the vegetation cover we represent the cumula-
tive frequency distribution of the LAI referred to the vegeta-
tion types of the area. In detail for the Beer’s law, we adopt
the calibrated parameters found in the previous paragraph for
wheat crops (NDVIback=0.0039,k=0.17; NDVIcan=0.862),
while for the other vegetation types we have considered the
literature values (Hoff et al., 1995) fork and NDVIcan and
the specific minimum recorded value of NDVI as NDVIback.
The results are shown in Fig. 3b and d. Comparing Fig. 3a
and c to, respectively, Fig. 3b and d, we can conclude that,
in general, the calibrated Beer law provide “better” results
referring to both no-calibrated Beer’s and Caraux-Garson’s
law. In particular:

– in April the calibrated Beer’s and the Caraux-Garson’s
law provides very different outputs, with distributions
different for shape and position;

– in April only the calibrated Beer’s law provides a LAI
distribution which satisfactory relates to the reference
vertical lines for different vegetation covers (Scurlock
et al., 2001; Hagemann, 2002; LDAS, 20071);

– In December not any negative value is provided by the
calibrated Beer’s law.
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 Fig. 5. Time profiles of LAI for wheat (sample sites and whole basin). Expected values and estimates obtained with the Beer’s law, for
different sets ofk (a, b) and NDVIback (b, c, d). Expected values from CGMS software MARS - JRC - EC (Hooijer et al., 1993).

 

 

 

Figure 6. Wheat sample sites in Candelaro basin and Celone sub-basin. 

 

Fig. 6. Wheat sample sites in Candelaro basin and Celone sub-basin.

– in December the calibrated Beer’s law and the one of
Caraux-Garson provide similar distributions in shape.
Only an average 0.5 horizontal shift separates the two
distributions with a probable slight overestimation pro-
vided by the Beer’s law, as already mentioned for Fig. 5.

In order to evaluate the effective impact of such different
LAI distributions on water balance, in the next section both
the calibrated Beer’s and the Caraux-Garson’s law will be
considered again.
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Figure 7. Simulated vs recorded stream flows time series (a,b) and flow duration curves (c,d) using 
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Fig. 7. Simulated vs. recorded stream flows time series(a, b) and flow duration curves(c, d) using different LAI-NDVI regressions.

5 DREAM model application

In this section, we investigated how improvements of veg-
etation dynamics evaluations impact on water balance pre-
dictions. To this end, the DREAM was applied to the
Celone sub-basin of Candelaro, where the anthropogenic dis-
turbances to the hydrological regime is negligible (i.e. lim-
ited groundwater exploitation and hydraulic works). The
time delay of the groundwater component contributing to the
streamflow hydrograph, (being the response of the ground-
water storage interpreted as linear reservoir) was set equal
to 14 days according to the observed baseflow recession con-
stants.

DREAM was applied to Celone considering both cases:
(1) LAI evaluated according to Caraux-Garson law; (2)
LAI evaluated with calibrated Beer’s law (NDVIback=0.0039,
k=0.17; NDVIcan=0.862).

Results are shown in form of stream flow time series and
flow duration curves (FDC) relative to the period 1976–1996
(Fig. 7). The interruptions in the stream flow time series (ob-
served in the years 1981, 1985, 1986, 1989) are due to the ab-
sence of recorded data. In the application of Caraux-Garson,
negative values of LAI were set equal to zero.

The DREAM simulations refer to different values of the
“subsurface flow coefficient”c, parameter of calibration of
the hydrological model at the daily time scale. This param-
eter, which is a function of lateral hydraulic conductivity, is
assumed as a basin constant and was calibrated considering a
simulation efficiency measure related to the reliable predic-
tion of water balance components. The value ofc which pro-
vided the minimum Root Mean Square Error (RMSE) was
chosen (Table 3) as the best fit for the model calibration. Due
to the particular intermittent regime of Celone, only stream-
flow observation greater than 0.1 m3/s were used for the eval-
uation of the RMSE. Lower discharge values (greater than
0.01 m3/s) are also present in the data, nevertheless we did
not considered them because they are affected by the unreli-
ability of the available rating curves for small water depths.

Results reported in Fig. 7, suggest that LAI maps ob-
tained by the Caraux-Garson’s law, produce a dramatic
underestimation of evapotranspiration which is strongly re-
flected by the flow duration curves in Fig. 7c. We only report
DREAM simulations obtained forc=0.1 andc=0.01. The
first value (0.1) provides a consistent overestimation of the
low flows for a wide range of durations (up to 90%). Dif-
ferent values ofc do not provide better results, in fact values
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Table 3. Simulation efficiency in terms of root mean square error
(RMSE) used for calibration of the subsurface flow coefficientc,
for different LAI-NDVI relationships.

Caraux-Garson Beer

c [day−1] 0.01 0.10 0.10 0.15 0.20
RMSE [m3/s] 2.36 1.21 1.17 1.16 1.17

greater than 0.1 produce still an overestimation of the base-
flow, while values ofc lower than 0.1 produce an increase in
the surface runoff changing the shape of the FDC.

Better results are obtained using the LAI maps estimated
by the Beer’s law. Figure 7b and d shows the results of the
best fitting calibration procedure based on the minimization
of the RMSE. Interestingly we foundc=0.15 as the best fit-
ting value, slightly lower than 0.25 wich was used in previ-
ous DREAM applications to other Mediterranean basins (e.g.
Manfreda et al., 2005). Such a difference is probably due
to the different climatic signature (semi-arid climate) which
characterizes the Candelaro basin. Also a scale effects in
the process of redistribution may affect the value ofc be-
cause the grid cell size adopted (90 m) in the present work is
smaller than the one of previous applications (240 m). The
visual comparison of flow duration curves (simulated vs. ob-
served) provides satisfactory results. The model descriptive
capacity with reference to low flows is excellent as well as
the reproduction of intermittency characterized by quasi-zero
flows for a duration between 55% and 60%.

The analysis of Fig. 7c and d highlighted a modest sensi-
tivity to the parameterc for the DREAM simulations. This
result is physically consistent because this parameter controls
the lateral redistribution of subsurface runoff flows that in the
present basin plays a secondary role given the climatic con-
ditions of the basin. Much larger impact is due to LAI values
which controls basin evapotranspiration. In order to provide
deeper insights into the role of LAI maps in water balance
and by the light of previous results about the uncertainty of
the LAI-NDVI relationships (e.g. Fig. 1), a sensitivity anal-
ysis of DREAM results was performed with respect to the
extinction coefficientk of the Beer’s law.

6 Sensitivity analysis of water balance components tok

To understand how LAI estimations may influence the sim-
ulated water balance components, a sensitivity analysis was
carried out changing the values of the extinction coefficient
k in the range 0.1–0.3 only for wheat vegetated areas, while
for the other vegetation types we keptk=0.212. This choice
was motivated by the need to understand how the hydrologic
losses such as evapotranspiration and streamflow are con-
trolled by the density of vegetation cover in a region where

 

 

 

Figure 8. Influence of the extinction coefficient k on the hydrological components.  

 

 

Fig. 8. Influence of the extinction coefficientk on the hydrological
components.

the parametric uncertainty due to spatial heterogeneity of
measurements is mainly characterized by wheat crops that
represent the most part of the basin area.

The influence of different values ofk, that is introduced in
the simulation model as an equivalent parameter of the ob-
servable spatial variability, was first considered on the mean
component of the discharge hydrograph, namely, surface,
sub-surface and base flow (Fig. 8). Not surprisingly increas-
ing k correspond to a linear reduction of the LAI in the Beer’s
law and therefore to more water available for surface runoff
and groundwater recharge. Conversely, greater values ofk

imply a reduction in the hydrologic losses due to vegetation
and increase in bare soil evaporation (Fig. 9).

Looking more in details at the temporal variability of the
three streamflow components, as shown in the flow duration
curves in Fig. 10, the sensitivity of the dominant hydrological
processes to the water losses due to vegetation can be clearly
depicted. From such analysis, in fact, sub-surface flow and
base-flow seem to be highly influenced by vegetation cover,
while surface flow appears less impacted. This latter feature
may originate from the generation process of surface runoff
events that, at least in the hydrologic context of the study site,
correspond to heavy rainfall conditions during which vegeta-
tion cover has limited influence.

The sensitivity analysis to the scaling factork was also
addressed to the soil moisture and evapotranspiration re-
sponse at the catchment scale. For three values ofk in the
range specified above, the empirical frequency distributions
of daily soil moisture (Fig. 11a) and total evapotranspiration
(Fig. 11b) averaged over the catchment area were obtained
from the entire simulated period. The frequency distribu-
tions show a significant dependence from the LAI parameter
for both the two derived variable. In particular, the soil mois-
ture distributions, having a bimodal shape for all the threek

values (0.1; 0.2; 0.3) reflecting the seasonality of climate and
vegetation dynamics, show an increased frequency of wetter
conditions with increasing ofk values.
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Figure 9. Influence of the extinction coefficient k on total evapotranspiration (a), evaporation from 

bare soil (b), evapotranspiration from canopy fraction (c) and direct evaporation from canopy.  
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Figure 10. Flow Duration curves referred to different hydrological components, obtained by varying 

the extinction coefficient in the range 0.1-0.3. The red line in (a) represents the observed discharge. 

 

Fig. 10. Flow Duration curves referred to different hydrological
components, obtained by varying the extinction coefficient in the
range 0.1–0.3. The red line in(a) represents the observed discharge.

Similarly, also the frequency distribution of the spatial av-
erage evapotranspiration has a bimodal shape in all of the
three parameter values. In this case, the first frequency max-
imum corresponding to the minimum evapotranspiration val-
ues represent the period of lower LAI values (i.e. from sum-
mer until late autumn and early winter) while the second fre-
quency maximum refers to the season of full development
of the vegetation cover and is therefore conditioned by the
maximum annual LAI that in turn is controlled by the value
of k.
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Figure 11. Probability density functions of (a) relative saturation and (b) total evapotranspiration, 

for different k values. 
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Fig. 11. Probability density functions of(a) relative saturation and
(b) total evapotranspiration, for differentk values.

7 Conclusions

The fundamental role of vegetation dynamics on evapo-
transpiration, soil moisture and streamflow regimes was in-
vestigated in a typical Mediterranean catchment using the
DREAM model in which the activity of vegetation coverage
is described in terms of LAI. In this context, the application
of a methodology for the evaluation of multi-temporal LAI
maps though the combined use of NDVI images and litera-
ture LAI observations (related to the specific vegetation types
found in the study area) was validated in terms of predictive
performance of the adopted hydrologic model.

A comparison of two different regression models, Caraux-
Garson and Beer, to estimate the LAI from NDVI was
performed. The application of the non-linear relationship
(Beer’s law) was demonstrated to be intrinsically better
suited for environments characterized by low vegetation den-
sity and rapidly evolving cover types ranging from bare-soil
conditions and high LAI values. Moreover, the other advan-
tage is in the possibility to estimate the Beer’s law coeffi-
cients from the available dataset obtaining more realistic LAI
values for the vegetation covers of the study site.

Water balance simulation were performed as a validation
of the adopted methodology and a way to investigate the in-
fluence vegetation activity on water balance component that
may result from an erroneous estimation of the LAI maps.
The reported results remark the key role of vegetation be-
havior in the dynamic evolution of soil water balance and
therefore in determination of realistic patterns of soil mois-
ture within catchment which also represent a prerequisite for
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the reliable reconstruction of flood processes. In the adopted
framework, the realistic reconstruction of the dynamic evo-
lution of vegetation cover at the catchment scale represented
a way for the internal verification of the model components
rather than a mere parameter estimation procedure.
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