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ABSTRACT 

Drought is a reoccurring worldwide problem with impacts ranging from food production to 
infrastructure. Droughts are different from other natural hazards (floods, hurricanes, and earthquakes) 
because the effects are only witnessed slowly and with a time delay. Droughts are caused by natural causes 
but also by interaction between the natural processes like precipitation and evapotranspiration and water 
demand. Heat waves and prolonged absence of precipitation is expected to increase due to climate change. 
Therefore drought is expected to become more frequent in both typical dry regions, like the Horn of 
Africa, and also in semi-humid environments, like Europe. This gives rise to socio-economic related 
problems in countries unfamiliar to droughts. Dutch temperature rise and precipitation deficit in the 
summers of  2003 and 2006 caused substantial crop loss in the agricultural sector. Side effects included 
increased river water temperatures and low water levels which lead cooling problems for power plants. 
Therefore assessing and monitoring drought in the Netherlands is thus very important. 

Drought monitoring is usually performed with drought indices. Various drought indices are available to 
assess the severity, duration and spatial extend of the drought. Some of the commonly indices used are 
Standardized precipitation index (SPI) and the Palmer Drought Severity Index (PDSI). However each of 
these indices do not take into account the actual state of the land surface in respect to the dryness. By 
analysing drought through actual evapotranspiration (ET) estimations from remote sensing this 
shortcoming can be avoided.  

The severity of the droughts was quantified by ET-mapping from 2003-2010. The assessment was based 
on the spatial and temporal distribution of ET using  the Evapotranspiration Deficit Index (ETDI) 
drought index. Surface energy fluxes, like ET, were estimated using WACMOS methodology. The input 
data consisted of remote sensing products like land surface temperature, LAI, and albedo from MODIS; 
and meteorological data like air-temperature, humidity and wind speed from the European Centre for 
Medium weather forecast (ECMWF). ETDI was then calculated using the estimated actual ET in 
combination with reference ET from Penman-Moneith. Investigations on temperature and precipitation 
anomalies, using SPI, are also included because of their contribution to the droughts. For this  
precipitation data from ground measurements were used to calculate the SPI for comparison with ETDI. 

The results show that SEBS ET from MODIS 1km resolution and ECMWF can be used for estimating 
ET for Twente region. The ET maps show that evapotranspiration in all years follow a seasonal trend 
with higher ET during the growing season as compared to other seasons. Investigation into ET shows 
small spatial variability, and investigation into SPI shows large temporal variability with 2003, 2006, and 
2009  being  dry years. The results from ETDI and SPI can be used for drought assessment. 
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1. INTRODUCTION 
Drought is a reoccurring and worldwide problem that will grow in future. Droughts cause significant 
socio-economic and environmental impacts like reduced agricultural products, reduced water levels, 
increased fire hazards, and damage to wildlife. As drought is a slow hazard it is difficult to predict the 
temporal start and end. This prediction is further troubled because drought is depending on a lot of 
variables. Hence studying droughts incorporates the investigation in general land surface parameters, of 
which not all can be determined accurately. Drought characteristics, like intensity and frequency, will vary 
from one climate regime to another (Iglesias et al., 2009) and therefore, need to be investigated 
thoroughly. 

Climate change causes not only global temperature rise, but also the increase of extreme weather events 
(IPCC, 2007). Such extremes are intense rainfall followed by prolonged absence of precipitation. Both the 
rise in temperature and the long absence of precipitation are major factors for causing droughts. In 
Europe this climate variability is enhanced due to strong land-atmosphere interactions with the 
greenhouse gas concentration increased (Sonia I. Seneviratne et al., 2006). This was well illustrated during 
2003 and 2006. 

Heat waves caused meteorological and agricultural droughts in the summers of 2003 and 2006 followed by 
extremely heavy rainfall in 20101. Similarly, (Henny, 2006) found decrease in the precipitation and soil 
moisture. In addition to the normal European problems, the Netherlands faces extra problem during 
droughts. Too much wet or too much dry can cause effect on the stability of the dykes (Baars, 2008). 
Consequently, droughts impact and drought monitoring in the Netherlands should be investigated. 

1.1. Drought Assessment 

Assessing and analyzing drought is very important in water resource planning and management. Droughts 
are assessed under meteorological, agricultural, hydrological, and socio-economic aspects (Nagarajan, 
2010). Drought assessment depend on the factors that caused the drought and the impact of the drought. 
Assessing drought requires the understanding of historical droughts and its impact during the drought 
(Wilhite, 2007). 

Estimating climatological and hydrological parameters such as precipitation, evaporation, temperature, etc 
(Mishra et al., 2010) are the best ways for assessing drought events. In the past, drought assessment were 
done based on simply ground observations. However, the quantification of droughts had lower accuracy 
due to its distribution in space and time. Satellite remote sensing is the preferred technique because it 
enable the observations of variables at local, regional and even global scales (Su et al., 2001). In the past 
drought related remote sensing observables were limited to air temperature, but recently is extended to 
include precipitation and soil moisture. Using advanced algorithms, it is even possible to estimate land 
surface processes like evapotranspiration. 

Droughts are mainly assessed based on its intensity or severity, the duration and the areal extent. These 
parameters are combined into drought indices (Rossi et al., 1992). Various drought indices are used 
throughout the world like the percent of normal, standardised precipitation index (SPI) Palmer Drought 
Severity Index (PDSI), Crop Moisture Index (CMI), Deciles, Surface Water Supply Index (SWSI), 
Reclamation Drought Index (RDI), and Evapotranspiration Deficit Index (ETDI).  

                                                   
1 http://knmi.nl/ 
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1.2. Evapotranspiration Estimation 

Evapotranspiration (ET) is a vital component in the hydrological cycle and energy balance. This is because 
more than 65% of the total precipitation is loss as a combined process of evaporation and transpiration 
(Kite, 2000). However, ET for heterogeneous terrain is very difficult to obtain.  

Different methods are used for ET estimation using ground and remote sensing observations. Ground 
based methods like direct measurements by lysimeter, eddy covariance (Ding et al., 2010), and Bowen 
ratio (Bernhofer, 1992). However, these point scale measurements have a limited ability to quantify the 
spatial variability of ET for heterogeneous  . Use of remote sensing techniques enabled spatially 
distributed ET over larger areas. Selecting of appropriate remote sensing data is important depending on 
the areal extent and for what issue it is being used. 

1.3. Twente Drought Monitoring 

A case study for Twente in the past was performed which was to analyse the summertime 
evapotranspiration for 2003 (Sine Hailegiorgis, 2006). ET was estimated using only 4 summer Landsat 
images for that year.  Although extreme drought was rare, 2003 appeared to show a drought condition. 
SPI showed that drought can be better explained with time step of 12 months than three summer months.   

1.4. Problem Statement 

Drought is a complex phenomenon which is difficult to quantify in space and time. Different drought 
indices have its own pros and cons depending on the type of drought being assessed. The most commonly 
used drought indices are simple to use have accuracies which reduces for long time scales.  

It is important to understand which components in the water cycle (evapotranspiration, precipitation, soil 
moisture, water storage) are sensitive enough to detect drought and its spatial and temporal characteristics. 
Therefore consistency across variables for drought assessment is still a challenge. In this study, the 
drought condition have been assessed using ETDI derived from remote sensing based ET estimates and 
SPI obtained from in-situ precipitation measurements. 

 

1.5. Research Objectives and Questions 

The general objective this study to assess the spatial and temporal variability of drought in Twente for the 
period from 2003 to 2010 via mapping ET using remote sensing techniques.  

1.5.1. Specific objectives  
a. To investigate temporal variation of ET in respect to drought. 

b. To investigate spatial variability of drought in Twente. 

c. To investigate into the potential of drought indices. 

1.5.2. Research questions  
1. How was the spatial and temporal variation of ET in Twente from 2003 to 2010? 

2. What was the trend of the drought? 

3. Which drought index is best suited for analyzing the severity and extent of drought? 

4. How is the resulting information going to help in the water resource management? 
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2. THEORY 

2.1. Drought 

Drought is dryness due to acute shortage of water. Effects of drought can only be witnessed slowly over a 
period of time and remains for years after the drought ends. Secondly, drought has no universally accepted 
definition. Identifying impact of droughts is very difficult because of  complex spatial and temporal extend 
of droughts. They vary with time and spatially (Bonaccorso et al., 2003). However, drought definition can 
be categorized as conceptual and operational. Conceptually, drought can be defined as a prolonged dry 
period while operational definition tries to identify the onset and the severity of drought. 

Effects of droughts are such as shortage in food supply, famines,  migrations of people, and wars. 
Drought is not only due to natural cause but also due to interaction between the natural event and the 
demand of human and the environment. Therefore, the probability of drought also depends on the 
actions of human beings (Wilhite, 2007). Assessing drought is therefore of great importance in the water 
resource planning and management which requires the knowledge of the historical drought and their 
impacts. 

2.1.1. Drought Classification 

Droughts are characterized (Wilhite. et al., 1985) by climatologically and hydrological parameters based on 
which drought has been categorized as: meteorological, agricultural, hydrological, and socio-economic 
droughts. 

i. Meteorological drought: results due to prolonged absence of precipitation, high 
temperature, low humidity which increases the evapotranspiration for  specific region. 

ii. Agricultural drought: droughts affecting the agricultural production. Usually occurs when 
there precipitation shortage and soil moisture deficit. That is when the water requirement by 
the plants are not met. 

iii. Hydrological drought: a slow process drought which occurs when the surface or subsurface 
water supply from the reservoirs, streams, lakes, and aquifers fall below their normal level. 

iv. Socio-economic drought: as a result of extended dryness, the demands over goods such as 
drinking water supply or hydro-electric power also increases causing huge socio-economic 
impact. 

These droughts are all interconnected since all originates from deficiency of precipitation.  

2.1.2. Drought Indices 

Drought indices are the tools to identify the characteristics of drought such as the onset, severities and the 
spatial extent. Drought indices provide a basis for drought assessment. With different type of droughts, 
several different drought indices have been introduced. Therefore, like drought, drought indices do not 
have a universally accepted definition. Use of drought indices depends on the study of interest like 
meteorological, hydrological or agricultural domains (S.Niemeyer, 2008) and also on the data available. 
Some of the drought indices are as follows:  

I. Percent of Normal: is one of the simplest rainfall measurements for a location or a single season. 
Percent of normal is calculated by dividing actual precipitation by normal precipitation and 
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multiplying by 100% . Normal precipitation for a location is considered to be 100%. Percent of 
normal is suited for the weather forecast. 

II. Standardized Precipitation Index(SPI): SPI is less complex as it depends only on precipitation 
data at least 30 years (longer the better) (Agnew, 2000; McKee et al., 1995; Tsakiris et al., 2004). 
The long-term precipitation record is normalized using a probability distribution so that the mean 
SPI for a location and desired period is zero. SPI is computed for different time scales ranging 
from 3, 6, 12, 24, and 48 months. Negative SPI values indicate dry condition and positive for wet 
conditions. SPI is helpful in early warning of drought and in assessing drought severity. The only 
disadvantage of using SPI is that the values based on preliminary data may change and it does not 
involve important parameters such as temperature and ET.  

III. Palmer Drought Severity Index(PDSI): PDSI was developed to measure the duration and 
intensity of long term drought (Guttman et al., 1992; Palmer, 1965). It is calculated based on the 
precipitation, temperature, and soil moisture data and therefore, responds to abnormally dry and 
wet conditions. The disadvantage of PDSI is that the values may lag emerging droughts and well 
suited for homogeneous regions.  

IV. Crop Moisture Index(CMI): CMI is used to monitor short-term soil moisture condition 
(Palmer, 1968), based on mean temperature and precipitation for each week especially agricultural 
droughts. Similar to PDSI, CMI also responds to change in weather conditions. CMI can only be 
used during the crop growing season  and not for long-term drought. 

V. Surface Water Supply Index(SWSI): SWSI was developed by Shafer and Dezman, 1982 as a 
complement to Palmer Index where it is calculated based on snowpack, streamflow, precipitation, 
reservoir storage. SWSI is independent for individual basin, therefore, cannot be used for basin 
comparisons. 

VI. Reclamation Drought Index(RDI): Recently developed for detecting drought severity and 
duration. Similar to SWSI, is used for basin level and cannot be used for basin comparisons. RDI 
is calculated based on precipitation, snowpack, stream flow, reservoir level and temperature 
(Weghorst, 1996). 

VII. Evapotranspiration Deficit Index(ETDI): is calculated using the water stress ratio. The water 
stress is calculated using actual and reference ET. Water stress values ranges from 0 to 1, where 1 
indicates no evapotranspiration and 0 indicating evapotranspiration occurring at same rate as the 
reference evapotranspiration (Narasimhan et al., 2005). 

2.2. Concept of Evapotranspiration 

Evapotranspiration is  defined as the loss of water as water vapour from open water source, soil surface 
and vegetation to the atmosphere. Climatological variables like air temperature, relative humidity , wind 
speed, and radiation are the main factors affecting evapotranspiration (Shenbin et al., 2006).  

Evapotranspiration is of greater importance in the water resource management and planning. ET plays an 
important role in the hydrology, meteorology and agriculture as it is used in prediction and assessment of 
hazards such as floods and droughts, weather forecasting and climate change modelling (Z. L. Li et al., 
2009). In this study ET has been aimed for assessing drought condition in Twente. ET estimation can be 
based on conventional and remote sensing techniques. Following are some of the methods used: 
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2.2.1. Conventional Methods 

Conventional methods of ET estimation are based on ground measurements. Some examples of 
conventional ET estimation methods are pan evaporation (G, 2002), Bowen ratio, eddy covariance, 
lysimeter, scintillometer, sap flow. Though conventional methods have shown relatively accurate ET for 
homogenous area, their uses are limited for  larger heterogeneous area. This is because of requirement of  
other surface variables such as air temperature, wind speed, vapour pressure, surface roughness which are 
again difficult to measure over larger areas (Idso et al., 1975). ET can be estimated using the ground based 
derived fluxes. One such method is the use of scintillation method as described below: 

Sensible & Latent heat flux from  Scintillation method: 
Large aperture scintillometer (LAS) has a transmitter and a receiver installed at a certain height ( LASz ).  

The procedures involved in the deriving the sensible heat flux was based on the instruction manual by 
Kipp & Zonen for LAS. The scintillometer measures the intensity fluctuations of electromagnetic 
radiation also known as scintillations over a horizontal path )(L .The scintillations are expressed as 

structure parameter of the refractive index of air )( 2
nC . A relationship between the measured variance of 

the natural logarithm of intensity fluctuations )( 2
ln l and the structure parameter can be expressed  as  

   33/72
ln

2 12.1 LDC ln        2-1 

where D  is the aperture diameter and L the path length or the distance between the transmitter and the 
receiver. Since air temperature (T), humidity (Q), and pressure(P) fluctuations causes air density 
fluctuations , thus the fluctuations in the refractive index of the air (n).  Thus the structure parameter  2

nC

divided into structure parameter of temperature 2
TC , 2

QC  and covariant term TQC  neglecting the pressure 

fluctuations. 2
TC  term can be estimated using the formula, 

   2
2

2

6
2 10*78.0

Tn C
T

PC       2-2 

where P is the atmospheric pressure, T air temperature. 

To derive sensible heat flux (H) using Monin-Obukhov Similarity Theory (MOST) from 2
TC . Initially, free 

convection method for day-time unstable condition is applied, then determination of H should follow an 
iterative procedure (Hill, 1997). 

 

4/32
2/1

)()( TLASpfree C
T
gdzbCH       2-3 

where b is an empirical constant )48.0(  (Zhilin et al., 2004)  
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  Figure 2-1 : Minimum height of LAS as a function of path length and different surface conditions. 
 

 

 Figure 2-2 : Behaviour of the signal strength when transmitter/receiver is turned horizontally. 
 

 
)()(

2
*

3/22

T
MO

LAS
T

LAST f
L

dzf
T

dzC
    )0( MOL     2-4

    

where d  is the zero-displacement height, LASz  is the effective scintillometer height (Hartogensis et al., 

2003), MOL is the Obukhov length, and *T  is the temperature scaled defined as: 

 *
* uC

HT
p

          2-5

       

 *

2
*

Tgk
TuL
v

MO           2-6
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where is the density of air (~ 1.2kg m-3), pc the specific heat of air (~ 1005 J Kg-1K-1), vk  is the von 

Karman constant (~ 0.41), g the gravitational acceleration (~ 9.81 m s-2) and *u the frictional velocity. The 
universal stability function Tf  for unstable (day-time, 0MOL ) 

 

3/2

21 1
MO

LAS
TT

MO

LAS
T L

dzcc
L

dzf      )0( MOL      2-7 

where 9.41Tc  and 1.62Tc and for stable condition, 

 

 

3/2

31 1
MO

LAS
TT

MO

LAS
T L

dzcc
L

dzf       )0( MOL     2-8 

where 3Tc =0.22 (Andreas, 1988; Bruin et al., 1993; Wyngaard et al., 1971). The friction velocity *u  
required for deriving the H is obtained from , 

 MO
m

MO

u
m

u

v

L
z

L
dz

z
dz

uku
0

0

*

ln
      2-9

      

where uz is the height at which the wind speed is measured and m is the integrated stability function for 
momentum defined as , 

 
2

)arctan(2
2

1ln
2

1ln2
2

xxx
L

z

MO
m     )0( MOL    2-10

   

where, 

4/1

161
MOL
zx

 

 

2.2.2. Remote Sensing methods 

The measurements using conventional technique represented point scales which did not address the 
spatial variability of ET in large heterogeneous surfaces. The surface temperature measured from the earth 
surface helped link the interaction between the surface radiance and energy balance components (M. F. 
McCabe et al., 2006). Remote sensing provides continuous spatial and temporal coverage and retrieve 
information from the areas where it is not accessible by man. Several surface parameters such as NDVI, 
LAI, surface albedo can be retrieved from visible and near-infrared bands and surface emissivity and 
temperature from the mid and thermal infrared bands. These parameters can estimate ET when combined 
with surface meteorological variables and other surface variables on local, regional and global scales with 
the help of models.  
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There are different ET estimation methods using remotely sensed land surface temperature as reviewed by 
(Kalma et al., 2008). Energy and radiation balance methods for ET estimation includes the mass budget 
methods, energy budget methods, and method based on measurement of turbulent fluxes. Surface energy 
balance model explained in detail in 2.3 is based on the surface energy budget. The net radiation Rn , latent 
heat flux E , ground heat flux 0G  and sensible heat flux H  depends on the land surface temperature. 
Another method is the use of water stress index which is the ratio of actual to potential 
evapotranspiration. Actual ET can be estimated using the potential evapotranspiration calculated from 
meteorological data. Land surface models (LSM) are used to get the energy balance components which 
also includes soil-vegetation-atmosphere transfer (SVAT)models. SVAT model provide continuous 
simulation of processes like ET (Olioso et al., 2005) as model represents the vegetation interactions with 
soil and atmosphere (Liang et al., 1994). There was also the simple statistical method for estimating ET 
proposed by (Seguin et al., 1983) where linear relationship between Rn  and E and the difference between 
radiative temperature and near surface air temperature were considered.  This statistical approach required 
local calibration.  

In one source surface energy balance models also known as single-layer, one-source or big leaf models 
(Kustas, 1990), E  is computed easily using the energy balance equation as there is no distinction between 
evaporation from soil surface and transpiration from vegetation. There are difficulties such as the 
extrapolation of air temperature profile to roughness length for heat transfer leading to problems in  
defining the resistances (Norman et al., 1995). Two source models were introduced to address the 
problem  where evaporation is the sum of soil evaporation and transpiration from vegetation (Jupp et al., 
1998; Kustas et al., 1999). Fluxes were estimated from soil surface and vegetation separately. A 
comparison study (F. Li et al., 2005), suggested a possibility of combination value for microwave and 
thermal remote sensing constraints on the fluxes from soil and canopy.  A two-source time integrated 
model was later introduced as an extension to the earlier two-source model (Anderson et al., 1997). The 
model required surface temperature measurements at two times but was relatively insensitive to 
uncertainties related to surface emissivity. Dual-temperature difference(DTD) was developed (Kustas et 
al., 2000), following the formulation of the time integrated two-source model. The two times chosen one 
after the sunrise when the fluxes are small and the second time when the fluxes are large. The difference 
between the two temperatures showed the maximum. This simulates the sensible heat flux from which 
latent heat can be calculated as a residual. 

Another remote sensing methods for ET estimation is the spatial variability methods like Single Energy 
Balance Algorithm for land (SEBAL) (W. G. M. Bastiaanssen et al., 1998), Simplified Surface Energy 
Balance Index (S-SEBI) (Roerink et al., 2000). SEBAL is used with remotely sensed surface temperature, 
reflectivity and NDVI. It uses one-source resistance transfer to calculate instantaneous sensible heat flux 
and is widely used in relatively flat landscapes. In S-SEBI, evaporative fraction is obtained from a scatter 
plot of radiometric surface temperature and Landsat TM derived albedo. 

Recent study by (Timmermans et al., 2007) on inter-comparison between single energy balance algorithm 
(SEBAL) and two-source energy balance (TSEB) showed acceptable results but SEBAL had difficulties in 
estimating the fluxes in the drier areas. In the sensitivity analysis, both models had significant effect on the 
fluxes estimation with uncertainties in remotely sensed surface temperature. Surface Energy Balance 
system (SEBS) explained in 2.3 was later introduced which limited the uncertainties in derived fluxes. 
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2.3. Surface Energy Balance System (SEBS) 

SEBS was developed by Su, 2002 to estimate the evapotranspiration and evaporative fraction using 
satellite and meteorological data (Su, 2002). SEBS has been used to generate daily, monthly, and annual 
evaporation in a semi-arid environment (Su et al., 2003), and for drought monitoring. SEBS algorithm uses 
Bulk Atmospheric Similarity (BAS) and Monin-Obukhov atmospheric surface layer (ASL) similarity, 
which can be used for both local and regional estimation of turbulent fluxes respectively. 

SEBS accounts for surface heterogeneity in estimation the roughness height for heat transfer. The 
uncertainty in derived latent heat flux and evaporative fraction is limited since SEBS considers energy 
balance at the limiting cases (dry and wet limits). SEBS have advantage in estimating evaporation in 
different types of surface at different scales. 

The data products from MODIS and meteorological from ECMWF were then used in the SEBS model.  

The model consists of three sets of tools: I) one set to derive the land surface parameters from satellite 
data;  II) a model to determine the roughness length of heat transfer, and III) a formulation to determine 
the evaporative fraction considering the limiting case for energy balance (Su, 2005). 

SEBS requires three basic inputs: 

1. Land surface parameters (albedo, land surface temperature, emissivity, leaf area index, vegetation 
fraction, vegetation height) (remote sensing data). 

2. Meteorological data (air temperature, air pressure, humidity, and wind speed at reference height) 
(meteorological stations). 

3. Incoming short wave and long wave radiation which can be derived or from the meteorological 
stations. 

To estimate ET using SEBS, following steps are followed: 

2.3.1. Determination of  surface energy balance terms 

From the energy balance equation, 

  EHGRn 0         2-11 

where Rn  is the net radiation, 0G is the ground heat flux and E  is the latent heat flux. The net radiation 
is calculated by , 

  
2

0.1 TRRRn lwdwds       2-12 

where,  is the albedo, swdR  and lwdR  are the downward short wave and long wave radiation, is the 

surface emissivity ,  is Stefan-Boltzmann's constant, and 0T  is the remotely sensed surface temperature. 

The ground heat flux 0G  is parameterized as , 

  ).exp(..0 LAICRnG        2-13 

where 34.0C  is the amplitude of LAI and 46.0 is the extinction coefficient (Kustas et al., 1993). 
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2.3.2. Determination of land surface parameters 

 Land surface temperature, albedo, emissivity , NDVI,  and LAI are obtained as MODIS products.  

 Fractional vegetation cover ( fvc ) which can be defined as the structural property of a canopy. It 
is the amount of vegetation distribution in horizontal perspective which can be expressed as, 

  v
apar

apar C
f
f

fvc
3

max

11        2-14 

 where,  aparf  is the fraction of photosynthetically active radiation.  

 Vegetation height can be determined by using an empirical formula by (Brutsaert, 1982) 

136.0
omzh           2-15 

where omz  is the aerodynamic roughness height which is determined below. 

 

2.3.3. Determination of aerodynamic roughness height 

Aerodynamic roughness height is the one of the crucial parameters in the energy balance system as it is the 
height above which the mean wind is zero. Theoretically it is determined from the wind speed profile 
which is still a challenge for researchers. The height can also be determined using the following 
combination equation (W.G.M Bastiaanssen, 1995), 

   )exp( 21 NDVIcczom       2-16 

where, 5.51c and 8.52c . 

2.3.4. Determination of roughness height for heat transfer 

The roughness height for heat transfer changes with surface characteristics. The within canopy wind speed 
profile extinction coefficient ecn  by, 

   22
* )(/2

.
huu

LAICn d
ec        2-17 

dC  is the drag coefficient of foliage elements taken as 0.2, LAI is the one-side  leaf area index, )(hu is the 
horizontal wind speed at canopy top. The scalar roughness height for heat transfer is given by 

   )exp(/ 1kBzz omoh        2-18 

where, 1B is the inverse Stanton number (heat transfer coefficient) which is calculated by 

 21
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   ]4.7ln[)(Re46.2 4/1
*

1
skB       2-20 

where, cf is the fractional vegetation coverage, sf is its compliment, tC and *
tC are heat transfer coefficients 

of leaf and soil respectively, *Re is the roughness Reynold number given by, vuhs /Re ** , where sh
is the roughness height of soil and the kinematic viscosity of air . 

   81.1
00

5 )/)(/(10.327.1 TTppv      2-21 

2.3.5. Determination of sensible heat and latent heat using similarity theory 

Sensible and latent heat fluxes are derived using the similarity theory equations as follows:  

  
L

z
L
dz

z
dz

k
uu om

mm
om

00* ln     2-22 

  
L
z

L
dz

z
dz

Cku
H oh

h
hohp

a
00

*
0 ln    2-23

    

where, u is the wind speed, *u is the friction velocity, z is the reference height above the surface, 0d is  the 

zero displacement height, omz is the roughness height for momentum transfer, 4.0k is the von karman's 

constant, ohz is the scalar roughness height for heat transfer, m and h are the stability correction 

functions for momentum and sensible heat transfer, a is the potential air temperature at height z , 0 is the 

potential temperature at the surface, and L  is the Obukhov length which is defined as, 

   
kgH

uC
L vp

2
*        2-24 

where, g  is the acceleration due to gravity and v  is the potential virtual temperature near the surface. 

Using the Bulk Atmospheric Boundary Layer (ABL) Similarity (BAS) functions by Brutsaert (1999), relates 
surface fluxes to surface variables and mixed layer atmospheric variables. The functions can be used for 
unstable conditions. For stable conditions, expressions by Beljaars and Holtslag (1991) are used. The 
friction velocity, sensible heat and Obukhov length are calculated using the non-linear equations (2.22-
2.24). Limiting cases are considered in the energy balance to determine the sensible heat: 

00 drydry HGRnE  , 0GRnHdry       2-25 

wetwet HGRnE 0    , wetwet EGRnH 0      2-26 

where, H is the actual sensible heat. dryH can be calculated using equation (11) and wetH by combining 

equation with Penman-Monteith equation, 
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wheree  and sate are the actual and saturated vapor pressure,  is the psychometric constant,  is the slope 

of vapor pressure, ir  is the bulk surface internal resistance and er   is the external resistance. 

At wet limit, 0ir , therefore, sensible heat at wet limit is 

 1/.0
ee

r
C

GRnH s

ew

p
wet       2-28 

where external resistance at wet limit ewr is given by 

 
w

oh
h

w
h

oh
ew L

z
L

dz
z

dz
ku

r 00

*

ln1
     2-29 

where stability length at wet limit, wL  is determined by: 

 
/).(61.0 0

2
*

GRnkg
uLw         2-30 

2.3.6.  Determination of evaporative fraction. 

The relative evaporation is given by, 

 wetwetwetr EEEEE /)(1/       2-28 

 )/()(1 wetdrywetr HHHH        2-29 

The evaporative fraction is given by, 

 )/(.)/( 00 GRnEGRnE wetr       2-30 

 
2.3.7. Up-scaling of daily ET 

Up-scaling of evaporative fraction to daily ET was performed using the following formula, 

 w
GRnEdaily

0
24

0

7 **10*64.8
       2-31 

where dailyE is the daily actual ET in mm/day. 

2.4. Reference Evapotranspiration from Penman-Monteith 

Even though there are various methods to calculate reference evapotranspiration ( 0ET ) . In this study, 

Penman-Monteith equation was used as it is more reliable and in most cases use for verification of other 
empirical methods(Chen et al., 2005). Meteorological data from ECMWF were used in Penman-Moneith 
equation as follows:  

  
))/1((

))/)(()(( 0
0
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saspa

rr
reeCGRn

ET      2-32
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where )( as ee is the vapour pressure deficit (VPD) of air, a is the mean density of air at constant 

pressure, pC is the specific heat of the air, is the slope of+ VPD, is the psychometric constant (ratio 

of specific heat of air to the latent heat of water vapour), sr is the resistance of vapour flow from the soil 

and transpiring vegetation surfaces, and ar is the resistance of vapour flow from  canopy to air above 
canopy. 

2.5. Drought Assessment 

2.5.1. Evapotranspiration Deficit Index (ETDI) 
Evapotranspiration deficit index is a drought index based on the evapotranspiration. ETDI considers the   
following characteristics(Narasimhan, et al., 2005): 

1. The index should respond to agricultural drought. 

2. The index should be able to respond to all seasons (summer or winter). 

3. The index should be spatially comparable irrespective of climatic zones. 

ETDI have high temporal resolution (weekly) compared to the monthly temporal resolution of commonly 
used PDSI and SPI. But for this study, monthly temporal resolution has been used  due to constrain 
weekly remotely sensed ET using MODIS. Following are the steps involved in the calculation of ETDI: 

The ETDI for time j month  is calculated on incremental basis by Palmer (1965): 

  50
5.0 1

j
jj

WSA
ETDIETDI

 
         2-33 

where 1jETDI  represent the ETDI for initial month and WSA monthly water stress anomaly: 

 100*
min

,
,

jj

jij
ji WSMWS

WSMWS
WSA      if )( , jji MWSWS     2-34

  

 100*
max

,
,

jj

jij
ji MWSWS

WSMWS
WSA      if )( , jji MWSWS

   
 2-35

       

where jMWS  the long-term median water stress of month j , jWSmax  is the long-term maximum water 

stress of month j , jWSmin  is the long-term minimum water stress of month j . On average the monthly 

water stress anomaly value ranges from -100 to +100 indicating very dry to very wet conditions.  

Water stress is given by, 
0

0

ET
ETETWS        2-36

      

where, 0ET is the reference evapotranspiration from Penman-Monteith using meteorological data and ET  
is the actual evapotranspiration derived from SEBS. The result for ETDI is discussed in 5.2.1. 
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2.5.2. Standardized Precipitation Index (SPI) 

SPI is uses only precipitation data. Negative SPI value indicated dryness and positive indicates wetness as 
categorized in Table 2-1 : Category of SPI values by McKee and Edward.. The SPI was calculated using 
the following formula: 

xxSPI i            2-37 

where, ix is the monthly precipitation observation, x is the mean monthly precipitation, and is the 
standard deviation. The results is discussed in results and discussion 5.2.2. 

Table 2-1 : Category of SPI values by McKee and Edward. 

                   SPI Values 
2.0 and above Extremely wet 

1.5 to 1.99 Very wet 
1.0 to 1.49 Moderately wet 

-0.99 to 0.99 Near normal 
-1.0 to -1.49 Moderately dry 
-1.5 to -1.99 Severely dry 
-2.0 and less Extremely dry 

 

2.5.3. Normalization 

For better comparison, ETDI and SPI were normalized such that minimum value corresponds to zero, 
therefore considering a new scale for these indices with dry and wet for minimum and maximum.. 
Following equation was used for normalization (Sims et al., 2002) 

)max(/ ,,, jijiji OIOINI          2-38

         

where jiNI , is the normalized drought index (ETDI / SPI),  and  jiOI ,  is the offset of drought indices. 

2.5.4. Temperature Anomaly 

Temperature anomaly is the deviation from long-term temperature range. Positive anomaly indicates 
warmer observed temperature than normal and negative indicates cooler than the normal. Temperature 
anomalies can be used for drought detection because of its influence on ET. In this study temperature 
anomalies have been calculated for the summer periods (April-September) over a period of 36 years (1975 
to 2010). The temperature anomaly was calculated as 

   
TTT i

ia ,         2-39 

where, iaT , is the temperature anomaly of i year, iT is the temperature in i year, T is the mean temperature 

and  is the standard deviation. 

2.5.5. Precipitation Excess 

Precipitation is the one of the main driving factor causing drought. Precipitation excess is the amount of 
rain water that is available after infiltration capacity, evapotranspiration, and other losses which either 
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contributes to the surface flow or the groundwater recharge. It is also known as effective precipitation 
which is calculated by, 

   pactualexcess ETPP        2-40 

where, actualP  is the total precipitation and pET is the potential evapotranspiration calculated by Makkink 

using the meteorological data from the KNMI Twente station.   

 

2.5.6. Normalized Difference Vegetation Index (NDVI) 

Normalized Difference Vegetation Index  is a simple index and can be used as an indicator drought  as 
found out by (Ji et al., 2003). NDVI value ranges from -1 to +1. NDVI value are used to characterize the 
vegetation health. NDVI deviation from its mean for a given period help determine drought condition. In 
this study 16-day NDVI from MODIS is used to analyze drought events during 2003 to 2010. 
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3. STUDY AREA 

3.1. Location 

Twente lies within the province of Overijssel in the eastern part of the Netherlands. It lies within the 
latitudes of  52° 05' to 52° 27' N and longitude of 6° 05’ to 7° 00' E. The area is approximately 1374 km2. 
Twente comprises of fourteen municipalities Almelo, Borne, Dinkelland, Enschede, Haaksbergen, 
Hellendoorn, Hengelo, Hof van Twente, Losser, Oldenzaal, Rijssen-Holten, Tubbergen, Twenterand and 
Wierden. 

 

 

 

 

 

 

 

 

 

 

3.2. Climate 
The climatic condition in Twente is temperate with mild winters and cool summers. Average temperatures vary 
between 2.20C in winter to 16.60C in summer as shown in Figure 3-3. The average annual precipitation reaches 
916.5mm yr-1 as  in Figure 3-2.  The violent wind along the coast causes change in the weather pattern of the 
country.  

 
Figure 3-2 : Annual precipitation for Twente (2003-2010) from KNMI. 
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Figure 3-1 : Study Area (right : Twente). 
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Figure 3-3 : Mean monthly air temperature and relative humidity (2003-2010) from KNMI. 

In Figure 3-3, shows the mean monthly air temperature and relative humidity. An inverse relationship 
between air temperature and relative humidity is observed showing increased temperature with decreased 
relative humidity and vice versa.  The peak mean temperature during 2003-2010  is seen in summer (July)  
and lowest in winter (January). 
 
3.3. Topography and Geology 

The topography of the Twente region is predominantly flat with low lying terrain, elevation ranging from  
80m in Oldenzaal above NAP to 5m in Ommen. The streams and rivers flow direction is North West to 
Regge and in the East few flows to the Dinkel valley. Twente consists of Pleistocene sand areas and 
moraines resulted from ice push during the Saaliean ice age. The soil type found are loamy sand, medium 
and coarse sand with frequent gravel layers as shown Figure 3-4. 

 

 

 

 

 

 

 

 

 

 

 

 

3.4. Landuse and Vegetation 

Vegetation covers mixed oak forests, heath, fens, grasses and crops. The area is dominated by agriculture 
(daily farming, intensive livestock and arable) and daily farming is the most common form of agriculture. 
The arable farming in the land is mainly used for corn which is a very demanding crop in term of water 
system (Huitema, 2002). The forest (14%) is covered equally by deciduous and coniferous tree. 

 

0 

4 

8 

12 

16 

20 

0 

25 

50 

75 

100 

Jan feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Te
m

pe
ra

tu
re

 (o
C)

 

Re
lat

ive
 H

um
id

ity
 (%

) 

Months RH(%) Temp(oC) 

 
 

Figure 3-4 : Soil map for Twente (source : http://www.bodemdata.nl/). 
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4. METHODOLOGY & DATA AVAILABLE 

4.1. General Methodology 
 
For the drought assessment in Twente, ET was  estimated using SEBS to analyze the spatial and temporal 
variation of ET. The methodology for this study includes three main steps as follows   

Pre-field work : Literature on droughts and drought indices, evapotranspiration and their esitmation 
methods were reviewed for this study. During the pre-field work, time series of cloud free MODIS data 
product were downloaded from the NASA website3 and meteorological data from European Centre for 
Medium Range Weather forecast (ECMWF) 2 and KNMI1.  

Field work : Precipitation data from the existing stations within the study area. A temporary weather 
station and a scintillometer was installed for the measuring the climatic and surface variables like wind 
speed, wind direction, temperature and humidity. Soil moisture and temperature was also measured at the 
temporary weather station. The mentioned variables were measured for validation purpose.  

Post-field work : Pre-processing and filtering of the satellite and meteorological data collected during the 
pre-field work.  The pre-processed data were then used in SEBS(2.3) and Penman-Monteith equation 
(2.4).  The post-field work also includes the comparison of different drought indices (like ETDI and SPI) 
and land surface variables (like temperature, soil moisture and precipitation) based on which drought 
events in the study has been studied as shown in 5.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                                   
2 http://www.ecmwf.int/ 
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Figure 4-1 : General Methodology. 

Figure 4-2 : Drought assessment. 
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4.2. Field data 

As per the second phase of the study, a field work was carried out on a farmland (grass land) in Hof van 
Twente from 27th September till 10th November 2011. The farm land is called De_Broeze horse and milk 
farm which is almost 20km from the Twente station. The main aim of this field work was to collect 
meteorological and surface variables for validation purpose. A temporary weather station and a 
scintillometer by Kipp & Zonen were installed as shown in Figure 4-3. 

In Figure 4-3, the lower figure shows the set up of different instruments for measuring variables like wind 
speed, wind direction, temperature, humidity as listed in Table 4-1.  All the instruments were set up at a 
height of 2m above ground surface. The receiver and transmitter of the scintillometer were set up at a 
height of 2m and at a path length of 119m. Sensible heat flux was derived from the intensity fluctuations  
measured by the scintillometer as explained in section 2.2.1.  Precipitation was also recorded using a 
tipping bucket. The data logger used recorded the data every one minute but was changed later to every 5 
minutes because of logger memory.  

 

 

 

 

 

 
Figure 4-3 : Field Instruments setup(bottom) in a grassland at Markelo(upper right), Hofvan Twente(upper left) 
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Table 4-1 : List of instruments and data collected. 

Data Instrument Model 

Soil heat flux  Heat flux plates  HFP01SC 

Soil temperature Soil temperature probes   

Wind direction Potentiometer wind vane W200P 

Wind speed Anemometer A100R 

Air temperature& relative humidity Combined humidity temperature probe  

Sensible heat flux Large Aperture Scintillometer Kipp & Zonen  

Data logger Micro logger CR23X 

 

Soil heat flux and temperature were measured using 2 soil heat flux plates at 3cm and 12.5cm from the 
ground surface and 4 temperature probes at 5,10,15, and 50cm depth as shown in Figure 4-4. The 
measurements were used to calculate the ground heat flux (G) in the energy balance equation.  

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4-4 : Soil profile at different depths 
 

4.2.1. Field Observations 

Wind speed, air temperature, and relative humidity 

Meteorological variables like wind speed, air temperature, pressure were collected to calculated the 
sensible heat flux along with the measurements from the scintillometer. The field measurements were 
compared with those measured by the KNMI. 

To observe the spatial variation of wind speed, air temperature, and relative humidity measured in the field 
and from KNMI, comparisons were done. Comparison of wind speed and relative humidity as in Figure 
4-5and Figure 4-7 showed that the KNMI measured were higher than the field measured although the 
measurement trend are same. We presumed that the trees around the farm land caused lower values in 
measurements compared to KNMI measured value as. The comparison of air temperature measured in 
Figure 4-6 showed lesser variation. Figure 4-8 shows the higher correlation of air temperature (R2=0.7508) 
and wind speed (R2=0.801) measured in field and KNMI. 
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Figure 4-5 : Wind speed comparison between KNMI and field measurements. 

 

Figure 4-6 : Air temperature comparison between KNMI and field measured. 

 

Figure 4-7 : Relative humidity comparison between KNMI and field measured. 

 

Figure 4-8 : Comparison of air temperature and wind speed from KNMI and field measured. 
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Soil moisture and temperature  

As mentioned earlier, soil moisture and temperature were measured to calculate the ground heat flux using 
soil heat flux plates at 3cm and 12.5cm depth, and four soil temperature probes at 5, 10, 15, and 50cm 
from the ground surface. The soil moisture results shown in Figure 4-9 and temperature in Figure 4-10. 

 

Figure 4-9 : Field measured soil moisture content at different soil  depths. 

In above Figure 4-9, minimum soil moisture content is observed at 50cm soil depth. Soil moisture 
fluctuations can be seen in the upper 3 depths at 5, 10, and 15cm though in the beginning the moisture 
content was more or less constant. At the start of the measurements, moisture content was high at depth 
15cm  compared to the depths nearer to the ground surface. With time was observed that the soil 
moisture content at 5cm depth was the highest being closer to the ground surface exposed to the 
atmosphere.  
 

 

Figure 4-10 : Field measured soil temperature at different soil depths. 

The temperature trends at different soil depths as shown above in Figure 4-10, the soil temperature at 
depth 50cm was gradually decreasing while the rest of the depths also appeared to decrease but with more 
fluctuations in measurements. Looking into both  Figure 4-9 and Figure 4-10, with time the soil moisture 
content increased and thus decreased in soil temperatures. 

4.2.2. ET results 

Using the energy balance equation and measurements from field and meteorological station, actual ET for  
the field area was then calculated. The sensible heat was calculated using the scintillation method mention 
in section 2.2.1, net radiation from the meteorological variables and ground heat flux from the field 
measurements as show Figure 4-11. The following two graphs shows the result of actual ET derived 
during the field campaign which is of two days: 



DROUGHT ASSESSMENT BY EVAPOTRANSPIRATION IN TWENTE, THE NETHERLANDS 

25 

 

Figure 4-11 : (left) net radiation, soil heat flux and sensible heat from field measurements; (Right) ET calculated 
using energy balance equation.  
 
Left figure in Figure 4-11 shows the net radiation, soil heat flux and sensible heat flux derived from field 
measurements which were used in the energy balance equation for calculating the ET. Calculated ET as 
shown in the right figure above shows peak ET during the day time 
In general the comparisons of variables like wind speed, air temperature and relative humidity between 
field and KNMI measured showed good agreement with each other and also the relationship between the 
soil moisture content and temperatures at different depths were reasonable. Therefore, the field 
measurements obtained were good for validation purposes. But because of certain problems like 
scintillometer alignment, data logger memory, battery shortages gaps in the observations were obvious 
during the period of field work measurements which made validation difficult. There were no cloud free 
MODIS images to do validation.  
Although it was not possible to perform validation with the field measurements, we were able to get some 
information about the ground water table. As said by the farmer that they extracted ground water for 
irrigation purpose by pumping . This lead to the decline of water table because of which some of the big 
trees where the water was pumped out died gradually.  
 
4.3. Soil Moisture Data 

The soil moisture and temperature data from soil moisture network in Twente  to check for validity of 
ETDI and the actual ET derived from SEBS. Since the station measured soil moisture and temperature 
data were collected only for 2009 and 2010, the ETDI and actual ET were compared only for those two 
years 

 

 

 

 

 

 

 

 

 

 

Lattrop 
Lat : 52°24'53.5'' 
Lon : 6°58'02.0'' 

Figure 4-12 : Soil moisture stations (source: Soil moisture Network for Twente) 
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4.3.1. Soil moisture 
Soil moisture data for 2009 and 2010 has been used in this study because the soil moisture network for 
Twente.  

 

 
Figure 4-13 : Soil moisture content at 5cm depth  from Soil moisture network for Twente 2009-2010. 

The graph below shows the trend of soil moisture and temperature at depth 5cm during these two years. 
From the graph, the soil moisture decreasing trend in the summer months which is due to increased 
evapotranspiration compared to the increasing trend of soil moisture during the rest of the months. 

4.3.2. Soil temperature 
 

 

Figure 4-4-14 : Soil temperature at 5cm depth from Soil moisture network for Twente 2009 -2010. 

The soil temperature increases gradually during the summer and reaches the peak in July and drops during 
the winter months. Comparing the soil temperature for 2009 and 2010, it is seen that the temperature 
varies in summer months and less or no variations in other months.  
The resulting soil moisture and temperature were used for comparison with ETDI. 
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4.4. Remote Sensing Data 

The required time series MODIS data products from 2003 to 2010 were downloaded from NASA 
website3. MODIS acquires earth observations in 36 spectral bands, 29 with 1-km (at nadir), 5 with 500m 
pixel, and 2 with 250m pixel dimension. The data includes land surface temperature, emissivity, leaf area 
index, vegetation indices, albedo, and landcover which are in Integerized Sinusoidal Projection (HDF 
format). The data was downloaded based on the grid of the study area, in this case, 'h18v3' as in Figure 
4-15 : MODIS tile selection for region of interest.. 

Table 4-2 : MODIS product details. 

MODIS product Product ID Temporal resolution Spatial Resolution (km) 

LST/emissivity MOD11A1 Daily 1 
NDVI MOD13A2 16-day 1 
LAI MCD15A2 8-day 1 
Albedo MCD43B3 16-day 1 
Land cover MCD12Q1 Yearly 0.5 

 

 

 

4.4.1. Re-sampling of data 

The MODIS data used in this study are Level-2 processed data which are corrected for geometric and 
atmospheric effects. The pre-processing included the conversion of projection from Integer Sinusoidal 
(ISIN) to UTM coordinates and re-sampling of data to 1km resolution using nearest neighbourhood. 
Nearest neighbour has been used to preserve the quality of image as this method allocates the value of 
nearest observation. The MODIS products were calibrated uses the scale factors in Table 4-3 : Scale factors 
for MODIS products. for different products. 

 

                                                   
3 http://modis.gsfc.nasa.gov/ 

 

Figure 4-15 : MODIS tile selection for region of interest. 
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Table 4-3 : Scale factors for MODIS products. 

Data Units Scale factor 
 LST Kelvin 0.02 
 NDVI NDVI 0.0001 
Albedo No unit 0.001 
LAI M2plant/m2ground 0.1 

4.5. Meteorological Data 
The meteorological data are from the ECMWF4. Meteorological data like air pressure, temperature, 
precipitation, windspeed, relative humidity and global radiation for the years (2003-2010) were used 
especially for the SEBS model. The meteorological data (1979-2010) were also used in the Penman-
Monteith equation to calculate the reference ET for the ETDI for drought assessment. 

Table 4-4 : List of meteorological data from ECMWF. 

ECMWF data Spatial resolution Temporal Resolution Years 

Dew point temperature 1.5°x1.5° 3 hourly 2003-2010 

Wind components 1.5°x1.5° 3 hourly 2003-2010 

Boundary layer height 1.5°x1.5° 3 hourly 2003-2010 
Surface temperature 1.5°x1.5° 3 hourly 2003-2010 

Surface pressure 1.5°x1.5° 3 hourly 2003-2010 

Surface solar radiation downwards 1.5°x1.5° 3 hourly 2003-2010 

Surface thermal radiation downwards 1.5°x1.5° 3 hourly 2003-2010 

Sunshine duration 1.5°x1.5° 3 hourly 2003-2010 

Air temperature 1.5°x1.5° 3 hourly 2003-2010 
Evaporation 1.5°x1.5° 3 hourly 2003-2010 

Surface sensible heat flux 1.5°x1.5° 3 hourly 2003-2010 

Surface latent heat flux 1.5°x1.5° 3 hourly 2003-2010 

Total precipitation 0.75°x0.75° 3 hourly 1979-2010 
The precipitation data from ECMWF was used in the calculation of SPI , the result for which is shown in 
5.2.2. 

Table 4-5 : List of meteorological data from KNMI. 

KNMI (Twente station) Temporal Resolution years 

Wind speed hourly 2003-2010 

Air temperature hourly 2003-2010 

Relative Humidity hourly 2003-2010 

Global radiation hourly 2003-2010 

Air pressure hourly 2003-2010 

Dew point temperature hourly 2003-2010 

Sunshine duration hourly 2003-2010 

Total precipitation daily 1979-2010 

                                                   
4 http://www.ecmwf.int/ 
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From the annual precipitation trend graph, least precipitation was observed in 1991 and then in 2003. The 
highest precipitation record during last 32 years  was in 1993 followed by 1994 and 1998. Monthly 
precipitation record of these years was used in  calculation of SPI, the result for  which is discussed in 
5.2.2 in results and discussion. 

4.5.1. Up-scaling of meteorological data 

The meteorological parameters such as the air temperature, humidity, pressure, and wind components 
interpolated to different pressure levels and also the radiation components for calculating the net radiation 
were used from  1.50x1.50 resolution ECMWF data . The data provided are in netcdf. format at different 
time steps. Each data is the accumulation from the start of forecast. In this study each meteorological 
parameter were download yearly, so, yearly accumulated data are retrieved. In order to obtain the 
instantaneous data, up-scaling was adopted based on the time step of forecast that were sometimes 3-
hourly, 6-hourly,  12-hourly or daily which were then used in the SEBS model to calculate the heat fluxes 
as explained in next section. 

4.6. Estimation of actual Evapotranspiration 

After pre-processing including re-sampling and up-scaling of the remotely sensed data, SEBS model as 
discussed in chapter 2 section 2.3 was used to calculate the cloud free daily ET from 2003 to 2010. 
Remotely sensed MODIS and meteorological data from ECMWF were used as input for the model. The 
daily ET were then produced as daily averaged ET maps as is discussed in the later chapter. The daily 
actual ET from the model and the reference ET from Penman-Monteith was also used in the ETDI 
drought index for drought assessment.  

4.7. Drought Assessment 
Finally,  drought assessment have been done using different drought indicators such as precipitation 
excess, temperature anomaly, ETDI, SPI, and soil moisture. The drought indicators were also compared 
in order to better understand and confirm on the drought events during 2003-2010.

Figure 4-16 : Annual precipitation from 1979-2010 from KNMI. 
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5. RESULTS AND DISCUSSION 

This chapter intends to analyse the results of actual ET derived from SEBS, and the use of ET and other 
drought indices in the drought assessment. The first section in this chapter will show the investigations 
into the land surface variables such as precipitation, ET, temperature, and soil moisture as these variables 
are the driving forces to droughts. Investigation includes the  (spatial) and temporal trend of the land 
surface variables. A detailed investigation into the spatial and temporal distribution of remote sensing 
based ET estimated which will later be used in ETDI drought index. A quantitative investigation will also 
compare the in-situ measured precipitation (by KNMI) to the modelled precipitation (by ECMWF).  

Second part of this chapter will discuss on the drought assessment which involves the investigations of 
different drought indicators used like ETDI, SPI, precipitation excess, temperature anomaly, NDVI, and 
soil moisture. Cross comparison between the drought indicators in order to investigate success and 
potential of synergy.  

5.1. Land surface variables 
 
5.1.1. Actual Evapotranspiration 
 
This section will show the ET maps which were produced from daily actual ET derived from SEBS. ET 
maps from April to August  has been used for spatial and temporal ET distribution analysis in drought 
assessment because of availability of cloud free images.  
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Figure 5-1 : Daily averaged actual ET for 2003 (min =0; max=6.45mm/d) 

From Figure 5-1, ET increases from April reaching its highest in May and June and decreases in August as 
it approaches winter season. The maximum ET observed reaches as high as 6.45mm/d and as low as 0 in 
the urban areas shown by blue color. Spatially, the distribution of actual ET in the maps shows almost 
equal distribution except for the urban areas. 
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    Figure 5-2 Daily actual ET for 2004 (min=0;max=6.91mm/d) 
 
 
From Figure 5-2, maximum actual ET is observed in June. The maximum ET observed reaches as high as 
6.91mm/d and as low as 0 in the urban areas. Similar to Figure 5-1, the spatial distribution of actual ET 
showed less variation. Daily actual ET in August 2004 shows an increase compared to daily actual ET of 
August 2003.The blue colour in all the maps has ET=0 which is urban area. 
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Figure 5-3 : Daily actual ET for 2005 (min=0;max=6.45mm/d) 
 
From Figure 5-3, May, June and July had all these months high actual ET with maximum reaching up to 
6.45mm/d and decreases as it approaches August. Spatial distribution in all the maps showed almost an 
equal distribution of daily actual ET. The blue colour in all the maps has ET=0 which is urban area 
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Figure 5-4 : Daily actual ET for 2006 (min=0;max=6.6mm/d) 
 
ET maps for 2006 although show a seasonal pattern of actual ET, a decrease in daily actual ET is 
observed. July summer month which should actual give higher actual ET . The empty map in August 
means that there was no cloud free satellite images during that month. The blue colour in all the maps has 
ET=0 which is urban area 
 

 

Note : No cloud free images in August. 
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     Figure 5-5 : Daily actual ET for 2007 (min=0;max=5.96mm/d) 
 
In Figure 5-5, all the months seem to show higher daily actual ET with equally distributed ET in August. The empty 
map in July means that there was no cloud free satellite images during that month. The blue colour in all 
the maps has ET=0 which is urban area. 

Note : No cloud free image in July. 
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       Figure 5-6 : Daily actual ET for 2008 (min=0; max=6.32mm/d). 
 
From Figure 5-6, highest actual ET is observed in June and rest of the months with ET as high as 3mm/d.  
The empty map in April means that there was no cloud free satellite images during that month. The blue 
colour in all the maps has ET=0 which is urban area 
 
 

 

Note : No cloud free image in April. 
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Figure 5-7 : Daily actual ET for 2009 (min=0;max=5.68) 
 
June 2009 showed its peak actual ET as high as 5.68mm/d and decrease in August showing actual ET 
as high as 2.84mm/d. The blue colour in all the maps has ET=0 which is urban area 
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From Figure 5-8, May and June shows higher daily actual ET and minimum daily actual ET in August. 
Although in June higher concentration of actual ET is seen in north-west part of the region. The blue 
colour in all the maps has ET=0 which is urban area. 
 
 
 
 
 
 
 
 
 

Figure 5-8 : Daily actual ET for 2010(min=0; max=6.74mm/d) 
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5.1.2. Trend of SEBS derived actual ET 
The trend of derived actual  ET from 2003 to 2010 was analysed for catchment average shown in Table 
5-1 and for station point as shown in Table 5-2. 
 
Table 5-1 : Daily averaged actual ET (catchment). 

Daily actual ET catchment averaged (mm/day) 
  2003 2004 2005 2006 2007 2008 2009 2010 mean 
March 2.48 1.76 3.32 - 2.30 - 2.50 1.91 2.00 
April 2.47 2.36 2.87 1.71 2.81 - 2.33 2.69 2.46 
May 3.27 3.04 3.63 2.59 2.58 2.69 2.35 3.65 2.98 
June 2.98 4.36 3.76 2.74 3.02 3.49 2.62 3.46 3.30 
July 2.85 2.46 4.03 1.54 - 2.63 2.33 2.83 2.67 
August 1.87 2.44 2.11 - 3.02 2.88 2.21 1.33 2.27 
September 1.35 0.67 1.66 1.94 1.31 1.17 1.16 - 1.32 

 
Table 5-2 : Daily averaged actual ET (Station Twente). 

Daily actual ET station pixel (mm/day) 
  2003 2004 2005 2006 2007 2008 2009 2010 mean 
March 2.52 1.85 3.09 - 2.48 - 2.33 1.89 2.36 
April 2.68 2.48 2.86 1.89 3.12 - 2.57 2.93 2.65 
May 3.25 4.12 4.03 3.10 3.52 3.20 2.71 4.55 3.56 
June 3.66 4.54 4.17 4.27 2.63 3.70 2.90 3.91 3.72 
July 3.06 2.66 3.58 1.80 - 2.45 2.83 3.24 2.80 
August 2.42 2.36 2.02 - 2.93 2.57 2.25 1.28 2.26 
September 1.48 0.46 1.43 1.92 1.01 1.10 1.13 - 1.22 

 

Figure 5-9 : Actual ET trend for 2003-2010 for catchment average and station pixel. 
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Table 5-1 : Daily averaged actual ET (catchment). and Table 5-2 : Daily averaged actual ET (Station 
Twente). shows the actual ET trend for different years from catchment averaged and for pixel based for 
station Twente. From the two graphs in Figure 5-9 : Actual ET trend for 2003-2010 for catchment 
average and station pixel., peak actual ET is observed in June for all the years except for 2005 in July for 
catchment average and May 2010 for station pixel. The black dotted line in both graphs shows mean 
actual ET while rest shows the daily averaged actual ET.  The daily averaged actual ET can reach to a 
maximum of 4.36mm/day for catchment average and a maximum of 4.54mm/day for station pixel both 
in June 2004.  It is observed that during the growing season, the year actual ET in 2003, 2006, 2007, and 
2009 fall below the mean monthly ET. Therefore, the temporal trend of actual ET for all the years are 
following a seasonal trend with maximum ET in the growing season particularly in June. The actual ET in 
2005 throughout the year is more than the rest of the years. 

5.1.3. Spatial and temporal distribution of actual ET 
 
Table 5-3 : Actual ET for different land covers for June 2003-2010. 

 
The table above shows the  actual ET over different land cover classes for June 2003 to 2010. The spatial 
distribution of actual ET in all the years for different land cover show small variations. The maximum 
actual ET is observed in the forest cover which ranges from 0 to 4.01mm/day. Cropland covers most part 
of the study area and showed increased actual ET due to higher demand of irrigation water. The temporal 
distribution of actual ET from 2003 to 2010 showed decreased actual ET in 2003,2006, 2007, and 2009.   

 

Figure 5-10 : Time series actual ET for different land cover classes (2003-2010). 
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Figure 5-10 : Time series actual ET for different land cover classes (2003-2010). shows the time series of 
actual ET for different land cover classes from 2003 to 2010 where for all the land cover classes decreased 
actual ET can be observed in 2003, 2006, 2007, and 2009. As discussed earlier, the spatially the variation 
of actual ET are small.  
 

5.1.4. Comparison of SEBS derived actual ET from MODIS and LANDSAT 
 
In this section, SEBS derived actual ET using MODIS data was compared with that derived using 
LANDSAT in the previous study for the same study area in 2006. 
 
Table 5-4 : Comparison of actual ET from LANDSAT and MODIS. 

Date 

Actual ET catchment average 
(mm/day) 

Actual ET Grass average 
(mm/day) 

Actual ET station pixel 
(mm/day) 

LANDSAT 
(previous study) MODIS 

LANDSAT 
(previous 

study) MODIS 

LANDSAT 
(previous 

study) MODIS 

Mar-03 3.44 3.27 3.90 3.18 4.21 3.25 

Sep-03 2.36 1.35 2.19 1.30 2.22 1.48 

 
From the table above, the results from both sensors showed higher actual ET in March than in September 
for 2003.  

The resultant actual ET from MODIS is lower compared to previous study using LANDSAT but not 
highly significant. The reason being difference in the sensor spatial resolution of 60m and 1km for 
LANDSAT and MODIS respectively causing heterogeneity effect of vegetation as explained by (McCabe 
et al., 2006). Actual ET from MODIS in this study for a month has been averaged over the cloud free 
images during that particular month while for  low temporal resolution LANDSAT only one image was 
used. Although MODIS has the limitation in spatial variability of fluxes where there is sub-pixel 
heterogeneity, the results by McCabe proved that MODIS at larger scales can provide good estimates of 
spatially averaged fluxes. Therefore, daily averaged ET derived  from MODIS can be used for drought 
assessment as daily data source can better describe the land surface and vegetation condition over time. 
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5.2. Drought assessment results 
There are different ways of assessing droughts depending on the availability of data and also the purpose 
of the study using various drought indices. Some of the drought indices used to analyse the drought 
condition in this study for the period 2003 to 2010 are as follows: 

5.2.1. Evapotranspiration Deficit Index 

ETDI is calculated as per the method mentioned in 2.5.1, where ETDI from 2003 to 2010 was calculated 
based on the water stress anomaly (WSA). Water stress anomaly maps have been produced for the years 
which had been dry especially 2003, 2006, and 2009 shown in the following Figure 5-11, Figure 5-12,  and 
Figure 5-13 to identify the spatial variability of WSA. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-11 : Water stress anomaly  maps for 2003 (min=-100; max=+100) 

 Figure 5-11 represents maps showing WSA for 2003 ranging from minimum of -100 indicating dry 
condition(in red) to +100 for wet condition(in blue) with respect to ET. April, July and August indicates 
dry condition compared to May and June which shows wet condition. Spatially, WSA can be witnessed 
throughout the region except for the urban areas. 
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Figure 5-12 : Water stress anomaly maps for 2006 (min=-100, max = +100) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-13 : Water stress anomaly maps  for 2009 (min=-100, max=+100). 
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Similarly, Figure 5-12 and Figure 5-13 shows almost equally distributed WSA for 2006 and 2009, the WSA 
during these two years indicate dry condition in all the months with less indication of wetness.  
To further investigate on the temporal trend of drought, WSA and ETDI was analysed using the Twente 
station  as shown in Figure 5-14 and Figure 5-15 respectively. 
 
 

 

Figure 5-14 : Water stress anomaly from 2003-2010. 

In Figure 5-14, the red bars represent drier months and blue bars for wet months. 2006 and 2009 are the 
years with more drier months with September in 2006 and July in 2009 as wet month. 2003 had very dry 
condition in April and July while there was also wet condition in March, May, June, August and 
September although not extreme. 2004 showed extreme wetness in March, May , September and not too 
extreme in July and experienced a wet month in June. Similarly, in 2007 March, June and August were 
drier than April, May and September.  2010 had drier August and extreme wet March, April, May, June 
and drier June. Except in September, 2005 had rest of the months wet indicating it as a wet year with 
higher ET experienced as shown in Figure 5-14 : Water stress anomaly from 2003-2010. and also in Figure 
5-15 : ETDI plot for 2003-2010..  
The drought severity due to ET deficit was calculated based on cumulating procedure which gave the 
result as show below: 
 

 

Figure 5-15 : ETDI plot for 2003-2010. 
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Similar to WSA, the red bars represent dry and blue for wet condition although ETDI ranges from -4 to 
+4  for dry and wet condition respectively. In 2009, except for March, all the months showed negative 
ETDI indicating dry conditions with ETDI reaching almost -3 in June. 2006 showed a drier condition  as 
well having dry April, May, June, July and wet September. 2003 with April, May , July and August drier 
and March , June and September wet which is almost near normal.  2007 had wet April and May. Rest of 
the months with negative ETDI but greater than -1. 2005 and 2010 were the wet compared to the rest of 
the years having most of its months ETDI greater than 1, the highest greater than 3 in May 2010. 
 

5.2.2. Standardized Precipitation Index (SPI) 
 
SPI was one of the drought indices used for the study using the daily precipitation data obtained from 
KNMI Twente station from 1979-2010. SPI was calculated based on the equation 2-37 . The monthly SPI 
obtained was compared to the SPI calculated using the global precipitation data from ECMWF as shown 
in Figure 5-16.  
 
 
 
 
 



DR
OU

GH
T 

AS
SE

SS
M

EN
T 

BY
 E

VA
PO

TR
AN

SP
IR

AT
IO

N 
IN

 T
W

EN
TE

, T
HE

 N
ET

HE
RL

AN
DS

 

47
 

 
 

 

Fi
gu

re
 5

-1
6 

: M
on

th
ly 

SP
I f

ro
m

 1
97

9-
20

10
 u

sin
g 

K
N

M
I a

nd
 E

CM
W

F 
pr

ec
ip

ita
tio

n.
 



DROUGHT ASSESSMENT BY EVAPOTRANSPIRATION MAPPING IN TWENTE, THE NETHERLANDS 

48 

5.2.3. Comparison of SPI from KNMI and ECMWF 
SPI obtained from KNMI precipitation data was compared with the SPI from ECMWF precipitation. The 
comparison was basically to check how the two SPIs varies from each other or can be used as 
representative of each other because KNMI data is a one station point data and ECMWF global 
precipitation data. 
 

  

Figure 5-17 : Mean monthly SPI comparison between KNMI and ECMWF. 

From Figure 5-17 which shows the comparison of mean monthly SPI from KNMI and ECMWF 
precipitation data. It can be clearly seen that the SPI trend in summer month (June, July and August) 
indicates wet months and drier months in February, April and May. Comparing the variation in the two 
SPIs, in general ECMWF derived SPI shows higher values compared KNMI derived SPI. But the dryness 
and wetness of months are shown in both the SPIs that is explained by the cross-correlation of 0.8876 in 
Table 5-5.  

Table 5-5 : Comparison of mean monthly SPI. 

 

 
 
 
 
 
 

Month KNMI ECMWF 
Jan 0.10 0.18 
Feb -0.39 -0.28 
Mar -0.02 0.06 
Apr -0.56 -0.59 
May -0.15 -0.30 
Jun 0.11 0.28 
Jul 0.38 0.34 
Aug 0.20 0.12 
Sep -0.05 -0.14 
Oct 0.04 0.08 
Nov 0.10 0.13 
Dec 0.24 0.20 
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Table 5-6 : Monthly R2  values from KNMI and ECMWF SPI (1979-2010). 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

Month Y R2 
January 1.0214x+0.0701 0.9603 
February 0.8703x+0.0631 0.6833 
March 0.9383x+0.0762 0.8528 
April 0.9119x-0.0775 0.7838 
May 0.6582x-0.1947 0.6759 
June 0.877x+0.1817 0.7506 
July 0.7641x+0.0282 0.6827 
August 0.7037x-0.0257 0.7052 
September 1.1277x-0.0845 0.8247 
October 0.9596x+0.0482 0.8683 
November 0.8582x+0.0235 0.6523 
December 0.8169x+0.028 0.6823 
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Figure 5-18 : Comparison of SPI using KNMI and ECMWF precipitation data. 
 
The SPI values calculated using ECMWF and KNMI precipitation data were found to be comparable. 
From monthly SPI  plotted in Figure 5-16, the SPI values for Twente from ECMWF and KNMI when 
compared resulted in acceptable R-square of 0.75. Though negative SPI can be found in  various months, 
in this study the years from 2003 to 2010 are considered for drought analysis. March 2007 is the driest 
month among the rest of the years within the study period. Having just one driest month in a year cannot 
be considered as a dry year. 2003 seemed to have more drier months than the rest of the years because 
from the SPI calculated from local measurement, except for May (SPI=0.88) and December (SPI=0.70) , 
showed negative SPI. The SPI from ECMWF, except for January (SPI=0.23), May (SPI=0.56), July 
(SPI=0.22) and December (SPI=0.50), also showed negative values indicating drier months. Although 
there were some months which have positive SPI values lower than the other years which can go as high 
as 4.72. 2006 and 2009 also shows indication of dryness showing negative SPI which are even higher than 
2003. 
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5.2.4. Temperature Anomaly 
Summer mean temperature (April-September) over a period of 36 years (1975 to 2010) from the KNMI 
for the Twente station was used to calculate the temperature anomaly. Analysis on the temperature trend 
over the past years was also studied. Two station at Twente and de Bilt were used in the temperature trend 
analysis to see the spatial variation of temperature. 

 
Figure 5-19 : Temperature anomalies for Twente (1975-2010). 

From Figure 5-19 , it shows that there is positive deviation of temperature from the mean indicating 
increase in the temperature during the last 36 years. During these 36 years, 2006 showed the  highest 
temperature anomaly followed by 2003, 2009, 1999, 1992, and 2007. For this study the years within 2003 
to 2010 were considered. Therefore, 2003, 2006, 2007, and 2009 were the years with increased 
temperature anomalies. 

 
Figure 5-20 : Mean Temperature trend for Twente (1975-2010) (source : KNMI). 

 
The mean air temperature trends as in Figure 5-20 and Figure 5-21 for Twente and de Bilt respectively 
shows an increasing temperature trend during the last 36 years. The temperature measured at these two 
station showed negligible spatial variation. 
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Figure 5-21 : Mean Temperature trend for de Bilt (1975-2010) (source : KNMI) 

From the summer temperature anomalies considering only the study period from 2003 to 2010, 2006 had 
the warmest summer  followed by 2003, 2009 and 2007. July 2006 was extremely warm where its mean 
temperature increased by 10C recorded as of 2006(Lenderink et al., 2009). The temperature trend proves 
that the temperature over the years have increased. Precipitation excess or the effective precipitation 
showed that although there was the highest water depletion in 1976, during the study, 2003 suffered from 
precipitation deficit which lead to the water depletion. The year was followed by 2006, 2008, and 2009. 
From the temperature anomalies and the effective precipitation record, it can be concluded that 2006 
being the hottest even suffered from precipitation deficit which clearly shows a condition of drought in 
area. Even for 2003 and 2009 although not too severe as 2006. The time series of NDVI from 2003 to 
2010 also shows a drought condition in 2006 followed by 2003. 
 

5.2.5. Precipitation Excess 
 
Figure 5-22 shows the annual effective precipitation calculated from precipitation and potential ET as 
explained in 2.5.5.  Daily precipitation data and meteorological data such as wind speed, air temperature, 
relative humidity were used in the Makkink equation to calculate the potential ET.  

Negative annual effective precipitation are observed in 1976 and 2003. The water depletion is more than 
100mm in 1976 which was a severe drought year in whole of Netherlands and in 2003 by the water 
depletion was 36mm. Therefore, from this long-term annual effective precipitation, the year 2003 was a 
drought year compared to the rest of the years except for 1976. The effective precipitation in 2006, 2008, 
and 2009 was also comparatively low during the period 2003-2010. 
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5.2.6. Normalized Difference Vegetation Index (NDVI) 
 
Time series of 16-day NDVI from MODIS was used in order to assess drought condition from 2003 to 
2010. To better analyse drought, NDVI deviation was calculated as shown in ... 
 

 
Figure 5-23 : NDVI minimum, maximum and average over Twente from 2003-2010 from MODIS. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-24 : NDVI deviation from mean during 2003-2010. 

Time series of 16 day NDVI from MODIS in Figure 5-23 shows peak NDVI in the growing season and a 
drop in winter months. In Figure 5-24, NDVI deviation from eight years mean is shown. 2003, 2006, and 
2010 shows consecutive drop in NDVI from its mean. For 2003, June and July, rest of the months had 
negative deviation because it is obvious that winter months will have lower NDVI compared to summer 
months. 2006 had all its growing season NDVI lower than the mean which gives an indication crop 
growth has been affected as cropland is the dominant land cover in the area. Although negative NDVI 
deviation can be observed in June 2004, July 2005, January 2007 and winter months of 2008 and 2010. It 
can be concluded that 2006 was the driest compared to rest of the year as mentioned continuous drop of 
NDVI from the mean was observed. 
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5.2.7. Comparison of ETDI and SPI 
SPI which was calculated using 30 years precipitation data and ETDI using the actual ET and reference 
ET from 2003 to 2010 when compared showed the following result: 
 

 

 

 

 

 

 

 

 

 

Figure 5-25 : Comparison of ETDI and SPI for Twente (2003-2010). 

 

Both the short-term drought indices ETDI and SPI shows similar trend in peak and drop in amplitude of the indices. 
SP shows a gradual trend compared the ETDI with subsequent peaks and drops of amplitude. Negative values for 
both the indices indicate dryness and positive as wet condition. In the above  

Figure 5-25, in 2006 showed SPI reaching to more than -2 in June and ETDI more than -3 in July, both  
indices indicating extreme dryness during the summer. 2009 also, the summer months had negative values 
for SPI and ETDI  indicating dry condition but not drier than in 2006. In 2003, June indicates wet 
condition and the rest dry months though not dry like in 2006 and 2009. The year 2005 was the wettest 
among the year as indicated by both drought indices. 

 
 
 
 
 
 
 
 

 
 
 

ETDI is computed based on the observables like actual ET and reference ET while SPI is based on the 
precipitation which is the cause of drought. Because of this reason, when the two indices were compared 
using the cross-correlation resulted in R2=0.3301. 

Normalization was performed on both the indices as shown in 2.5.3 for better comparison of the indices. 
The normalized drought indices were then plotted as below, 
 

Figure 5-26 : Correlation between ETDI and SPI. 
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Figure 5-27 : Comparison of Normalized ETDI and SPI. 

 
 
 
 
 
 
 
 

 
 

The result after normalization of the indices, a better correlation of (R2=0.5625) than the previous without 
normalization can be seen. Computation of ETDI based on same time series with the SPI should result in 
better correlation with each other though the present result can be used for assessing droughts.  

5.2.8. Quantitative comparison of ETDI to SM 

Figure 5-29 : Comparison of ETDI with soil moisture at 5cm (data source: Soil moisture network for Twente). 

 
Since ETDI is calculated based on ET,  the comparison of ETDI with soil moisture and temperature 
should result in good agreement.  ET depends on the water available in the soil moisture and  soil 

 

Figure 5-28 : Correlation between normalized ETDI and SPI. 
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temperature initiates the rate of ET. Figure 5-29 shows a similar temporal trend where in 2009, a 
decreasing trend of soil moisture is observed resulting in negative ETDI indicating dry condition. For 
2010 there is a gradual increase in soil moisture with corresponding increase in ETDI  indicating wet 
condition. 
 
5.2.9. Quantitative analysis of drought using ratio (actual ET/Precipitation) 

The  ratio of actual ET to precipitation would represent the amount of precipitation being used during 
evapotranspiration. Following conditions can be characterized based on the ratio calculated, if the i) 
ratio=0, would mean no precipitation and evapotranspiration; ii) ratio=1 mean all precipitation is loss as 
ET  ; iii) ratio>1, ET exceed precipitation, and iv) ratio<1 means ET is less than precipitation. In the 
graph shown in Figure 5-30, the ratio of actual ET to precipitation reaches to over 17 which means that 
the ET was 17 times more than the precipitation. More water loss may be from the previous water 
accumulation or can even be water loss from the ground water.  

In 2003, the actual ET rate during the summer months were higher than the precipitation rate which is 
relatively lower compared to other years. March, June and August showed higher ratio reaching up to 
more than 2 in March.  The precipitation in other months during the year was low although ET for those 
months could not be calculated due to cloud cover. 2004 and 2005 also showed same condition of ET rate 
exceeding  precipitation rate as in previous year with highest ratio in June for both years. But these two 
years(2004 and 2005) had more precipitation especially during the winter months compared to 2003. 
Severe dryness can be observed in June and September of 2006 having the least rainfall during these years 
which lead to the peak ratio up to 17 in June and 6 in September. The reason for having higher ET 
compared to precipitation is due to irrigation of field during the growing season.  In 2007, the ratio shows 
that the precipitation exceeds actual ET and with more rainfall during the winter months. June 2008 also 
shows dryness but in July and October, the actual ET is less than the precipitation. Higher ratio in April 
2009 and June 2010 can be seen. The actual ET and precipitation in 2009 is less than in 2010.  

Considering the summer months in all the years, 2006 had the driest summer 
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6. CONCLUSION & RECOMMENDATIONS 
 

6.1. Conclusion 
 
The main aim of this study was to assess droughts in Twente by ET mapping from 2003 to 2010. The 
study objectives included the investigation of spatial and temporal distribution of actual ET and use of 
different indices for drought assessment. Actual ET was estimated using the WACMOS methodology 
which involves SEBS algorithm. Land surface parameters like land surface temperature, LAI, and albedo 
were derived from MODIS and meteorological parameters like air temperature, humidity and wind speed 
from ECMWF. In this study two main drought indices were used for the drought assessment, ETDI and 
SPI. ETDI which is calculated using the estimated actual ET and reference ET from Penman-Monteith 
equation. SPI was calculated using precipitation data. The daily  outputs  from SEBS using time series of 
MODIS data had advantage of better explaining the spatial and temporal distribution of ET although 
there were no cloud free images during the winter months.  
Answer to research questions: 
 
1. How was the spatial and temporal variation of ET in Twente? 

In spatial context, the daily actual ET distribution was more or less equally distributed. That is for 
months when the actual ET was high, it was high throughout the region especially the summer 
growing months and  low throughout for months with lower daily ET as shown and explained in 
Table 5-3 and Figure 5-10 . Daily actual ET values for different classes like cropland, grass, forest, and 
urban showed less variation . The reason is because major portion of the area is covered by 
agricultural lands.   

Temporal variation of ET in Twente  in all  the years appears to follow a seasonal pattern with higher 
ET during the summer growing months compared to rest of the months as explained in Figure 5-9 
for catchment average and station pixel. 2003, 2006, 2007, and 2009 showed daily actual ET less than 
the mean over the years (2003-2010). In 2003, May was the month which had daily actual ET less than 
the mean and rest of the months close to mean. 2007 had May and June lower actual ET while rest 
months with much higher than 2003. Looking into the time series of ET maps in from Figure 5-1-
Figure 5-8, 2005 showed maximum daily ET for three consecutive months (May, June, July) which 
proves that it was not a dry year. 

2. What was the trend of the drought? 

Drought assessment was performed using drought indices like ETDI and SPI. SPI was calculated 
using 32 years (1979-2010) precipitation data and ETDI from 8 years (2003-2010) actual ET and 
reference ET. Although the cross comparison between the two indices showed low correlation, the 
temporal trend were similar. The reason for the difference is ETDI is derived using the observables 
like actual ET and reference ET while SPI is derived from precipitation which is the cause.  SPI 
indicated drought condition in summer of 2003  followed by 2006 and 2009 as a result of precipitation 
deficit, 2003 had the least precipitation. In case of ETDI, 2009 was the driest with drier 2006 and 
2003. In terms of severity, both SPI and ETDI showed extreme dry inTemperature anomalies from 
36 years air temperature data showed maximum temperature anomaly in 2006 followed by 2003,2009 
and 2007. These years were the years where the summer daily actual ET was lower than the mean 
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actual ET. Further using the precipitation excess method, in 2003 there was depletion of effective 
precipitation indicating drought condition followed by 2006, 2008 and 2009. The NDVI deviation 
using the time series of eight years gives an indication of dryness in 2006 following consecutive 
negative NDVI deviation from mean particularly the summer months. Followed by 2003 which had 
low NDVI in some of its summer growing months. 

Considering the results from all the drought indicators used in this study, it can be concluded that 
summers of 2003, 2006, and 2009 showed drought condition though not extreme as that of 1976. 
Previous study for this area showed 2003 as having summer drought. In temporal context, the 
drought appeared every three years during the period 2003 to 2010. 

 
3. Which drought index can be used to analyze the severity and the extent of drought? 

In this study drought in Twente was assessed using drought indices like SPI and ETDI which were 
successful in analysing the droughts. SPI which was calculated using one station (KNMI Twente 
station) precipitation data was able to determine the onset, duration and intensity but spatial extend of 
drought was not possible. Using ETDI calculated from remote sensing based ET estimate, analysing 
spatial variation/extend of droughts was possible.  ETDI's comparison with other drought indicators 
shows that drought conditions identified by ETDI is valid. Therefore, ETDI was best for analyzing 
droughts in Twente. 

4. How is the resulting information going to help in the water resource management? 

This study was intended to provide a framework of how droughts can be assessed using remote 
sensing. By studying the drought behaviour, its severity across the region can help water resource 
management to set up policy objectives such as efficient and equal use of water supply in order to 
meet the water supply needs during times of severe water shortages. 

6.2. Limitations 
 Retrieving ET maps for the winter months were not possible because of cloud cover. Therefore, 

in this study summer periods. 
 

 Validation could not be performed because of no ground measurements. Although there was  
field campaign during the course of research, the measurements we had was not enough for 
validation purposes. 

6.3. Recommendations 
 The main aim of this study was to assess drought based on ET mapping, so we tried to 

incorporate the ET derived in the ETDI and compared with other drought index SPI. The 
comparison resulted in low correlation due to difference in the calculation of the individual index 
and the time period taken. For further improve on this comparison, calculation of both the 
indices for same time period may result in better correlation and assessment. 
 

 Although field measurements were conducted during the research, the measurements were not 
enough for any validation purpose. Therefore, good field measurements would be helpful in 
validating the results. 
 

 Detail study on soil moisture and ground water level is recommended for future drought studies. 
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APPENDICES 
Appendix I : MATLAB script for upscaling of ECMWF  precipitation data which are in netcdf. 
datadir   =   'D:\Thesis.doc\'; 
subdir   =   'program\'; 
Variable   =   'ppt'; 
path2file  =   [datadir,subdir]; 
ncid   =   netcdf.open([path2file,'2010.nc'],'NOWRITE'); 
for j=0:100 
try 
varname{j+1} =   netcdf.inqVar(ncid,j); 
data{j+1}  =   netcdf.getVar(ncid,j); 
end 
end 
Varname  =   netcdf.getAtt(ncid,3,'long_name'); 
Units   =   netcdf.getAtt(ncid,3,'units'); 
Scale   =   netcdf.getAtt(ncid,3,'scale_factor','double'); 
Offset   =   netcdf.getAtt(ncid,3,'add_offset','double'); 
Fill   =   netcdf.getAtt(ncid,3,'_FillValue','double'); 
Missing   =   netcdf.getAtt(ncid,3,'missing_value','double'); 
netcdf.close(ncid) 
lon   =   data{1}; 
lat   =   data{2}; 
time   =   data{3}; 
raw_ppt   =   data{4}; 
Time   =   double(time)/24 + datenum('1900-01-01 00:00'); 
[Lat,Lon]  =   meshgrid(lat,lon); 
  
%% Daily mean of Data 
clear data varname 
dt   =   Time(2)-Time(1); 
dt   =   dt*24*60*60; 
for iday=1:365 
ppt_inst   =   zeros(480,241); 
for ihour  =1:8 
datenumber  =   datenum('2010-00-00')+iday + ihour*3/24; 
itime   =   find(Time==datenumber); 
  
%%read data (t2 and t1) 
[~,~,~,Hour,~,~] =   datevec(Time(itime)); 
ppt_cum_t2  =   double(raw_ppt(:,:,itime))*Scale + Offset; 
if Hour==3 || Hour==15; 
ppt_cum_t1  =   ppt_cum_t2*0; 
else 
ppt_cum_t1  =   double(raw_ppt(:,:,itime-1))*Scale + Offset; 
end 
ppt_inst(:,:,ihour) =   (ppt_cum_t2-ppt_cum_t1)/dt; 
end 
ppt_sum  =   mean(ppt_inst,3); 
filestr   =   sprintf([Variable,'_DOY_%03.0f.tif'],iday); 
geotiffwrite(filestr,[0 359.2500 -90 90],ppt_sum',32);  
end 
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Appendix B:  Surface energy balance system 
 
Description of parameters 
Zref  -> Reference height  (m) 
hpbl  -> Height of the PBL (m) (if not available, use 1000m)  
d0  -> Zero plane displacement height  (m) 
z0m  -> Roughness height for momentum transfer  (m) 
z0h  -> Roughness height for heat transfer   (m) 
fc  -> Fractional vegetation cover  (-) 
Uref  -> Wind speed at reference height  (m/s) 
Tref_K  -> Air temperature at reference height  (K) 
Pref  -> Pressure at reference height   (Pa) 
qaref  -> Specific humidity at reference height   (kg/kg) 
LST_K  -> Surface temperature   (K) 
Ps  -> Surafce pressure   (Pa) 
SWd  -> Downward Solar Radiation   (Watt/m^2) 
LWd  -> Downward long wave radiation   (Watt/m^2)", 
albedo  -> Albedo    (-) 
emissivity -> Emissivity of the surface   (-) 
 
Net Radiation 
SWnet    =   (1.0 - albedo) .* SWd;                                           
LWnet    =   emissivity.*LWd - emissivity.*Sigma_SB.*LST_K.^4;                
Rn    =   SWnet+LWnet;    
 
Ground Heat Flux 
C    =   0.34;    beta  =   0.46;                                                            
G0   =   Rn.*C.*exp( - beta* LAI);                                         
G0(I_water|I_snow)  =   0.5*Rn(I_water|I_snow);                                          
 
ASL height 
alfa   =   0.12;    beta   =   125;                                                        
hst    =   max(alfa * hpbl, beta * z0m);     
%% U* and L (Brutsaert 2008, P47, Eq. 2.46, 2.54 and 2.55 and 2.56) 
% Initial guess: (Brutsaert 2008, p46 and p57, Eq. 2.54, 2.55 and 2.46) 
% MOS (Brutsaert 2008, p46 and p57, Eq. 2.54, 2.55 and 2.46) 
% BAS (Brutsaert 2008, p46 and p52, Eq. 2.67, 2.68 and 2.46) 
dTheta   =   Theta_s - Theta_a; 
CH   =   (dTheta) .* k .* rhoa_m_Cp; 
CL =   -rhoa_m_Cp .* Theta_av/ (k * g);                                 
%% 
z_d0   =   Zref - d0;    
ku =   k * Uref;   
log_z_d0_z0m =   log(z_d0 ./ z0m); 
log_z_d0_z0h  =   log(z_d0 ./ z0h); 
 % Initial guess for u*, H and L assuming neutral stability 
L  =   dummy;    % initial L is zero for neutral condition                                                    
ustar=   ku ./ log_z_d0_z0m; % U* in neutral condition when stability factors are zero 
H =   CH .* ustar ./ log_z_d0_z0h; % H  in neutral condition when stability factors are zero 
errorH  =   10; 
H0 =   H;   % H0 is H in neutral condition                                                            
steps  =   0 
IMOS =   Zref <= hst; 
IBAS  =   Zref >  hst; 
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bw    =  dummy; 
cw    =  dummy; % tall vegetation parameterization 
Itall   =   hc>1.0 & fc>=0.7; 
l   =   0.027; 
o  =   0.69; 
while   (max(errorH(:)) > 0.01 && steps < 100) 
  
%Stability Function 
L=CL .* (ustar.^3)./(H); % Obukhov Stabilitylength                                         
 % Friction Velocity 
bw(IBAS) =   Bw(hpbl(IBAS), L(IBAS), z0m(IBAS), d0(IBAS));                    
cw(IBAS) =   Cw(hpbl(IBAS), L(IBAS), z0m(IBAS),z0h(IBAS),d0(IBAS));              
ustar  =   ku./ (log_z_d0_z0m - bw); % Friction Velocity 
z0h(Itall) =   z0m(Itall)./ exp( 52*sqrt(l*ustar(Itall))./LAI(Itall) - o);      
% tall vegetation (timmermans et al, in prep) 
z0m(I_water) =   alpha_m*(Nu(I_water)./ustar(I_water)) + alpha_Ch*(ustar(I_water).^2./g);        
  % water bodies, beljaars 1994  
z0h(I_water) =   alpha_h*(Nu(I_water)./ustar(I_water)); 
log_z_d0_z0m(I_water)   =   log(z_d0(I_water)         ./ z0m(I_water)); 
log_z_d0_z0h(I_water | Itall)   =   log(z_d0(I_water | Itall) ./ z0h(I_water | Itall)); 
 
% Sensible Heat Flux 
bw(IMOS) =   PSIm(z_d0(IMOS) ./L(IMOS))  + PSIm(z0m(IMOS)  ./L(IMOS));           
 cw(IMOS) =   PSIh(z_d0(IMOS) ./L(IMOS))  + PSIh(z0h(IMOS)  ./L(IMOS));        
H  =   CH .* ustar     ./ (log_z_d0_z0h  - cw);                         
% Error    
errorH  =   abs(H0 - H); 
H0  =   H; 
steps  =   steps + 1;     
end 
L(L~=real(L)) =   NaN; 
 
%% Post iteration  
[C_i1,C_i2] =   deal(dummy); 
C_i1(IMOS) =   PSIh(Zref(IMOS)./ L(IMOS));  % 1st Stability correction term for heat (BAS  condition) 
C_i2(IMOS) =   PSIh(z0h(IMOS) ./ L(IMOS));  % 2nd Stability correction term for heat C_i1(IBAS) 
  =   Cw(Zref((IBAS)), L(IBAS), z0m(IBAS), z0h(IBAS), d0(IBAS));       
             % 1st Stability correction term for heat (BAS  condition) 
 %% Sensible heat Flux 
%resistances (Su 2002, eq 17) 
I_1  =   ((log_z_d0_z0h + C_i2) >  C_i1);        % classification of pixels 
I_2  =   ((log_z_d0_z0h + C_i2) <= C_i1);       % classification of pixels 
re_i  =   single(zeros(size(I_1))); 
re_i(I_1) =   (log_z_d0_z0h(I_1) - C_i1(I_1) + C_i2(I_1))./(k * ustar(I_1));   
                                                                         % Actual resistance to heat transfer [s/m] 
re_i(I_2)       =   (log_z_d0_z0h(I_2))./(k * ustar(I_2));       % Actual resistance to heat transfer [s/m] 
H_i  =   rhoa_m_Cp.* (Theta_s-Theta_a)./re_i;     % Sensible heat flux 
 
%Dry limit 
H_DL =   Rn - G0;   
L_WL =   -(ustar.^3).* rhoa_WL./(k*g*(0.61* (Rn -G0)/L_e));  %Obukhov stability length at Wet Limit 
 % Bulk Stability Corrections 
I_MOS  =   (Zref < hst);                            % classification of pixels 
I_BAS  =   (Zref >= hst);                           % classification of pixels 
C_WL  =   single(zeros(size(I_MOS))); 
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C_WL(I_MOS) =   PSIh(-Zref(I_MOS)./ L_WL(I_MOS));   
   % Stability correction term for heat (MOS  condition) 
C_WL(I_BAS)  =   Cw(Zref(I_BAS),L_WL(I_BAS),z0m(I_BAS),z0h(I_BAS),d0(I_BAS));     
   % Stability correction term for heat (BAS  condition) 
 
 % Calculating Resistances (Su 2002, p 88, eq 18) 
I_1  =   (log_z_d0_z0h>C_WL);         % classification of pixels 
I_2  =   (log_z_d0_z0h<=C_WL);      % classification of pixels 
re_WL  =   single(zeros(size(I_1))); 
re_WL(I_1) =   (log_z_d0_z0h(I_1) - C_WL(I_1))./(k * ustar(I_1));       
   % Actual resistance to heat transfer at wet limit(s/m) 
re_WL(I_2) =   (log_z_d0_z0h(I_2))./(k * ustar(I_2));              
   % Actual resistance to heat transfer at wet limit(s/m) 
H_WL=   ((Rn - G0) - (rhoa_WL_Cp./re_WL).*((esat_WL)/ gamma))./(1.0 + slope_WL/gamma);  
  %Sensible heat at Wet Limit [W/m2](Su 2002, p88, eq 16) 
 %% Evaporative fraction  
H_i  =   min(H_i, H_DL);                   %set lower limit for sensible heat [W/m2] 
H_i  =   max(H_i, H_WL);                  %set upper limit for sensible heat [W/m2] 
 % Relative evaporation 
I_w  =   (H_DL <= H_WL);                % classification of pixels 
I_l  =   (H_DL > H_WL);                  % classification of pixels 
evap_re  =   single(zeros(size(I_w))); 
evap_re(I_w) =   1;                  
evap_re(I_l =   1 - (H_i(I_l)-H_WL(I_l)) ./ (H_DL(I_l)-H_WL(I_l));             
% Evaporative fraction 
I_1  =   ((Rn - G0) ~= 0);                     % classification of pixels 
I_2  =   ((Rn - G0) == 0);                     % classification of pixels 
evap_fr  =   single(zeros(size(I_1))); 
evap_fr(I_1) =   evap_re(I_1).*(Rn(I_1)-G0(I_1)-H_WL(I_1))./(Rn(I_1)-G0(I_1));   
evap_fr(I_2) =   1;                                                               
evap_fr  =   max(evap_fr,0); 
evap_fr  =   min(evap_fr,1); 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


