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ABSTRACT

Recent research has shown the remarkable potential of the use of remote sensing in retrieving
evapotranspiration from natural and agricultural surfaces. The time courses of the main
biophysical variables which affect crop photosynthesis and water consumption can be assessed
using remote sensing data that will provide the spatial distribution of these variables over a region
of interest (Duchemin et al. 2006). In this context, this study will investigate the feasibility of using
vegetation indices Normalized difference vegetation index (NDVI) and Enhanced vegetation index
(EVI) derived from MODIS remote sensing data to provide indirect estimates of: (1) crop
coefficients, which represent the ratio of effective (EET) to potential evapotranspiration (PET) and
(2) crop evapotranspiration (ETc). Discuss the potential of vegetation indices derived from satellite
data to do the estimation of crop coefficients and crop evapotranspiration and analyze the
dynamics of these paramenters in response to plant phenology and water availability to be used as
drought indicators. The NDVI vegetation index showed better reliability for water use from
vegetation in the study area than the EVI. Using NDVI, crop coefficient (Kc) and crop
evapotranspiration (ETc) time-series from 2002 to 2012 were built for the study sites and
compared with the SPI drought index and the results may indicate that the NDVI will be suitable to
analyze the impact of the drought on the vegetation. Effective evapotranspiration (EET) patterns
derived from the MODIS satellite (land surface evapotranspiration product MOD16) were analyzed
and compared with measured effective evapotranspiration from experimental plots, to analyze
the reliability of this product in the study area. The MODIS product did not provide satisfying
results in showing evapotranspiration patterns that were comparable with EET calculations from
the experimental plots but more extensive time-series of MODIS would be recommendable to
increase the overlap period of MODIS and field observation EET values.

Key words: MODIS Satellite, NDVI, EVI, Evapotranspiration, Eucalyptus, Pine, Drought.



1 INTRODUCTION AND BACKGROUND OF THE STUDY

Nowadays hydrological models that try to represent the physical processes observed in the field
(process-based models) are widely accepted, especially due to their elevated potential for testing
the current understanding of hydrological and soil erosion processes and impacts of possible
climate and land-use change scenarios (Beven, 2000). However, an important problem to
overcome in the application of these types of hydrological models is their elevated data input
requirements.

As an example, the SWAT model (Arnold et al., 1998), one of the most used hydrological models in
the last years, requires 57 parameter values (input variables) to make good simulations of soils
and land-use. All of these 57 parameters have to be included in the model and cover each soil
layer and land use type. Exploratory modeling work in forested catchments of North-central
Portugal revealed that little to no information is available for almost half of the selected model
input variables (Tuinenburg et al., 2006). There is a lack of detailed information on soil type
distribution and properties for the entire study area and a basic soil characteristic like saturated
hydraulic conductivity was measured at no more than a handful of not-precisely recorded
locations. There is also a lack of data on hydrological processes which can help calibrate and
validate models. For example, the lack of information about some water balance components, like
evapotranspiration (ET), makes it difficult to apply the proper application of hydrological models
and the obtaining of good results is limited by the uncertainties of the input data. This means
problems occur with calibrating the equifinality, which means that similar modeling results can be
obtained using different sets of input data when only adjusting model parameters to hydrograph
measurements.

Well known is the importance of landuse in the hydrological cycle. The major components from
hydrological cycle could be measured in the field with sufficient accuracy for individual water
balances calculated for different types of catchments, but evapotranspiration is the most difficult
component to be measured, and indirect assessments could be made of evaporative losses
(Edwards et al., 1976). According to Zhang et al. (2001) one of the main processes responsible for
changes in water yield after alterations in landuse is the evapotranspiration and the knowledge of
evaporation patterns and water use of vegetation is important information for calibration and
validation of eco-hydrological models.

Because of the importance of evapotranspiration in making proper calibration models this
research will aim at collecting data of the evapotranspiration by use of satellite images of
vegetation condition and landuse changes over a time series. The problem is that this has not been
done before in the region, and thus it is not certain at the beginning of the work that this can be
done at all.



2 RESEARCH QUESTIONS AND OBJECTIVES.

The objective of this research is to obtain a time-series of one decade of evapotranspiration
patterns that will be useful in eco-hydrological modeling. Effective evapotranspiration (EET)
patterns derived from satellite vegetation indices will be analyzed and compared with measured
evapotranspiration from experimental plots. Observed crop coefficients (K.) (the ratio between
the vegetation’s daily potential evapotranspiration and the reference evapotranspiration of a
standard crop) will be compared with K. calculated from satellite vegetation indices (NDVI and
EVI). The evolution of calculated K. from satellite data in the last decade will be used to analyze
the impact of droughts on the vegetation’s water use, i.e. its crop evapotranspiration (ET).

This research will have the following research questions.

Main research question:

Can the vegetation indices NDVI and EVI from MODIS satellite be used, together with observed
data, to give reliable estimations of ET. or water use in eucalypt, pine and mixed forest in north-
central Portugal?

Does the land surface evapotranspiration product from MODIS (MOD16) has a good enough
representation of EET to be applied in the study area?

Secondary research question:

Satellite vegetation indices reflect the state of the vegetation and can be used as indicators of
water stress identifying the areas with more or less water demand. It is however not known
exactly how well these vegetation indices can be used to determine water shortages.

This leads to the following research question:

How is the response from NDVI and EVI vegetation indices to drought? Can these indices be
indicators of drought severity?



3 METHODS

3.1 Water balance

The water balance is an accounting of the inputs and outputs of water. The water balance of a
place, whether it is an agricultural field, watershed, or continent, can be determined by calculating
the input, output, and storage changes of water at the Earth's surface. The major input of water is
from precipitation and the output is the evapotranspiration.

The water balance components are (Ritter, 2006):

Precipitation (P): Precipitation in the form of rain, snow, sleet, hail, etc. is the primarily supply of
water to the surface. In dry locations, water can be supplied by dew and fog.

Effective evapotranspiration (EET): Evaporation is the phase change from a liquid to a gas
releasing water from a wet surface into the air above. Similarly, transpiration represents a phase
change when water is released into the air by plants. Evapotranspiration is the combined transfer
of water into the air by evaporation and transpiration. Effective evapotranspiration is the amount
of water delivered to the air from these two processes. Effective evapotranspiration is an output
of water that is dependent on moisture availability, temperature and humidity.

Effective evapotranspiration can be thought of as "water use", and is water that is actually turned
into vapour by evaporation or leaf transpiration. The amount is determined for the environmental
conditions of a place. Effective evapotranspiration increases as temperature increases if there is
water to evaporate and for plants to transpire. The amount of evapotranspiration also depends on
how much water is available, which depends on the field capacity of soils. In other words, if there
is no water, no evaporation or transpiration can occur.

Another important concept to take into account is the Potential evapotranspiration (PET): The
environmental conditions at a place create a demand for water. Especially in the case of plants, as
energy input increases, so does the demand for water to maintain life processes. Potential
evapotranspiration is the amount of water that would be evaporated under an optimal set of
conditions, like an unlimited supply of water. Potential evapotranspiration can be thought of as
the water needed for evaporation and transpiration given the local environmental conditions. One
of the most important factors that determine water demand is solar radiation. As energy input
increases the demand for water, especially from plants increases. Regardless if there is, or isn't,
any water in the soil, a plant still demands water. If it doesn't have access to water, the plant will
likely wither and die.

Soil Moisture Storage (ST): Soil moisture storage refers to the amount of water held in the soil at
any particular time. The amount of water in the soil depends on the soil properties like soil texture



and organic matter content. The maximum amount of water the soil can hold is called the field
capacity. Fine grain soils have larger field capacities than coarse grain (sandy) soils. Thus, more
water is available for actual evapotranspiration from fine soils than from coarse soils. The upper
limit of soil moisture storage is the field capacity, the lower limit is 0 when the soil has dried out.
The change in soil moisture storage (AST) is the amount of water that is being added to or
removed from what is stored. The change in soil moisture storage falls between 0 and the field
capacity.

A general water balance equation (Chow et al., 1988) is:

P=Q+ET+AS

Where P is precipitation, Q is runoff, ET is evapotranspiration and AS is the change in storage (in
soil or the bedrock).

This equation uses the principles of conservation of mass in a closed system, whereby any water
entering a system (via precipitation), must be transferred into either evapotranspiration, surface
runoff (eventually reaching the channel and leaving in the form of river discharge), or stored in the
ground.

The crop coefficient (K.) can be considered as an indicator of water use by the vegetation. To
understand what the crop coefficient is, two concepts should be take into account:

1) Potential evapotranspiration (PET): is the evapotranspiration rate from a reference surface
with full availability of water. The reference surface is a hypothetical grass reference crop
with specific characteristics. This concept was introduced to study the evaporative
demand of the atmosphere independently of crop type, crop development and
management practices. As water is abundantly available, soil factors do not affect PET and
the only factors affecting PET are climatic parameters that can be computed from weather
data and the FAO Penman-Monteith method is recommended for determining this
parameter (Allen et al., 1998).

2) Crop Evapotranspiration (ETc): The crop evapotranspiration under standard conditions, is
the evapotranspiration from disease-free, well-fertilized crops, grown in large fields, under
optimum soil water conditions, and achieving full production under the given climatic
conditions.

The crop coefficient (Kc) can be calculate as (Allen et al., 1998):

Kc=ETc/ PET



This index of vegetation water use can be used to compare water requirements during mild and
severe droughts. The values obtained from observed data can be compared with satellite values
from vegetation indices (NDVI and EVI) to perform an estimation of crop coefficients from satellite
data.

3.2 Satellite data

3.2.1 What is MODIS

The Moderate Resolution Imaging Spectroradiometer (MODIS) is a key instrument aboard the
Terra (EOS AM) and Aqua (EOS PM) satellites. Terra's orbit around the Earth is timed so that it
passes from north to south across the equator in the morning, while Aqua passes south to north
over the equator in the afternoon. Terra MODIS and Aqua MODIS are viewing the entire Earth's
surface every 1 to 2 days, acquiring data in 36 spectral bands, or groups of wavelengths. These
data will improve our understanding of global dynamics and processes occurring on the land, in
the oceans, and in the lower atmosphere. MODIS is playing a vital role in the development of
validated, global, interactive Earth system models able to predict global change accurately enough
to assist policy makers in making sound decisions concerning the protection of our environment
(MODIS, 2013).

3.2.2 MODIS vegetation indices.

Vegetation indices are used for global monitoring of vegetation conditions and in products
displaying land cover and land cover changes. These data may be used as input for modeling global
biologic, geochemical and hydrologic processes and global or regional climate. These data also
may be used for characterizing land surface biophysical properties and processes, including
primary production and land cover conversion.

MODIS core mission, standard VI products include the Normalize Difference Vegetation Index
(NDVI) and the Enhanced Vegetation Index (EVI) to effectively characterize bio-physical and
biochemical states and processes from vegetated surfaces. There are complete, global time-series
records of 6 VI products from each of the Terra and Aqua MODIS sensors, at varying spatial (250m,
1km, 0.05 degree) and temporal (16-day, monthly) resolutions to meet the needs of the research.
The VI products can be validated with pixel reliability flag to show the quality accuracy of the
pixels.
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Normalized Difference Vegetation Index (NDVI)

The Normalized Difference Vegetation Index (NDVI) is a graphical indicator that can be used to
analyse remote sensing data (not necessarily positioned at a space platform), and is used to carry
out remote sensing measurements of vegetation. In other words the sensor can detect if the
target surface has live vegetation cover or not.

The data products provided are the Normalized Difference Vegetation Index (NDVI), Band 1 (red),
Band 2 (near infrared) and cloud data when available (NDVI, 2013). The composite values are
based on data quality and the maximum NDVI for the compositing period. The NDVI is a ratio of
the red and near infrared reflectance. It is useful for assessing the health and density of
vegetation. NDVI values near 0 such as -0.1 to 0.1 indicate barren areas of rock, sand or snow.
Higher values of 0.1 to 0.4 indicate sparse vegetation of grassland and shrubs. Dense vegetation
like tropical rainforests or temperate forest is indicated by NDVI values approaching values of 1
(Weier and Herring, 2013). By using time-series of NDVI observations, one can examine the
dynamics of the growing season and monitor phenomena such as drought.

Plants and trees absorb solar radiation for their photosynthesis, which is called their
photosynthetically active radiation (PAR). This is a source of energy which the live green plants are
able to use when the sun sends solar radiation of a spectral range (wave band) of between 400
to700 nanometers. This spectral range corresponds more or less with the visible light for the
human eye. This visible light corresponds with colour band 1 of the NDVI sensor. Plants are
evolved to scatter (reflect and transmit) solar radiation of over 700 nanometers, which falls within
the invisible light range, represented by Band 2. Otherwise they would get overheated (Gates,
1980).

Live green plants appear relatively dark in the PAR and relatively bright in the near-infrared, (NIR)
while clouds and snow tend to be very bright in the red and dark of the infrared spectrum. This
means that plants can be distinct from clouds and snow and that different wavelengths can detect
differences in vegetation cover. Visible light is strongly being absorbed by the pigment
(chlorophyll) from the plant leaves and near-infrared is being reflected by the cell structure of the
leaves. This means the more leaves a plant has; the more these wavelengths of light are
influenced. To calculate the vegetation cover the differences in reflectance has to be looked upon
(Crippen, 1990).

The formula to detect the NDVI is stated as follows:

(NIR — VIS)

NDVI = ————2
(NIR + VIS)
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Where: NIR is near-infrared and VIS is visible-infrared.

To distinct forests from other vegetation in general, if the reflected radiation is much higher in
near-infrared wavelengths than in the visible wavelengths, then the vegetation in that pixel is
likely to be dense and probably covered with forest. Therefore NDVI is directly related to the
photosynthetic capacity and energy absorption of plant canopies (Sellers, 1985).

Enhanced Vegetation Index (EVI)

The enhanced vegetation index (EVI) was developed to improve the distinction in vegetation from
satellite images. It is an 'optimized' index designed to enhance the vegetation signal with
improved sensitivity particularly in the high biomass regions like the forests. It reaches improved
vegetation monitoring by getting a better view through the canopy layer of the trees and by
reducing the atmospheric influences.

In other words, where the Normalized Difference Vegetation Index (NDVI) is only chlorophyll
sensitive, the EVI is dependent of canopy structural variations. These variations are the leaf area
index (LAI), canopy type, plant appearance, and the canopy structure. Another difference
between the NDVI and the EVI is that in case of snow the values of NDVI decrease while EVI values
increase with all its consequences. The EVI additionally separates the soil and atmospheric
influences from the vegetation signal by including a feedback term for simultaneous correction.

3.2.3 Use of MODIS to perform evapotranspiration estimations.

The use of satellite products to estimate several environmental variables (Schubert et al., 2012) as
well as vegetation dynamics (Knox et al., 2013) is widely extended in the last decades due to the
increasing temporal resolution and spatial coverage.

MODIS data was applied successfully in several regions to estimate evapotranspiration. Previous
studies showed that over a wide range of natural biomes, NDVI was well correlated with both the
biomass productivity as the EET over time (Field, 1991). MODIS with daily coverage has the ability
to provide near-real time remote sensing coverage of biomass intensity (Huete et al., 2002;
Nishida et al., 2003; Mu et al., 2007). Nagler et al. (2005) found good correlations between
vegetation indices from MODIS like NDVI and EVI and evapotranspiration.

Rossi et al., (2007) showed preliminary results that point at the potential of developing tools to
monitor crop water needs at a regional scale by means of MODIS images. Recent works in Portugal
used satellite data with good results for the estimation of actual evapotranspiration (Cherif et al.,
2013) or maximum and minimum temperatures (Benali et al., 2012).
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3.2.4 Obtaining and processing MODIS data

The MODIS satellite data to use was obtained from the Oak ridge National Laboratory DAAC for
the National Aeronautics and Space Administration (NASA). The data was ordered by selecting a
global subset of the preferred location of each study site using the global coordinate system
WGS84 to give the coordinates for the central pixel and the system select an area corresponding
to 3km from the center pixel for the NDVI/EVI subset.

The final subset comprehends data from March 2000 to April 2013 for NDVI/EVI product with a
pixel resolution of 250 x 250 m, and from January 2002 to September 2012 for the EET/PET
product, with a pixel size of 1 x 1 km in ASCIl format. Beside this information, the ASCII files with
the vegetation indices values contain values for each pixel of vegetation index quality, pixel
reliability, and different color reflectance values: Near Infrared, Mid-Infrared, red and blue, and
the azimuth angle of the satellite at the moment of the measurement.

Table 1. Product MOD13A1: 16-day 250/500-m VI (Solano et al., 2010)

Science Data set Units Datatype Validrange Scale factor
XYZm 16-days NDVI NDVI int 16 -2000, 10000 0.0001
XYZm 16-days EVI EVI int 16 -2000, 10000 0.0001
XYZm 16-days VI Quality detailed QA Bits uint 16 0,65534 NA
XYZm 16-days red reflectance (Band 1) Reflectance int 16 0, 10000 0.0001
XYZm 16-days NIR reflectance (Band 2) Reflectance int 16 0, 10000 0.0001
XYZm 16-days Blue reflectance (Band 3) Reflectance int 16 0, 10000 0.0001
XYZm 16-days MIR reflectance (Band 7) Reflectance int 16 0, 10000 0.0001
XYZm 16-days view zenith angle Degree int 16 -9000, 9000 0.01
XYZm 16-days sun zenith angle Degree int 16 -9000, 9000 0.01
XYZm 16-days relative azimuth angle Degree int 16 -3600, 3600 0.1
XYZm 16-days composite day of the year Day of year int 16 1, 366 NA
XYZm 16-days pixel reliability summary QA Rank int8 0,3 NA

The supplied data from MODIS are 16-day composite records for the NDVI/EVI for each pixel
within the selected area that had to be multiplied by a 0.0001 factor to adapt it to the real
NDVI/EVI values that range from 0 to 1 (MODIS, 2013).

The MODIS Land Products are assessed through the Quality Assessment (QA) metadata objects
and by the QA Science data sets. The QA objects are codes of single words or numeric numbers
and are therefore useful for data ordering and screening processes. The QA SDS document
contains the pixel quality on a pixel-by-pixel basis and is therefore useful for data analysis. In the
QA SDS there are two kinds of pixel level metadata implementations of Quality Assessments of the
MODIS land products. These are the Vegetation Index Quality Assessment (VI QA) and the pixel
reliability QA. The VI QA contains numeric values that contain a code. When the code was over
10.000 the values were considered abnormal and therefore unusable. This threshold was obvious,
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as the vast majority of values were around 2 or 3 thousand and only some had values around
35000, which could clearly be seen in a graphical presentation.

The pixel reliability gave values of -1 (no value) 0, 1, 2, 3 and 4 of which only the 0 was fully
reliable. The value 1 of the pixels was considered marginal data, which was useful but other
quality assessments had to be checked. Value of 2 could be related to snow and ice coverage
disturbance and values of 3 are disturbances by clouds and therefore not useful. A reliability value
of 4 indicated that when there was no observation done within the composite date, the pixel was
attributed with a value by making use of historical data of the location. At the chosen location
within the time series only 0, 1, 2 and 3 QA values were found. This pixel reliability quality
assessment could be applied for both NDVI and EVI. It is used to describe if pixels were generated
by using historical filling criteria (Solano et al., 2010).

To have a broader idea of the average NDVI or EVI values of the eucalypt and pine areas, a total of
9 pixels were processed, including the central pixel for the two study sites coordinates. Quality
checks were performed for each of the 9 pixels in the eucalypt and pine sites at their NDVI, EVI, VI
Quality, Pixel reliability and Azimuth values and deviations were removed. After the removal of all
NDVI or EVI values of each of the nine central pixels that did not pass quality checks, graphs of the
time-series of the pixels were made.

As the visualization of the data still showed extreme deviations in the graphical performance like
sudden shifts in NDVI or EVI patterns, an additional mathematical calculation would be applied.
This preferred filter was the 3-P filter which is a widely applied filter in NDVI and EVI calculations
to reduce noise (extreme values) and reconstruct high-quality time-series for further applications
(Gu et al., 2009). The effect of the 3-P filter is a more “smooth” appearance of a time-series
without extreme noise. The filter replaces each temporal value with a weighted average,
considering the original value at 50% weight, and the previous and subsequent temporal values at
25% weight each. In this case the pixel NDVI/EVI values of each 16-day composites were taken and
multiplied with previous and subsequent values. The result of this filter application would be
graphs containing less noise.

After having created the NDVI and EVI temporal pattern for each pixel of the eucalypt and pine
locations the pixels were combined to acquire a mean value for each of the two areas (0,56 km?
each). Each mean value then had to be reviewed on being acceptable, or influenced negatively by
dubious pixel values. To demonstrate to what extent certain pixel values were deviating, standard
deviation graphs were created of NDVI and EVI of Pine and Eucalypt. Finally the mean values of the
NDVI and EVI derived from MODIS were visualized. These values were compared to the values of
the observed data from the field of the pine and eucalypt locations. The dubious temporal pixel
NDVI values were removed to improve the mean NDVI value.
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3.2.5 Estimation of temporal series of Kc using MODIS vegetation indices

To estimate the crop coefficient (Kc) using the vegetation indices, transpiration crop coefficients
(Kc) were compared with NDVI and EVI following the method of Duchemin et al. (2006) that was
adapted to the study site and the 16-day composite values.

According with Duchemin et al. (2006) a filtering of the Kc values need to be done and only the Kc
values that did not present high evaporation values, nor high water stress can be used. Only these
observed values can be expected to be correlated with the vegetation indices, since they
represent only crop transpiration under low water stress conditions. To perform this filtering, in
case of the high evaporation and interception, a different rainfall threshold value was selected for
eucalypt (90 mm) and pine (160 mm). The rainfall saturation point criteria stated that when the
measured precipitation was higher than the threshold value, the Kc value for this period would not
be taken into account.

Plotting the suitable observed Kc values against the mean of the vegetation indices an equation
will be adjusted to relate this two parameters and it can be applied to all the MODIS vegetation
indices data to generate temporal series of Kc for pine and eucalypt.

3.2.6 MODIS vegetation indices as indicator of drought.

The rainfall values from the Pousadas climatologic station were analyzed to identify possible
drought periods. A first approach was done by calculating the 25™ percentiles of rain for each
month within the period 2002/2012 and identifying the months under this percentile as dry
months and comparing this with the Kc vales obtained. To see if there was a relation between the
drought periods and the Kc mean values estimated via satellite, the actual Kc values were set out
against the annual monthly Kc mean and put in a graph with the drought periods.

The Standardized Precipitation Index (SPI) was calculated for the study period (Mckee et al., 1993),
as a more accurate method to determine drought. This index defines the drought based on
standardized precipitation, which is the difference of the precipitation from the mean over a
specified time series divided by the standard deviation. The mean and standard deviation are
defined by use of past records. It is calculated in the following sequence. A monthly precipitation
data set should be prepared, preferably an undisturbed period of 30 years or more, but in this
case only 9 years were available. The monthly SPI can be calculated by taking each average of the
past 3, 6, 12, or 48 month records up to the present monthly precipitation and subtract the
average precipitation of the whole period divided by the standard deviation from the monthly SPI.
The data set is moving in the sense that each month a new value is determined from the previous
months. In the present work the SPI for 12 months was calculated and analyzed for the study
area; this period was selected to avoid exclusion of the summer dry periods in the SPI. The SPI
values were attributed into climate bands to visualize the different climatic situations like the
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drought or wet periods (Mckee et al., 1993). Table 2 shows distinction of the climatic situations in
function of the SPI values.

Table 2. Climate situation defined by the Standardized Precipitation Index (SPI) values.

SPI value Climate situation
From 1 to (-1) Normal precipitation
From1to 1.5 Moderately wet or dry
Until 2 or (-2) Very wet or severely dry

Above 2 or below -2 Extremely wet or dry

By adding the calculate values of Kc or ETc and its respective average monthly values along the
study period for pine or eucalypt to the SPI graph, the corresponding reaction of the Kc or ETc on
drought severity was shown. To draw conclusions, the vegetation history in the study sites, such as
tree harvest and fires, was compared with these SPI/Kc and SPI/ETc graphs and important
moments were marked by break lines.

3.2.7 Evaluation of MODIS Land Surface Evapotranspiration product (MOD16)

The land surface evapotranspiration product: MOD16 ET, is one of the several products already
produced by MODIS and can be used for water balance calculations for hydrologic management,
as drought or fire risk mapping (MODIS, 2013). MODIS16 ET give the values of transpiration from
vegetation and evaporation from canopy and soil surfaces and is computed globally every day at
1km resolution using MODIS landcover, MODIS leaf area index (LAlI) and MODIS Fractional
Photosynthetically Active Radiation (FPAR) data. The meteorology used is from the Global
Modeling and Assimilation Office (GMAQO). The MOD16 ET datasets are estimated using Mu et al.
(2011) building on previous Mu et al. (2007) datasets. The ET algorithm is based on the Penman-
Monteith equation (Monteith, 1965). Surface resistance is an effective resistance to evaporation
from land surface and transpiration from the plant canopy.

To evaluate the product the overlapped records from the MODIS ET product were compared with
the observed EET values from the study sites.

3.3 Study area

Portugal is located in the Mediterranean region and it is affected by interactions between mid-
latitude and tropical processes. The geographic position of the country, in a North-South
orientation of the main land, which stretches over about 800 km, creates several different climatic
zones, from dry to humid Mediterranean, to alpine to semi-arid or steppe climates. Furthermore
the country is very mountainous with mountain ranges of over 1000 meters high up to almost
2000 meters. This means that there is a large differentiation in vegetative zonation.
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In Northern Portugal the vegetation is highly affected by human influences as the forested hills are
planted and harvested for their wood or otherwise used for agriculture (Figure 1). The
afforestation plan developed during the last decades in Portugal supported the afforestation of
420 thousand hectares from 1938 to 1977 and the favored species were Pinus pinaster Aiton. and
Eucalyptus globulus Labil. (Baptista, 1993; Coelho, 2003; Jones et al., 2011). These changes caused
an important decrease of agricultural lands in favor of forest and scrublands (Daveau, 1995; Serra
et al., 2008; Geri et al., 2010). The production of eucalypt in the coastal region of Central and
North Portugal is double that of pine (Soares et al., 2007). Between 1995 and 2010 eucalypt
plantations in Portugal increased considerably in comparison with pine and in 2010 the dominant
species is the eucalypt with 812 thousand hectares representing 26% of the Portuguese
continental area (lcnf, 2013).

Figure 1. Caramulo Mountain range landscape examples.

The study area is located in the foothills of the Caramulo mountain range within the Vouga River
Basin in north-central Portugal (Figure 2). Within the study area, two catchments were selected for
this work. The Serra de Cima catchment (SDC) has an area of 0.52 km? and consists predominantly
of commercial eucalypt plantations (Eucalyptus globulus Labil.), and the stand selected is the so-
called Casa do Padre (CDP). The other stand selected (LOU) belongs to the Lourizela catchment
(LOU) with 0.65 km? dominated by commercial forest plantations of Pinus pinaster Aiton. Both
catchments were intermittently monitored since the 1990’s and fully reactivated by the University
of Aveiro in October 2009 within the HIDRIA project (reference PTDC/CTE-GEX/71651/2006). The
historic sequence of the known changes of landuse and management operations in the study sites
is shown in Table 3.
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Table 3. Historic sequence of landuse changes in the study sites.
TERRACES PINE PLOTS

(close to the CDP plots) (Lourizela: LOU)

Before 1975 - Adult pine.
1975 - Ploughed and Eucalypt
planted
1986 - Forest fire. Cut and natural
regeneration

EUCALYPT PLOTS
(Casa do Padre: CDP)

Before 1986 — Eucalypt
(unknown rotation)
1986 — Forest fire, cut and
natural regeneration

1988 —Ploughed and eucalypt
1990 - Adult pine (Planted between 1950 and

planted
1998 - Cut and natural
regeneration 1960 = 30-40 years old)
July 1991 - Forest fire.
After 1991 - Natural regeneration and Pine
plantation
2003 — Cut and natural
regeneration
December 2009 - Cut.
January 2010 - Built terraces and

Eucalypt planted

Before April, 14 2011 - Forest fire close to the
plots

Lourizela
Catchment

A 0.65 km?

( /L/\\ <
LAND USE
E Unevenly spaced Eucaliptus globulus Labil. plantations (<15 years old)

/ - Unevenly spaced Pinus pinaster Aiton. Plantations (<30 years old)
IR hﬁ - Evently spaced Eucaliptus globulus Labil. plantations(<5 years old)
\
\

Figure 2. a) Eucalyptus globulus Labil. in Casa do Padre stand and b) Pinus pinaster Aiton. in the

Serra de Cima
catchment
0.52 km?

5o

Lourizela stand.
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3.3.1 Meteorological and climate information

A climate station from the University of Aveiro team (Figure 3) is operating in the study area since
2004 recording precipitation solar radiation, air and soil temperature, relative humidity, wind
speed and direction. The records of this station were used to create climate time-series from 2002
to 2012 using the closer stations from the “Sistema Nacional de Informacgao dos Recursos Hidricos”
(SNIRH) to complete the missing values and the climate data was used to calculate the Potential
Evapotranspiration (PET) in the study area.

2 i

Station type
A CLIMATE
o RAINFALL
| |Altitude (m)

- High - 2533

Low - -199

L1 7 x = - ol ¢ N B
Figure 3. a) Location of Pousadas climate station and surrounding SNIRH stations in the study area;
b) Pousadas climate station

In addition to the meteorological information, information about effective evapotranspiration
(EET) is available from the two different tree stands (Eucalypt and Pine) calculated from on-site soil
moisture measurements for the period from February 2010 to September 2012. Measured data
for interception was calculated using daily rainfall and the Gash interception model, adapted for
the study sites (de Coninck, 2003; Fernandes, 2008). Additionally, the Crop coefficient (Kc)
transpiration value was calculated by dividing the transpiration by the potential
evapotranspiration, while the Kc for ET. was obtained by dividing the EET by the PET (Allen et al.,
1998).
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4 RESULTS

4.1 Obtaining and processing MODIS data

After obtaining the MODIS subsets graphs of the NDVI and EVI of both eucalypt and pine could be
created as can be seen in Figures 4a and 4b. In these results there are still some quality gaps, as
for instance can be seen at the NDVI of the eucalypt at the 18" of December 2000 composite. As
NDVI values in temperate to semi-arid zones have common distribution values between 0.6 and
0.8 while EVI values in the same physical region should lie somewhere between 0.2 and 0.4
(MODIS, 2013) the dubious values out of this range should be removed.

A first impression of NDVI and EVI patterns shows that the Casa do Padre Eucalypt measurements
seem to be following the Lourizela pine measurements to a large extend on both NDVI as EVI.
Quality gaps seem to overlap composite dates though the deviation seems higher for eucalypt. In
the beginning of 2005 and 2010 and the spring of 2012 NDVI values seem low for the eucalypt
while Pine does not show high fluctuations in these given periods.
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Figure 4. Unfiltered NDVI and EVI of the Casa do Padre Eucalypt (a) and the Lourizela Pine (b).
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After filtering the data with the Vegetation index quality assessment and Azimuth angle filtering
most of the dubious values for the pine and eucalypt NDVI and EVI were took out but was still
necessary the application of the 3-P filter (Gu et al., 2009) to select only the trustworthy pixels to
calculate means the NDVI/EVI of eucalypt and pine and obtain the right patterns.

These patterns however still contained wrong information due to the fact that some pixels
influenced the mean values negatively. Therefore the analysis of each pixel distribution of NDVI
and EVI was done and those pixels that performed remarkably out of order to the mean were
removed as can be seen in Figure 2a and 2b. For instance, in the Casa do Padre site (Eucalypt), the
pixels in the lower right corner (NDVI/EVI (3-P+PR+Q) 338 and NDVI/EVI (3-P+PR+Q) 339) had
much lower values then the other pixels in that area and Google Earth images shown that, at this
location, the value was highly influenced by the presence of a road.

a) L 1 CTTETE NDVI (3-P+PR+Q) 339
= = NDVI(3-P+PR+Q) 338
0.50 ——— NDVI (3-P+PR+Q) 337
S 080 - ——— NDVI (3-P+PR+Q) 314
s —— NDVI (3-P+PR+Q) 313
8070 | NDVI (3-P+PR+Q) 312
Z NDVI (3-P+PR+Q) 289
3 060 NDVI (3-P+PR+Q) 288
NDVI (3-P+PR+Q) 287
0.50 -/ i ——— MEAN EUC NDVI
) —— EVI (3-P+PR+Q) 339
2 040 4 N A EVI (3-P+PR+Q) 338
£ 030 - A MUV~ ' /L — = EVI(3-P+PR+Q) 337
= v “J '\. EVI (3-P+PR+Q) 314
é 0.20 EVI (3-P+PR+Q) 313
EVI (3-P+PR+Q) 312
0.10 EVI (3-P+PR+Q) 289
0.00 EVI (3-P+PR+Q) 288
: ! ! ! ! ! ! EVI (3-P+PR+Q) 287
2/18/2000 2/18/2002 2/18/2004 2/18/2006 2/18/2008 2/18/2010 2/18/2012 MEAN EUC EVI
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Figure 5. Eucalypt location removal of dubious pixels to improve mean NDVI and EVI values (a).
The pixels in black (NDVI 339, 338, EVI 337, 312) fell out of the selection of calculating a mean
NDVI/EVI pattern for the eucalypt location. The pine location did not have dubious pixel patterns

(b).
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After all the filtering trustworthy mean patterns are observed in Figure 6. It can be observed that
up to April 2003 the NDVI of eucalypt are over the values of pine, but after this time the pine has
higher values. This should either mean that pine has developed gradually within these years to a
more mature status while eucalypt patterns stay unchanged, or that there are other unknown
reasons causing this effect. Looking at the known historic sequence of the two locations (see Table
3 in Methods chapter) there would be no indication of reason why this shift would take place so
we could assume that the values from before April 2003 were not correct for unknown reasons
and should not be taken into account.

Furthermore the eucalypt shows a remarkable low value for the spring of 2005 and in the same
time the EVI of eucalypt stays much below the pine values.
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Figure 6. Mean NDVI and EVI of Eucalypt and Pine sites after applying all filters and removal of
dubious pixels.

Observed temporal were processed to acquire equal 16-day composite records as MODIS data.
The observed transpiration and potential evapotranspiration patterns of eucalypt and pine in
relation to precipitation can be seen in Figures 4a and 4b. The existence of a data gap from
February to August 2011 in the eucalypt site is to highlight, due to the stealing of the soil moisture
sensors that could not be replace until July 2011.

In these figures it can be seen that potential evapotranspiration is highest in summer as it assumes
a continuous availability of water. On the other hand transpiration of measured values stays
behind in summer because of the precipitation and consequent soil water deficits. Pine and
eucalypt seem to show comparable patterns, with some exceptions. For eucalypt the transpiration
values were normally distributed in the first year; the transpiration increased parallel with the PET,
and decreased in spring with reduced rainfall and reached lowest values in July and August after
which the precipitation increased in autumn and transpiration and PET become parallel again.
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Figure 7. Potential evapotranspiration and transpiration in mm in relation to the precipitation for
eucalypt (a) and pine (b).

The next year 2011 was an abnormal year, however, since spring was very dry. Then the rain
increased until May and June, followed by a normal dry summer, but a wet September month.
After that October was very dry. The transpiration values for eucalypt were very high in August
and September, but with an information gap from February until July, the spring-summer period
transpiration pattern can only be guessed. The year 2012 again lacks information as the whole
summer period of June, July and August are missing and November and December as well. The
only period worthy is January until May and it seems to follow the normal pattern until April. In
general it could be stated of eucalypt that transpiration values are highest in March until June,
with a large decrease in July and August. In autumn the transpiration depends on the amount of
precipitation and can be very high also.

When looking at the transpiration pattern of pine it could be seen that, for each consecutive year,
transpiration was at a minimum in July-August and highest in spring, with an increase in autumn.
The only unusable transpiration value was in the period of September-October 2011 when very
high rain values were followed by almost no rain in this whole month. In general it could be said of
the Lourizela pine site that the transpiration values follow the water availability values, with low
transpiration in the driest months and high transpiration in spring and early summer when water
is still plenty, though differences in response are not as pronounced as for the Casa do Padre
eucalypt in that same period.
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4.2 Estimation of temporal series of Kc and ETc using MODIS vegetation indices

After comparison of both vegetation indices, the NDVI index showed the best reliability to be
applied in the estimation of the crop coefficients (Kc) for pine and eucalypt in the study area
(Figure 8a). Only one outlying value of the eucalypt Kc transpiration was removed, so the eucalypt
equation changed from a 0.3669 to 0.6769. There was no apparent cause for incorrect valuation of
this point being the 21st of March 2012, but it was a clear outlier and the correlation changed in
such a number that the removal was accepted. The equation adjusted using the Kc transpiration
and the NDVI mean value during the observation period (February 2010-September 2012) was
applied to the rest to the MODIS NDVI series to get the Kc temporal series.

a) b)
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Figure 8. Correlation between MODIS NDVI (a) and MODIS EVI (b) in relation to the Kc for eucalypt
and pine.

In the Figure 8a it can be observed that the trend lines for Eucalypt and pine are parallel to each
other, although eucalypt had a higher crop coefficient than pine and therefore a higher water use,
with equal NDVI values; and likewise pine gave lower outcomes with equal NDVI.

The comparison between the Kc values obtained for eucalypt and pine show a clear correlation in
both types of tree during the study period (Figure 9) and only the values from January 2002 to
March 2003 show some type of anomaly and should be neglected because of quality disturbance
for unknown reasons in the NDVI records that showed very low values not linked to a known
drought period or forest fire within the coordinates that could have influenced these low values,
as already described earlier. So the rest of the comparisons and calculations will be based on the
values from April 2003 for both types of tree.
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Figure 9. Distribution graph of crop coefficients of eucalypt and pine starting in January 2002 and
starting in April 2003.

In Figure 10 the temporal evolution of the Kc for pine and eucalypt calculated from the MODIS

NDVI vegetation index can be observed. The values obtained for the Kc for pine and eucalypt in

the study area range from approx. 0.3 to 0.9 for Pine and 0.2 to 1.2 for Eucalypt. In general, the

higher values were observed during the months of October and November and the lower values

recorded in April and May. A clear drop in the Kc values is observed for during the spring months

of 2005, clearly related with the existent drought in that year.
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Figure 10. Crop coefficient (Kc) values for Pine and Eucalypt obtained from MODIS NDVI.
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Figure 11. Crop evapotranspiration (ETc) series for Pine and Eucalypt obtained from MODIS NDVI.

The monthly values of ETc obtained from the satellite estimations (Figure 11) range from 20 to 180
mm with the maximum values in July and August and minimum values from January to February.
The lowest values were also observed during 2005.

4.3 MODIS vegetation indices as indicators of drought.

The monthly Kc and ETc values were compared with the rainfall statistics during the study period:
mean rainfall and standard deviation and 25" and 75" percentile searching for a relation between
the Kc obtained from satellite and drought periods.

In Figure 12a the eucalypt shows 4 periods worth mentioning in which the monthly Kc values are
below the mean Kc values. These are March-December 2005, April 2009 until November 2010,
February-September 2011 and March-August 2012. In the Figure 12b the pine shows below
average values in the period March-April 2006, June-November 2011 and April-July 2012. The
2006 lower values seem to correspond with a long drought period but in 2011 the drought only
lasted from July until August while the low Kc values started earlier and lasted longer.

Figures 12c and 12d show the same comparison using the crop evapotranspiration (ETc). The
mean ETc show larger differences between the high and low seasons and there are some
remarkable patterns. The eucalypt (Figure 12c) show low ETc values from March to December
2005. Other periods to highlight with low ETc are from November 2009 to April 2010, from
December 2010 to March2011 and from April to June 2012.
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Figure 12. Eucalypt (a) and Pine (b) monthly Kc related to the average Kc for that period and

drought periods and Eucalypt (c) and Pine (d) monthly ETc related to the average ETc for that
period and drought periods.

In these periods the below mean values are smaller than in case of the Kc and the periods are
shorter. In case of the pine (Figure 12d) below mean values are observed in April and July 2005,
March and April 2006, January 2009, November 2009 until February 2010, January until March
2011, June until September 2011 and from April to September 2012. Of these the June-September
2011 period is very remarkable and as the highest ETc mean occurs in July and August, the actual
ETc did not increase after May. Both the ETc and the Kc graphs show below mean values in the
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same period, but the highest values of the mean Kc pattern occur three months later than the
highest ETc mean values, in November-December.

Using as drought indication the monthly rainfall values under 25™ percentile of monthly
precipitation did not coincide with the low Kc levels. Using the Standardized Precipitation Index for
12 months, the drought severity during the study period was identified. The SPI over the data
period (2002-2012) provided monthly time-aggregated values, which means that each monthly
value is the mean of the total of the previous 12 months. Therefore the monthly SPI values were
representative of the long term climatic conditions. In Figure 10 the patterns of the 12 monthly SPI
can be seen in relation to the Kc and monthly mean Kc of eucalypt and pine. In this graph it is
made clear that the long drought periods have their most severe moment from July to October in
2005 and from February to April in 2012. The Kc values of the eucalypt and pine to lesser degree,
go under the mean Kc values before the highest drought severity moment of 2005. At the moment
of highest severity the calculated Kc are recovering to the level mean Kc in 2005. Looking to the
pine Kc graph, the two droughts identified by the SPI reflected very different reactions in the Kc.
Despite the drought in 2005 is longer than the one in 2012, the drop of the Kc is clearer in 2012
and started already before the drought period. After April 2011 the Kc of pine goes under the
mean before the highest severity and remains under the mean line after. This may illustrate the
effect of a wildfire that happened in this area in April 2011 and that can be the cause of the low Kc
values before the drought started.

Besides the 2005 and 2012 pattern changes, there is another below the mean Kc observable in the
eucalypt location from December 2009 onward. This may be explained by the existence of an
eucalypt plantation that was cut and later terraces were created to plant new eucalypt trees.
These management operations may cause the drop in the Kc values after December 2009 that is
recovered later with the growth of the new trees. To summarize, only the 2005 eucalypt Kc
response can be related with drought with some certainty, and for the other two moments other
causes had to be searched.
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Figure 13. SPI 12 of eucalypt (a) and pine (b) in relation to calculated monthly Kc and mean
monthly Kc.

Figure 14a and 14b show that the variety in the ETc values are more extreme than the Kc values.
Furthermore ETc has a stronger tendency to have values in the dry class of the SPI. Both eucalypt
and pine show annual lower values in the extreme dry SPI class. Figure 14a show that the eucalypt
ETc are below the mean in 2005, the winter of 2010/11, summer 2011 and April-July 2012. The
2005 below mean ETc values seem to be clearly related to the drought this year as in spring ETc
goes down at the same moment as the SPI and the annual recovery in summer stay below the
mean for the rest of the year. For pine there is a short below average period of ETc in August 2005
and March 2006, following the extreme drought of that year. There is a very noticeable below
mean period from May until August 2011 and later in April 2012 another decrease of ETc seems to
follow the drought period of that year. This ETc values do not relate to any drought period.
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Figure 14. SPI 12 of Eucalypt (a) and Pine (b) in relation to calculated monthly ETc and mean
monthly ETc.

4.4 Evaluation of the MODIS Land Surface Evapotranspiration product (MOD16)

To evaluate the reliability of the MODIS EET product in the study area, the comparison of the EET
values provided by the MODIS product and the EET observed values was made for both stands
from February 2010 (beginning of the observed data) to December 2011 (ending date for the
MODIS EET product at present time). The result of this comparison can be observed in the Figure
15.
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Figure 15. Eucalypt and pine evapotranspiration patterns of MODIS data and observed data.

As can be observed in the graph, the MODIS EET patterns of eucalypt and pine do not follow the
observed values of EET for the same period. MODIS EET shows an extraordinary increase for both
eucalypt and pine for the February to April period of 2010, while observed EET values stay more or
less unchanged until May of that year. The MODIS EET starts to decrease after April; however
eucalypt only starts to drop back much in June and July. In the same time observed EET increases
and remains at higher values until October. From June until October observed EET data remains at
their highest level while MODIS EET remains at their lowest. In October both MODIS and observed
pine and eucalypt decrease, though in December the MODIS EET values increase again. From these
11 Months of temporarily matching values only 2 months showed similar in-or decrease patterns
(March and November).
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5 DISCUSSION

After filtering the Kc data according with Duchemin et al. (2006), the relation between the EVI and
the crop coefficient did not present a good adjustment; the one with the NDVI was acceptable,
despite that the observed data is limited to 2 hydrological years.

Overall, it can be stated that the Kc values calculated from NDVI in this work agree with those in
the literature. The estimated Kc values from the MODIS NDVI for eucalypt in the Caramulo
mountains range from 0.2 to 1.2, values which fit within the range proposed by David et al. (1997)
although with a decreased lower bound (but only during the exceptionally dry spring of 2005). The
main difference is that the dry period in the Caramulo study area start earlier than in David et al.
(1997), although that study was carried out in South Portugal, near Lisbon. For eucalypts, David et
al. (1997) report ET values becoming progressively lower as the dry season develops, despite the
increase in PET, with the dry period between May and August. The ratio between measured sap-
flow and ET estimated via the Penman-Monteith method ranged from 1.05 to 0.55 between the
start and end of the wet period. (Myers et al., 1999) also describe a similar range of variation of
Kc, between 1.2 and 0.4. For maritime pines, the FAO 56 report (Allen et al., 1998) proposes a Kc
value of 1 for conifer trees, but states that the value can lower considerably under dry conditions.
Mediterranean plants can usually see a drop of Kc in summer of 50 to 60% (Nunes, 2008), so a
minimum value of 0.5 during the drier season would seem reasonable. The results obtained from
the NDVI estimations of Kc for pine range from 0.3 to 0.9, being slightly lower than the ones in the
literature.

According with these results, the NDVI vegetation index may be suitable to calculate vegetation
water use in the study area, but a higher number of observations will increase the reliability of the
method and the validation.

The comparison between the crop coefficients calculated for both landcovers showed clear
differences between pine and eucalypt stands with higher water use for eucalypts than for pine
and making possible the differentiation of each stand.

Both methods used to identify dry periods using precipitation (Standardized precipitation index 12
months and 25 percentile of monthly rainfall within the study period) showed good results
identifying the droughts during the study period. The longest drought period was from January
2005 until February 2006. During this period, the drought was moderate from January 2005 to July
2005 changing to severe drought until December 2005 and again to moderate until February 2006.
The drought of 2012 started in January as moderate until the end of February and change to
severe until April 2012 when the rain started again and this stopped the dry period reaching
normal conditions June. This second drought had less impact on plant development, due to the
fact that there was an unusual wet spring in 2012. The use of SPI of 12 months as indicator of
drought and its comparison with the crop coefficient (Kc) obtained from the NDVI vegetation index
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show good results and clearly identify the drought in 2005 as the one which clearly affected
vegetation development. Crop evapotranspiration in relation to SPI12 performs even better as
both drought periods can be observed clearly. For 2005 the low evapotranspiration values of
eucalypt and pine can both be observed and reactions to fire and drought can be distinct for the
two locations in 2011 and 2012. The 2012 drought therefore can only really be observed by use of
the ETc and not with the Kc.

The comparison between the MODIS MOD16 product and observed EET values for the two study
sites shows clear differences in the monthly patterns that may suggest poor reliability of the
MODIS product of EET to be applied in the study area. The main limitation for this comparison is
that the overlapping period between the MODIS product and the observed values was limited to
11 Months in 2010, as the starting date of the EET observed values began in February 2010 and by
the date where this work was done, the MODIS MOD16 product ends in December 2010. A longer
period with the MODIS MOD16 product EET values may increase the performance of the method
and may be stated the need of on-site observations from the study sites to make good estimations
of EET. However, the differences between both datasets during this period are large enough to
suggest that this disparity will continue in the near future. The motives of the disparity require
further exploitation, but it can be suggested that the low soil water storage capacity in the study
sites (and therefore the low water availability in summer) is an important factor which might not
be taken properly into account by MOD16.
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6 CONCLUSIONS

The MODIS NDVI product showed a good reliability to perform the estimations of crop coefficients
(Kc) and crop evapotranspiration (ET.), while the EVI cannot be used for this purpose in the study
area. The estimated Kc values from the MODIS NDVI for eucalypt in the Caramulo Mountains
range from 0.2 to 1.2 and the Kc values for pine range from 0.3 to 0.9.

When comparing with widely used drought indices like the Standardized Precipitation Index (SPI),
the time-series of crop coefficients (Kc) and crop evapotranspiration (ETc) estimated from MODIS
NDVI are able to identify drought periods. The use of this parameters to determine the drought
severity is not clear in the study area or at least, not during the study period. A more extended
observed data set will be need to improve the results obtained in this work.

The evaluation from the EET patterns obtained from the Land Surface evapotranspiration product
from MODIS does not fit properly the observed EET patterns in the study area. Further studies are
necessary regarding this topic, namely a wider observed dataset and a longer time-series of the
MODIS16 product that will allow a better interpretation of the results and confirm the correct EET
patterns.

34



REFERENCES

Allen RG, Pereira LS, Raes D, Smith M. 1998. Crop evapotranspiration - Guidelines for
computing crop water requirements. FAO.

Arnold JG, Srinivasan R, Muttiah RS, Williams JR. 1998. Largeareahydrologicmodeling
and assessment, Part I: model development. Journal of the American Water
Resources Association, 34: 73-89.

Baptista FO. 1993. A politica agraria do Estado Novo.

Benali A, Carvalho AC, Nunes JP, Carvalhais N, Santos A. 2012. Estimating air surface
temperature in Portugal using MODIS LST data. Remote Sensing of Environment,
124: 108-121. DOI: http://dx.doi.org/10.1016/|.rse.2012.04.024.

Beven K. 2000. Rainfall-RunoffModelling - The Primer.

Cherif I, Alexandridis T, Leitao CP, Jauch E, Stavridou D, lordanidis C, Silleos N,
Misopolinos N, Neves R, Safara Araujo AS. 2013. Merging raster meteorological
data with low resolution satellite images for improved estimation of actual
evapotranspiration In Geophysical Research Abstracts Vol. 15, EGU2013-11658,
2013. In: EGU General Assembly 2013.

Chow VT, Maidment DR, L.W. M. 1988. Applied hydrology. McGraw-Hill.

Coelho IS. 2003. Propriedade da Terra e Politica Florestal em Portugal. Silva Lusitana, 11:
185-199.

Crippen RE. 1990. Calculating the vegetation index faster. Remote Sensing of
Environment,, 34: 71-73.

Daveau S. 1995. Portugal Geografico.

David TS, Ferreira MI, David JS, Pereira JS. 1997. Transpiration from a mature
Eucalyptus globulus plantation in Portugal during a spring-summer period of
progressively higher water deficit. Oecologia, 110: 153-159.

de Coninck HL. 2003. Modelling interception of Eucalyptus globulus and Pinus pinaster
stands in Central Portugal., Wageningen University of Research, the Netherlands.

Duchemin B, Hadria R, Erraki S, Boulet G, Maisongrande P, Chehbouni A, Escadafal R,
Ezzahar J, Hoedjes JCB, Kharrou MH, Khabba S, Mougenot B, Olioso A,
Rodriguez JC, Simonneaux V. 2006. Monitoring wheat phenology and irrigation in
Central Morocco: On the use of relationships between evapotranspiration, crops
coefficients, leaf area index and remotely-sensed vegetation indices. Agricultural
Water Management, 79: 1-27. DOI: http://dx.doi.org/10.1016/j.agwat.2005.02.013.

Edwards KA, Blackie JR, Eeles CWO. 1976. Final report on the east african catchment
research project. Experimental Methods. (ODMI R2532). Instiute of Hydrology.
Wallingford. UK., pp: 108.

Fernandes IAC. 2008. Medicdo e modelacao da Intercepcdo num Povoamento de
Pinheiro Bravo., University of Aveiro, Portugal.

Field C. 1991. Ecological scaling of carbon gain to stress and resource availability. In:
Response of plants to multiple stresses, H. Mooney WW, & E. Pell (Eds.) (ed.), pp:
35— 66.

Gates DM. 1980. Biophysical Ecology,.

35


http://dx.doi.org/10.1016/j.rse.2012.04.024
http://dx.doi.org/10.1016/j.agwat.2005.02.013

Geri F, Amici V, Rocchini D. 2010. Human activity impact on the heterogeneity of a
Mediterranean landscape. Applied Geography, 30: 370-379.

Gu J, Li X, Huang C, Okin GS. 2009. A simplified data assimilation method for
reconstructing time-series MODIS NDVI data. Advances in Space Research, 44:
501-509. DOI: http://dx.doi.org/10.1016/j.asr.2009.05.009.

Huete A, Didan K, Miura T, Rodriguez EP, Gao X, Ferreira LG. 2002. Overview of the
radiometric and biophysical performance of the MODIS vegetation indices. Remote
Sensing of Environment, 83: 195-213. DOI: http://dx.doi.org/10.1016/S0034-
4257(02)00096-2.

Icnf. 2013. Inventario Florestal Nacional 6 — Areas dos usos do solo e das espécies
florestais de Portugal continental. Resultados preliminares. Instituto da
Conservacao da Natureza e das Florestas., pp: 34.

Jones N, de Graaff J, Rodrigo |, Duarte F. 2011. Historical review of land use changes in
Portugal (before and after EU integration in 1986) and their implications for land
degradation and conservation, with a focus on Centro and Alentejo regions.
Applied Geography, 31: 1036-1048. DOI:
http://dx.doi.org/10.1016/j.apge0q.2011.01.024.

Knox NM, Skidmore AK, van der Werff HMA, Groen TA, de Boer WF, Prins HHT, Kohi E,
Peel M. 2013. Differentiation of plant age in grasses using remote sensing.
International Journal of Applied Earth Observation and Geoinformation, 24: 54-62.
DOI: http://dx.doi.org/10.1016/j.jag.2013.02.004.

Mckee TB, Doesken NJ, Kleist J. 1993. The relationship of drought frequency and duration
to time scales.

MODIS. 2013. MODIS web. April 2013. http://modis.gsfc.nasa.gov/about/. Adminitration
NAasS (ed.).

MODIS. 2013. Modis website: http://modis.gsfc.nasa.qov/.

Monteith JL. 1965. Evaporation and environment. In: Symposium of the society of
experimental biology, pp: 205-224.

Mu Q, Heinsch FA, Zhao M, Running SW. 2007. Development of a global
evapotranspiration algorithm based on MODIS and global meteorology data.
Remote Sensing of Environment, 111: 519-536. DOI:
http://dx.doi.org/10.1016/j.rse.2007.04.015.

Mu Q, Zhao M, W.R. S. 2011. Improvements to a MODIS global terrestrial
evapotranspiration algorithm. Remote Sensing of Environment.

Myers BJ, Bond WJ, Benyon RG, Falkiner RA, Polglase PJ, Smith CJ, Snow VO,
Theiveyanathan S. 1999. Sustainable effuent-irrigated plantations an Australian
guideline., CSIRO Forestry and Forest Products CSIRO and Land and Water.

Nagler PL, Scott RL, Westenburg C, Cleverly JR, Glenn EP, Huete AR. 2005.
Evapotranspiration on western U.S. rivers estimated using the Enhanced
Vegetation Index from MODIS and data from eddy covariance and Bowen ratio flux
towers. Remote Sensing of Environment, 97: 337-351. DOI:
http://dx.doi.org/10.1016/j.rse.2005.05.011.

NDVI. 2013. MODIS U.S. 16-day Vegetation Index Product. University of Maryland. Data
accesed April 2013. http://glcf.umd.edu/data/ndvi/description.shtmil.

36


http://dx.doi.org/10.1016/j.asr.2009.05.009
http://dx.doi.org/10.1016/S0034-4257(02)00096-2
http://dx.doi.org/10.1016/S0034-4257(02)00096-2
http://dx.doi.org/10.1016/j.apgeog.2011.01.024
http://dx.doi.org/10.1016/j.jag.2013.02.004
http://modis.gsfc.nasa.gov/about/
http://modis.gsfc.nasa.gov/
http://dx.doi.org/10.1016/j.rse.2007.04.015
http://dx.doi.org/10.1016/j.rse.2005.05.011
http://glcf.umd.edu/data/ndvi/description.shtml

Nishida K, Nemani RR, Running SW, Glassy JM. 2003. An operational remote sensing
algorithm of land surface evaporation. Journal of geophysical research, 108. DOI:
doi:10.1029/2002JD002062.

Nunes JP. 2008. Vulnerability of Mediterranean Watersheds to Climate Change: the
Desertification Context. New University of Lisbon.

Ritter ME. 2006. The Physical Environment: an Introduction to Physical Geography. Data
accessed: April 2013.
http://www.uwsp.edu/geo/faculty/ritter/geog101/textbook/title _page.html.

Rossi S, Bocchi S. 2007. Monitoring crop evapotranspiration with time series of MODIS
satellite data in Northern Italy. Z. Bochenek (ed.).

Schubert P, Lagergren F, Aurela M, Christensen T, Grelle A, Heliasz M, Klemedtsson L,
Lindroth A, Pilegaard K, Vesala T, Eklundh L. 2012. Modeling GPP in the Nordic
forest landscape with MODIS time series data—Comparison with the MODIS GPP
product. Remote Sensing of Environment, 126: 136-147. DOI:
http://dx.doi.org/10.1016/j.rse.2012.08.005.

Sellers PJ. 1985. Canopy reflectance, photosynthesis, and transpiration. International
Journal of Remote Sensing, 6: 1335-1372.

Serra P, Pons X, Sauri D. 2008. Land-cover and land-use in a Mediterranean landscape: a
spatial analysis of driving forces integrating biophysical and human factors. Applied
Geography, 28: 189-209.

Soares P, Tomé M, Pereira JS. 2007. A produtividade do eucaliptal. In: O Eucaliptal em
Portugal: Impactes Ambientais e Investigagédo Cientifica, A. M. Alves JSPeJMNS
(ed.), pp: 398.

Solano R, Didan K, Jacobsen A, Huete A. 2010. MODIS Vegetation Index User’s Guide
Version 2.00 (MOD13 Series). pp: 42.

Tuinenburg OA, Keizer JJ, Verzandvoort SJE, Stolte J, Coelho COA, Ferreira AD. 2006.
Rainfall-runoff modeLling using lisem in small forested catchments in north -central
Portugal: a stepwise montecarlo approach for coping with uncertanties in model
input maps. In: ERB2006 Conference “Uncertainties in the ‘monitoring-
conceptualisation-modelling’ sequence of catchment research. 20-22/09/2006).

Weier J, Herring D. 2013. Measuring Vegetation Data accessed April 2013., Office
TEOEPS (ed.).

Zhang L, Dawes WR, Walker GR. 2001. Response of mean annual evapotranspiration to
vegetation changes at catchment scale. Water Resources Research, 37: 701-708.

37


http://www.uwsp.edu/geo/faculty/ritter/geog101/textbook/title_page.html
http://dx.doi.org/10.1016/j.rse.2012.08.005

	Index of Figures
	Index of Tables
	ABSTRACT
	1 INTRODUCTION AND BACKGROUND OF THE STUDY
	2 RESEARCH QUESTIONS AND OBJECTIVES.
	3 METHODS
	3.1 Water balance
	3.2 Satellite data
	3.2.1 What is MODIS
	3.2.2 MODIS vegetation indices.
	Normalized Difference Vegetation Index (NDVI)
	Enhanced Vegetation Index (EVI)

	3.2.3 Use of MODIS to perform evapotranspiration estimations.
	3.2.4 Obtaining and processing MODIS data
	3.2.5 Estimation of temporal series of Kc using MODIS vegetation indices
	3.2.6 MODIS vegetation indices as indicator of drought.
	3.2.7 Evaluation of MODIS Land Surface Evapotranspiration product (MOD16)

	3.3 Study area
	3.3.1 Meteorological and climate information


	4 RESULTS
	4.1 Obtaining and processing MODIS data
	4.2 Estimation of temporal series of Kc and ETc using MODIS vegetation indices
	4.3 MODIS vegetation indices as indicators of drought.
	4.4 Evaluation of the MODIS Land Surface Evapotranspiration product (MOD16)

	5 DISCUSSION
	6 CONCLUSIONS
	REFERENCES

