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ABSTRACT 

Groundwater forms the main source of water for drinking and irrigation particularly in water limited 
environments where surface water resources are unreliable and potential evapotranspiration (PET) is large 
compared to rainfall. Its sustainability however is threatened by climate change. The impacts of climate 
change on groundwater resources of semi arid Sardon area in Spain characterized by negligible human 
impact are investigated. First, historical climate data of the catchment is analysed to determine whether 
there has been any climate change in the catchment. A statistical downscaling model, the Statistical 
Downscaling Model (SDSM) is used to downscale present and future daily precipitation and temperature 
data from the UK Hadley Centre General Circulation Model (GCM), HadCM3. Two future emission 
scenarios, A2 (medium-high) and B2 (medium-low) are considered for three 30 year periods from 2010 to 
2039(2020s), 2040 to 2069(2050s) and 2070 to 2099(2080s). Downscaling was done to obtain finer 
resolution output from the coarse resolution of GCM, so that it matched with the Sardon catchment scale. 
This output provided input rain and PET for the lumped parameter hydrological model, pyEARTH 1-D 
which simulated recharge and actual evapotranspiration (ETa) for the 2020s. The recharge from 
pyEARTH was further applied as uniform input over the entire Sardon catchment in the MODFLOW 
model calibration. A calibrated groundwater flow model MODFLOW was finally run in transient 
prediction over 60 stress periods to determine the impacts of climate change on groundwater resources 
for the 2020s for both the A2 and B2 scenarios. Results from trend analysis of maximum and average 
temperatures reveal evidence of climate change in the catchment. No significant trends were noted for 
minimum temperatures and precipitation. The downscaled future climate also showed that mean daily 
minimum temperatures, maximum temperatures and average temperatures are forecast to increase by up 
to 5.0°C, 7.0° C and 5.9°C respectively by the end of the XXI century when compared to the baseline 
period of 1961 to 1990. More warming is expected in summer than in winter and higher temperatures are 
projected for the A2 than B2 scenario. Annual precipitation is expected to decrease by about 5.7%, 5.5% 
and 125 for the 2020s, 2050s and 2080s respectively. For the B2 scenario, annual precipitation decreases 
by 4.9%, 7.2% and 3.4% for the 2020s, 2050s and 2080s respectively when compared to the baseline. 
Recharge will decrease by 26.9% for the A2 scenario and 21% for the B2 scenario when compared to the 
baseline for the 2020s. In response to the decreased recharge and precipitation, groundwater storage will 
decrease by 24.2% and 10.9% under the A2 and B2 scenarios respectively for the 2020s period. The total 
amount of water lost as drain will be greater under the A2 scenario than B2 scenario and recharge will be 
higher under the B2 scenario than the A2 scenario. 
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1. INTRODUCTION 

1.1. Background 

 
Climate change is one of the biggest challenges facing mankind today. Several definitions of climate 
change have been put forward by a number of scientific bodies. One such definition by the United 
Nations Framework Convention on Climate Change (UNFCCC, 1992) refers to climate change as, “a 
change of climate which is attributed directly or indirectly to human activity that alters the composition of 
the global atmosphere and which is in addition to natural climate variability observed over comparable 
time periods.” 
 
There is growing evidence that global climate is changing. According to the Intergovernmental Panel on 
Climate Change (IPCC, 2001a), global mean temperatures have risen 0.3 – 0.6°C since the late 19th 
century and global sea levels have risen between 10 and 25cm. (McCarthy et al., 2001) note that global 
temperatures will continue to rise by between 1.4 and 5.8°C by 2100 relative to 1990 due to the emissions 
of greenhouse gases. As the warming process continues, it will bring about numerous environmental 
problems, among which the most severe will relate to water resources; (Loaiciga et al., 1996; Milly et al., 
2005; Holman, 2006; IPCC, 2007).Temperature increases also affect the hydrologic cycle by directly 
increasing evaporation of available surface water and vegetation transpiration. Consequently these changes 
can influence precipitation amounts, timings and intensity rates and indirectly impact the flux and storage 
of water in surface and subsurface reservoirs (i.e. lakes, soil moisture, groundwater) (Toews, 2003). 
 
Groundwater is the main source of water for drinking and irrigation in low rainfall arid and semi arid areas 
where there are no significant surface water sources. This is because groundwater is slow to respond to 
changes in precipitation regimes and thus acts as a more resilient buffer during dry spells. In fact 
worldwide, more than 2 billion people depend on groundwater for their daily supply (Kemper, 2004). 
Furthermore groundwater forms the largest proportion (~ 97%) of the world’s freshwater supply. By 
maintaining surface water systems through flows into lakes and base flow to rivers, groundwater performs 
the crucial role of maintaining the biodiversity and habitats of sensitive ecosystems (Tharme, 2003). The 
role of groundwater is becoming even more prominent as the more accessible surface water resources 
become less reliable and increasingly exploited to support increasing populations and development 
(Bovolo et al., 2009). 
 
The effects of global warming on water resources, and especially on groundwater, will depend on the 
groundwater system, its geographical location and changes in hydrological variables (Alley, 2001; 
Huntington, 2006; Sophocleous, 2004)  . Knowing how climate change will affect groundwater resources 
is thus important as it will allow water resources managers to make more rational decisions on water 
allocation and management (Sullivan, 2001) and enable the formulation of mitigation and adaptation 
measures. 

1.2. Research Problem 

 
Despite groundwater’s significance, there has been comparatively little research conducted on 
groundwater relative to surface water resources, particularly in the context of climate change impact 



Impacts of climate change on groundwater resources: a case study of the Sardon catchment, Spain 
 

 

2 

assessment (Bates et al., 2008).Most of the climate change impact studies have concentrated on surface 
water resources (Mimikou et al., 2000; Chistensen et al.,2004;Graham, 2004; Payne et al., 2004, Van 
Rheenen et al., 2004; Krysanova et al., 2005; Drogue et al., 2004, Gellens, 1991; Menzel and Burger, 2002; 
Pfister et al., 2004).  

 
Furthermore no climate change impact studies on groundwater resources have been conducted in the 
proposed study area, Sardon, a small catchment of area, 80 km2. Most of the research conducted in this 
catchment has focused on groundwater modelling, tree transpiration, groundwater recharge modelling and 
the characterisation of the subsurface e.g.(Attanayake, 1999; Berhe, 2010; Cornejo, 2000; Lubczynski & 
Gurwin, 2005; Ontiveros, 2009; Rajapakse, 2009; Shakya, 2001; Tesfai, 2000). 

1.3. Research Questions 

§ Is there any climate change in the Sardon catchment and if so what is its impact on recharge and 
groundwater resources? 

§ How to integrate meteorological data of different locations and time in the study area? 
§ What is the most suitable General Circulation Model (GCM) and/or downscaling model to 

simulate climate change in the study area? 
§ How can climate model outputs be used to predict groundwater recharge? 

1.4. Research Objectives 

1.4.1. General Objective 
 

§ To quantify the impacts of climate change on groundwater resources of a semi-arid area such as 
the Sardon Catchment in Spain. 

1.4.2. Specific Objectives 
 

§ To generate a daily record of precipitation and temperature (and PET) for Trabadillo, 
representative of the Sardon Study area based on the longest available rainfall and temperature 
data of neighbouring stations. 

§ To downscale climate change scenario output from a GCM, the HadCM3 for the Sardon 
catchment using a Statistical Downscaling Model (SDSM). 

§ To estimate past and future recharge in the study area using the pyEARTH 1-D Model 
§ To use a calibrated MODFLOW model to simulate future scenarios in groundwater resources in 

the study area. 
§ To evaluate the impacts of climate change on groundwater resources. 

1.5.  Literature Review 
 
A number of researchers have studied the effects of climate change on groundwater resources. Different 
hydrologic and groundwater flow models were used in the studies. 
 
In a study of the Grand River watershed in Ontario, Canada, (Jyrkama & Sykes, 2007) used HELP3 to 
simulate past and future recharge. They used temperature and precipitation climate change scenarios based 
on the predictions of IPCC (2001). Results showed that an increase in rainfall as a result of climate change 
led to an increase in recharge. The increase though, varied from place to place due to differences in land 
use and soil types. 
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Brouyere et al., 2004 studied the impacts of climate change in a small aquifer, the Geer Basin in Belgium. 
They used an integrated hydrological model (MOHISE) which is composed of three interacting sub 
models: a soil model, a surface water model and a groundwater model which are dynamically linked. 
Climate change scenarios were prepared by the Royal Institute of Meteorology of Belgium (IRBM) based 
on experiments done with seven GCMs. They found that future climate changes could result in a decrease 
in groundwater levels. However no seasonal changes were noted. In another  independent study in the 
same basin (Goderniaux et al., 2009) combined a coupled surface-subsurface flow model, 
HydroGeosphere with climate change scenarios from six regional climate models assuming the Special 
Report on Emission Scenarios(SRES) A2(medium-high) emission scenario. Results showed a significant 
decrease of up to 8m in groundwater levels by 2080. 
 
In (Scibek & Allen, 2006a), the responses of two small aquifers to climate change, one in western Canada 
and the other in the United States, were compared. One aquifer is recharge dominated while the other is 
connected to a river. Downscaled climate change scenarios from the Canadian Global Climate Model1 
(CGCM1) GCM were used in combination with a groundwater flow model, MODFLOW. Small changes 
in groundwater levels forced by changes in recharge were noted. The results show that the climate region, 
distribution of material properties, nature of surface water - groundwater interaction and aquifer geometry 
influence the impact on water levels. 
 
In yet another study in the United States, Crowley & Lukkonen (2003) investigated the impact of climate 
change on groundwater levels in the Lansing area in Michigan. They considered the 20 years centred 
around 2030 as the future changed climate condition and the baseline as the period 1961 to 1990. 
Groundwater recharge was estimated from streamflow simulations and from variables derived from 
GCMs. Their results indicated that groundwater levels would increase or decrease depending on the GCM 
used to simulate the future. 

1.6. Hypothesis 
 

§ Groundwater resources in the Sardon catchment will be influenced by climate change. 

1.7.  Assumptions 

§ Human activities such as agriculture and land use changes have negligible direct effect on 
groundwater resources in the study area. 

§ Groundwater abstraction is negligible in the study area. 
 

1.8. Thesis Outline 
 
Chapter 1 gives a general introduction comprising of background, problem statement, research objectives, 
research questions, literature review, hypotheses and assumptions. Chapter 2 looks at Data collection and 
analysis. Chapter 3 gives a description of the study area while Chapter 4 is about the Theoretical 
Background of the study. Chapter 5 provides information on the methodology while chapter 6 is about 
Results and Discussion.  Chapter 7 provides the Conclusion and Recommendations. This is followed by a 
list of references and appendices. 
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2. STUDY AREA 

2.1. Location 
 
The Sardon catchment is located in Salamanca province in central western Spain, some 50 km west of 
Salamanca city. The catchment is part of the Rio Tormes river basin and lies between latitudes 41° 01’-41° 
08’N and 6° 07’-6°13’W longitudes and covers an areas of approximately 80km2 characterized by low 
human population. The elevation varies from about 740 m a.s.l at the Sardon river outlet point to about 
840 m a.s.l at the highest southern boundary with fairly undulating topography. The area is comprised of 
impermeable schists and massive granite at the southern boundary, massive granites at the western and 
northern boundaries and fractures filled with quartzite material at the eastern boundary (Lubczynski & 
Gurwin, 2005). Geomorphologically, the area shows two distinct units, gently undulating western part and 
a steeper undulating eastern part, the two divided by the Sardon regional fault (Attanayake, 1999). 
 

2.2. Hydrological monitoring 

 
The Sardon catchment is equipped with an automated monitoring network which includes a 
meteorological Automatic Data Acquisition System (ADAS) station and automated monitoring loggers for 
measuring hydraulic head variation and soil moisture. There are  two automatic data stations (ADAS), 
situated in Trabadillo and Muelledes  and these are capable of recording rainfall, wind speed, temperature, 
relative humidity and solar radiation data on an hourly basis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                Figure 2-1: Location of the Sardon catchment 
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2.3. Environmental conditions 
 
Sardon is a semi –arid area with an annual precipitation of about 5 00mm. The warmest and driest months 
are July and August with an average temperature of 22°C, a potential evapotranspiration (PET) of 5mm 
per day and rainfall averaging less than 20 mm per month. The coldest months are January and February 
with an average temperature of 5°C, while the wettest months are November and December with rainfall 
above 100 mm per month and the lowest PET of  0.5 mm per day (Lubczynski & Gurwin, 2005). 
 

2.3.1. Meteorological conditions 
 
 Hourly precipitation and temperature data for Trabadillo and Muelledes date back to 1997 and 1998 
respectively. However there are a lot of gaps of missing data ranging from a few days to years for both 
stations. The longest continuous record for Trabadillo is from about September 2003 to April 2008. 
Figures 3-2 to 3-5 show graphs of mean monthly rainfall and temperature for Trabadillo for the periods 
2000-2007 and 2004-2006 respectively. 
 
Rainfall 
 
 

 
 
Figure 2-2: Mean monthly rainfall (2000-2007) for Trabadillo station 
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Temperature 
 

 
 

 

 

 

Figure 2-3 : Mean monthly minimum, maximum and average temperature for Trabadillo station 

Evapotranspiration  
 
Evapotranspiration dominates the water budget in arid and semi-arid areas where potential 
evapotranspiration is much greater than the annual rainfall. Evapotranspiration can be defined as the 
process by which water is returned to the atmosphere by a combination of evaporation and transpiration 
(Andreasson et al., 2009). It is therefore a combination of evaporation from open water bodies, 
evaporation from soil surfaces and transpiration from soil by plants. Evapotranspiration can be estimated 
from meteorological data and is dependent on factors such as wind speed, humidity, temperature and 
radiation. It generally increases with increasing precipitation. Evapotranspiration can be divided into two 
classes, potential evapotranspiration (PET) and actual evapotranspiration (ETa). 
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Actual evapotranspiration 
 
This is the amount of water that actually returns to the atmosphere depending on the availability of water. 
It can be estimated by noting fluctuations of groundwater table (Freeze & Cherry, 1979) as well as 
modelling approaches such as the pyEARTH 1-D model. 
 
Potential Evapotranspiration 
 
This describes water loss that will occur under given climate conditions with no deficiency of water in the 
soil for the use by vegetation (Thornthwaite, 1948). It is highest during dry summer periods and lowest 
during rainy winter periods. 
 

 
 
 

 
                       Figure 2-4: Daily PET for Trabadillo station, September 2004 –September 2008 

 

 
 
                      Figure 2-5: Mean monthly PET for Trabadillo station 

2.3.2.  Land cover and land use 
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The Quercus (oak) tree genus is the dominant tree in the study area and two types of species can be 
identified: evergreen oak Quercus ilex and the broad-leafed deciduous oak Quercus pyrenaica locally named 
‘encina’ and ‘roble’ respectively. The evergreen Quercus ilex (Q ilex) typically grows to heights of about 20-
27m with a trunk of approximately 1m in diameter although in the study area tree heights are about 6m. It 
is considered water use efficient due to its small leaves which minimise evaporative losses. Q ilex have 
been observed in times of acute water stress or shortage to be able to lift up groundwater through their 
roots, release it into the upper soil layer due to a water potential gradient. The water released in upper soil 
layers is then reabsorbed by shallow roots and transpired. This mechanism is termed hydraulic lift (David 
et al., 2007). These groundwater uptake abilities allow for the classification of Q ilex in Mediterranean 
weather as being a phreatophyte. The Quercus pyrenaica can grow up to 25m with a trunk of approximately 
0.4m in diameter. The Quercus pyrenaica grow in clusters. They have a potent rooting system with a deep tap 
root which develops several horizontal roots, mainly in the shallow subsurface allowing the development 
of peripheral vegetation around the trunk. However it has not been proved that the Quercus pyrenaica can 
tap water from groundwater (phreatophyte behaviour). The area under the sparsely distributed trees is 
covered with Cytisus scoparius( Scotch Broom) shrub and short grass (Shakya, 2001). The Cytisus scoparius 
typically grows 1-3m tall with main stems up to 5cm thick. However in the Sardon study area Cytisus 
scoparius does not exceed a height of 1m. The natural woody-shrub vegetation is used mainly for pasture 
because the soils contain large proportions of weathered granite, which make them generally unsuitable 
for agriculture. 
 

2.3.3. Hydrological conditions 
 
The Sardon River is mostly dry during the period June to October. However, during the wet period the 
flow occurs as direct runoff in response to high intense rainfall showers due to the thin, highly permeable 
upper unconsolidated layer with low retention capacity (Shakya, 2001). Also in rainy seasons, during and 
shortly after heavy rain showers, temporary flooding of the terrain depressions with temporal saturation of 
vadose zone may also take place (Lubczynski & Gurwin, 2005).The groundwater flow pattern follows the 
regional Sardon fault zone which then transmits the water towards the northern outlet. 
 

2.3.4. Hydrogeological conditions 

 
The geology and hydrogeology of the catchment is strongly influenced by the prevailing granitic rock 
composition. The regional flow system is ruled by the interconnected fractures in the region (Shakya, 
2001). The Sardon brittle shear zone seems to control the morphology of the catchment (Tesfai, 2000). 
In the catchment, three layers can be identified, namely: 

§ A top unconsolidated layer composed of weathered and alluvial deposits (0-5m) .This layer is 
limited in spatial extent. 

§ A fractured granite layer with intercalations of granodiorites, schists, gneiss and quartzites which 
outcrops extensively in the study area. Its depth varies from 60m b.g.s. in the central part of the 
catchment to a few metres in the upland areas. 

§ A massive granite layer with some gneiss inclusions which forms the impermeable rock basement 
(aquiclude) and is deepest in the centre and shallowest at catchment boundaries (Lubczynski & 
Gurwin, 2005). 

The groundwater table, which shows a concentric pattern influenced by the fault zone, is shallow in the 
river valleys (0-3m b.g.s) and deeper at the watershed divides (2-6m b.g.s.), a typical characteristic in 
granitic areas. 
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Groundwater use can be considered negligible for it is only utilized by cattle farms. Farms use this 
resource by extracting from man made ponds that dry in summer due to seasonal groundwater table 
lowering and surface evaporation (Lubczynski & Gurwin, 2005). 
 

 
 
 
Figure 2-6: Schematic cross section of the study area (Lubczynski and Gurwin, 2005)  
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3. DATA COLLECTION AND ANALYSIS 

Data is required mainly as input into the recharge and groundwater flow models or for calibration 
purposes. This data includes hydraulic conductivity, soil moisture, root zone depth and storativity. Both 
primary and secondary data were collected. In the field, hand augering and double ring experiments were 
conducted. The locations of sampling were randomly selected however with the objective of covering the 
whole catchment. The data was later processed and interpreted. 

3.1. Double ring infiltrometer tests 

 
The double ring infiltrometer is an instrument that is used to determine the rate of infiltration of water 
into the soil.  The rate of infiltration is determined by the amount of water that infiltrates into the soil per 
surface area, per unit of time. If water is flowing in one-dimension under steady state conditions, and a 
unit gradient is present in the underlying soil, the infiltration rate is approximately equal to the saturated 
hydraulic conductivity (Dingman, 2002). It is the rate of this process, relative to the rate of water supply  
that determines how much soil water will enter the unsaturated soil zone and how much, if any will run 
off (Hillel, 1982).In its construction, the double ring infiltrometer consists of inner and outer steel rings of 
different diameters that are driven into the ground and water poured inside. The drop in the water level of 
the inside ring is then recorded at different time intervals until a constant rate is attained. The infiltration 
capacity decreases with time until it reaches a constant value which approximates to the saturated 
hydraulic conductivity.   The purpose of the outer ring is to create a one dimensional vertical flow of water 
from the inner ring and thus prevent lateral flow. At least two tests were done at each site so as to get a 
mean result of infiltration rate.  
 

 
 
Figure 3-1: Spatial distribution of double ring experiment sites 
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3.2. Augering 

 
Soil sampling was conducted in the catchment by way of hand augering. The soil samples were collected at 
different places and depths to determine soil moisture parameters such as hydraulic conductivity and soil 
moisture at field capacity. The determination of saturated permeability was done using the laboratory 
permeameter, with the constant head method being used for most of the soil samples. The falling head 
method was used to analyse soil samples with low permeability. Values of saturated hydraulic conductivity 
obtained using the double ring infiltrometer were compared with those derived using the permeameter as 
shown in table 2.1 Permeability refers to the capacity of a soil to drain off water and the permeability 
coefficient (K-factor) gives a measure of permeability. The WP4-T Dewpoint PotentiaMeter instrument 
was used to derive soil parameters for the plotting of soil water retention curves from which soil moisture 
at wilting point was derived. 
 
 

 
 
                        Figure 3-2: Spatial distribution of augering sites 
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Table 3-1: Soil hydraulic parameters for the Sardon catchment 
 

    Ksat (mm/day)  

ID Place X 

[UTM] 

Y 

[UTM] 

Pmeter DRI Ѳfc Ѳwp Ρ 

[g/cm3] 

W 

[g/g] 

Ѳ 

[cm3/cm3] 

Porosity 

TB-E-100 Trabadillo 739368 4555676 1340  0.08  1.77 0.13 0.22 0.33 

LAMATA La Mata 739656 
 

 

4555667 4638 4937 0.08 0.05 1.64 0.17 0.28 0.38 

GD2.1 La Mata 739353 4555611 1281 1916 0.07 0.48 1.23 0.36 0.44 0.54 

SPEN1-05R Penalbo 737324 4553383 3771 1495 0.06  1.81 0.15 0.27 0.32 

GD1.1 La Mata 739381 4555666 55197 1665 0.12 0.13 1.59 0.18 0.28 0.40 

SVIL12-06R Villosino 740348 4555212 39382  0.10 0.17 1.72 0.16 0.28 0.35 

GD3.1 La Mata 739386 4555380 42501 1824 0.08 0.04 1.78 0.13 0.22 0.33 

TB-E-75 Trabadillo 739368 4555676 1757 2902 0.09  1.77 0.14 0.25 0.33 

TB-E-50 Trabadillo 739368 4555676 4836 1913 0.07  1.83 0.14 0.25 0.31 

SPEN1-02R Penalbo 737324 4553383 542  0.10  1.50 0.23 0.35 0.43 

TB-E-25 Trabadillo 739368 4555676 55  0.12  1.87 0.11 0.20 0.29 

SVIL02-02R Villosino 740348 4555212 1317  0.13  1.79 0.16 0.28 0.32 

SVIL-01R Villosino 740452 4555232 53310  0.12 0.11 1.85 0.13 0.24 0.30 

LMAL-03 Los 

Malones 

735460 4548868 143 1008 0.14 0.05 1.78 0.15 0.26 0.33 

TB08R Trabadillo 739140 4555870 126  0.14 0.04 1.78 0.15 0.26 0.33 

GD1.2 La Mata 739381 4555666 1281  0.16 0.05 1.85 0.12 0.23 0.30 

TB-08R2 Trabadillo 739140 4555870 23  0.11  1.90 014 0.27 0.28 

LMAL-04 Los 

Malones 

735460 4548868 67 2029 0.16  1.75 0.14 0.25 0.34 

SDRILL-02R Trabadillo 736104 4548287 601  0.11 0.05 1.52 0.23 0.35 0.43 

TREMss01 Tremedal 737289 4551394  3703  0.02     

GEJOB01 Gejo del 

Barro 

739479 4551461  3443  0.05     

MU02 Mulledes 739697 4546864  3600       

GEJOR Gejo del los 

Reyes 

736383 4555557  4361       

 
Ksat: saturated hydraulic conductivity; Pmeter: permeameter; DRI: Double ring infiltrometer; Ѳfc: soil 
moisture at field capacity; Ѳwp: soil moisture at wilting point; ρ bulk density; w: gravitational soil moisture 
content; Ѳ: volumetric soil moisture content 

3.3.  Groundwater Level Measurements 

Groundwater level measurements were taken using two methods, namely automated monitoring loggers 
and manually using a sounding device attached to a measuring tape. 
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a) Loggers 

The automated monitoring loggers installed at some piezometers measure the hydraulic head on an hourly 
basis. Data is available from 2003 to 2008 in six locations in the catchment. Absolute loggers measure the 
absolute pressure above the top of an immersed logger. When the logger is placed below the water table in 
the well or piezometer, it records the pressure of the column of water above it. A separate logger measures 
atmospheric pressure. As the groundwater table rises or falls, the absolute pressure will rise or fall also. 
 
The pressure head exerted by the column of water above the logger is obtained from the relationship: 
 
Pressure Head =Absolute Pressure - Atmospheric Pressure  
 

b) Sounding Device 

The sounding device consists of a measuring tape attached to a probe equipped with an acoustic and light 
signal. The probe is lowered into a piezometer or well and when it gets in contact with the water, a beep 
sound is produced and a light goes on. The water level is then read from the measuring tape. 
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Figure 3-3: The monitoring network of piezometers in the Sardon Catchment 
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4. THEORETICAL BACKGROUND 

An investigation of climate change effects on regional water resources consists of three steps (Xu, 1999): 
(1) using climate models to simulate climatic effects of increasing atmospheric concentration of     
greenhouse gases.  
(2) Using downscaling techniques to link climate models and catchment-scale hydrological models or to     
provide catchment scale climate scenarios as input to hydrological models 
 (3) Using hydrological models to simulate hydrological impacts of climate change. 

4.1. Climate Modeling 

4.1.1. General Circulation Models 

 
Studies of the impact of global warming on the hydrological cycles and water resources in the future 
usually rely on climate change scenarios projected by General Circulation Models (GCMs) (Chen et al., 
2006) 
 
General circulation models (GCMs), also known as Global Climate Models refer to computer-driven 
models that use quantitative methods to simulate the interactions among the atmosphere, oceans and land 
surface. They are used for a variety of purposes ranging from the study of dynamics of the weather and 
climate system to the projections of future climate (Houghton et al., 2001) 
 
 There are atmospheric and oceanic GCMs, for modelling the atmosphere and ocean respectively and the 
two can be combined to form an Atmosphere-Ocean Coupled General Circulation Model (AOGCM). 
These coupled models consist of four components namely atmosphere, land surface, ocean and sea ice. 
The resolution of the atmospheric part of the current AOGCM ranges from 2° to 10° latitude and 
longitude respectively and vertically from 10 to 30 layers. 

4.1.2. Hadley Centre Coupled Model, version 3 (HadCM3) 

 
The HadCM3, used in this study, is an example of a coupled atmosphere-ocean general circulation model 
(AOGCM), developed at the Hadley Centre in the United Kingdom. It has a horizontal resolution of 
2.5°x3.75° (latitude x longitude) for the atmospheric component and 1.25°x1.25° for the oceanic 
component, giving a global grid of 96x73 grid points. It has 19 levels in the vertical (atmosphere) and 20 
levels in the ocean.  

4.1.3.  Emission scenarios 

 
Climate models’ projections of future climate are dependent on the level of future greenhouse gas (GHG) 
and aerosol emissions. Since 2000 the emission scenarios used to make projections with climate models 
throughout the 21st century are called the SRES (Special Report on Emission Scenarios). They constitute a 
set of emission scenarios created by a group of world experts from the IPCC (Nakicenovic et al., 2000) 
taking into account coherent hypothesis of the future evolution of world population growth, energy 
demand, efficient use of this or global economic growth among other considerations.  
 
A scenario is a plausible future climate that has been constructed for explicit use in investigating the 
potential consequences of anthropogenic climate change…”. (Houghton et al., 2001). 
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 Emission scenarios predict the emission of greenhouse gases, which are the main driving factors of the 
GCM predictions (O’ Hare et al., 2005). 
 
There are 6 scenarios denoted as A2, B2, B1, A1B, A1T and A1F1 although A2 and B2 are the ones most 
simulated by AOGCMs. In this study only the A2 and B2 scenarios are considered, where the A2 scenario 
represents a future evolution of greenhouse gases that is increasing more rapidly than in the B2 scenario. 
These two scenarios are the ones most used in climate change projection studies. 
 

Table 4-1: The Emission Scenarios of the IPCC Special Report on Emission Scenarios (SRES) 

Scenario 

 

Description 

A1 Describes a future world of very rapid economic growth, global population that peaks in 
mid-century and declines thereafter, and rapid introduction of new and more efficient 
technologies. 
The A1 scenario family develops into three groups that describe alternative directions of 
technological change in the energy system. The three A1 groups are distinguished by their 
technological emphasis: fossil intensive (A1FI), non-fossil energy sources (A1T), or a 
balance across all sources (A1B; where balanced is defined as not relying too heavily on 
one particular energy source (a mix of fossil and non-fossil fuel). 

A2 Describes a very heterogeneous world with continuously increasing global population and 
regionally oriented economic growth that is more fragmented and slower than in other 
storylines. 

B1 Describes a convergent world with the same global population as in the A1 storyline but 
with rapid changes in economic structures toward a service and information economy, 
with reductions in material intensity, and the introduction of clean and resource-efficient 
technologies. 

B2 Describes a world in which the emphasis is on local solutions to economic, social, and 
environmental sustainability, with continuously increasing population (lower than A2) 
and intermediate economic development. The scenario is oriented towards environmental 
protection but it focuses on local and regional levels. 
 

4.1.4.  Baseline Climate 

This describes the present day climate and provides a reference to which future climates can be compared. 
The IPCC recommends that, where possible, 1961-1990 (the most recent 30-year climate 'normal' period) 
( Hulme et al., 1995b; Kittel et al., 1995) should be adopted as the climatological baseline period in impact 
and adaptation assessments. This period has been selected since it is considered to:  

§ be representative of the present-day or recent average climate in the study region  
§ be of a sufficient duration to encompass a range of climatic variations, including a number of 

significant weather anomalies  
§ cover a period for which data on all major climatological variables are abundant, adequately 

distributed over space and readily available  
§ include data of sufficiently high quality for use in evaluating impacts  
§ be consistent or readily comparable with baseline climatologies used in other impact assessments  
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4.1.5. Downscaling GCM output 

 
With an average grid resolution of about 2.5°(~300km), GCMs are too coarse to be used for climate 
impact studies on regional and local scales as they are unable to resolve subgrid features such as clouds, 
topography and land use. There is therefore a need to downscale GCM output. Downscaling refers to 
obtaining finer resolution scenarios of climate change from the coarser resolution GCM output. As 
Fowler and Wilby, (2007) note, downscaling techniques, are commonly used to address the scale mismatch 
between coarse resolution global climate model (GCM) output and the regional or local catchment scales 
required for climate change impact assessment and hydrological modeling. To have confidence in a 
downscaling model and the results it produces it is important that the model should be able to reproduce 
observed past conditions (Wood et al., 2004). 
 
Generally there are two approaches to downscaling 
 

§ Dynamical downscaling 
§ Statistical downscaling 

 
Dynamical Downscaling 
 
Refers to the use of regional climate models (RCM) or limited-area models (LAM) which use the lateral 
boundary conditions from a GCM to produce high resolution outputs (Mearns et al., 2003). RCM models 
are usually defined at a grid size of 10-50 km and are able to better represent topography and land use 
than GCM models (Sunyer et al., 2010). 
 
Statistical (Empirical) Downscaling 
 
Statistical downscaling (SD) models rely on the fundamental concept that regional or local climate strongly 
depends on larger scale atmospheric variables (such as mean sea level pressure, geopotential height and 
wind fields).  
 
The regional climate is considered to be conditioned by the large-scale climate through the relationship 
                 ( )XfR =                                                                    (4-1)                     

 where: 
R represents the local climate variable that is being downscaled (the predictand) 
X is the set of large-scale climate variables (predictors) and 
f is a function which relates the two and is typically established by training and validating the models using 
point observations or gridded reanalysis data . 
 
According to (Wilby & Wigley, 1997), the following three implicit assumptions are involved in the 
statistical downscaling: 

§ Predictors are variables of relevance and are realistically modelled by the GCMs. 
§ The employed predictors fully represent the climate change signal. 
§ These observed empirical relationships are valid also under altered climate change conditions. 

In addition, the predictors have to be physically and conceptually sensible with respect to the predictand 
and strongly and consistently correlated with the predictand.  
 
Statistical downscaling methods can be divided into three main groups: regression models, weather 
generators and weather typing schemes. 
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Regression Models 
 

Regression models are those that directly quantify a relationship between a local scale climate variable 
(predictand) and a set of large scale climate variables (predictors). Examples of regression models include 
artificial neural networks, principal components analysis, linear and non–linear regression and canonical 
correlation analysis.  
 
Weather generators 
 
A stochastic weather generator is a statistical downscaling process which produces artificial (synthetic) 
time series of weather data of unlimited length for a location. This synthetic data has similar statistical 
properties as the observed data used to calibrate the statistical model. In these models precipitation is 
generated first whilst the other variables such as minimum and maximum temperature, solar radiation and 
humidity are then modelled based on the occurrence of precipitation. The generation of precipitation is a 
two stage process with the first stage modelling the occurrence of a wet or dry day using a Markov 
procedure and the second stage focusing on the amount of precipitation. 
  
Weather Typing/classification Schemes 

 
Weather typing consists of classifying large-scale atmospheric circulation patterns into a finite number of 
discrete weather classes, which are then related to the local climate. Climate change is estimated by 
evaluating the change in the frequency of the weather classes simulated by the RCM or GCM (Fowlet et 
al., 2007) 
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Table 4-2: Comparative summary of the relative merits of statistical and dynamical downscaling techniques (adapted 
from Wilby and Wigley, 1997). 

Statistical downscaling                                                                                                      Dynamical downscaling 
 

Advantages 
§ Comparatively cheap and computationally 

efficient 
§ Can provide point-scale climatic variables 

from GCM-scale output 
§ Can be used to derive variables not 

available from RCMs 
§ Easily transferable to other regions 
§ Based on standard and accepted statistical 

procedures 
§ Able to directly incorporate observations 

into method 
 
Disadvantages 

§ Require long and reliable observed 
historical data series for calibration 

§ Dependent upon choice of predictors 
§ Non-stationarity in the predictor-

predictand relationship 
§ Climate system feedbacks not included 
§ Dependent on GCM boundary forcing; 

affected by biases in underlying GCM 
§ Domain size, climatic region and season 

affects downscaling skill 
§ Choice of empirical transfer scheme 

affects results 

Advantages 
§ Produces responses based on physically 

consistent processes 
§ Produces finer resolution information 

from GCM-scale output that can resolve 
atmospheric processes on a smaller scale 

§ Resolve atmospheric processes such as 
§ orographic precipitation 
§ Consistency with GCM 

 
Disadvantages 

§ Computationally intensive 
§ Limited number of scenario ensembles 

available 
§ Strongly dependent on GCM boundary 

forcing 
§ Choice of domain size and location affects 

results 
§ Initial boundary conditions affect results 
§ Choice of cloud/ convection scheme 

affects (precipitation) results 
§ Not readily transferred to new regions or 

domains 
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Figure 4-1: A schematic illustrating the general approach to downscaling. (Adapted from Wilby and Dawson 2007) 

4.1.6.  Statistical Downscaling Model (SDSM) 

 
In this study statistical downscaling is used to downscale climate change scenarios using the Statistical 
DownScaling Model (SDSM).The Statistical Downscaling Model (SDSM) is a decision support tool, 
developed by Robert Wilby and Christian Dawson (Wilby et al., 2002) in the UK, for assessing local 
climate change impacts using a robust statistical downscaling technique. It permits the spatial downscaling 
of daily predictor-predictand relationships using multiple linear regression techniques. SDSM is best 
categorised as a hybrid of the stochastic weather generator and regression-based downscaling methods 
(Wilby & Wigley, 1997).  
 
The downscaling of daily weather series is divided into seven steps: 
 
1. Quality control and data transformation; 
2. Screening of the predictor variables;  
3. Model calibration;  
4. Weather generation using observed predictors; 
 5. Statistical analyses;  
6. Graphing of model output; 
7. Scenario generation using climate model predictors 
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Quality control and data transformation 
 
Quality control check enables the identification of data errors and the specification of missing data codes 
and outliers before model calibration. The regression technique used in SDSM assumes that the input data 
has a normal distribution such as the case with temperature. Where the data is skewed (e.g. precipitation) 
then a transformation of the data is necessary. 
 
Screening of the predictor variables 
 
This stage identifies the large scale predictor variables which are significantly correlated with observed 
station (predictand) data through seasonal correlation analysis, partial correlation analysis and scatter plots. 
The predictands considered in this study are precipitation, maximum and minimum temperature. 
Precipitation is modelled as a conditional process that depends on other intermediate process like the 
occurrence of humidity, cloud cover, and /or wet-days whereas temperature is an unconditional process. 
 
Predictor data files for SDSM were obtained from the Canadian Institute for climate studies (CICS) 
website. http://www.cics.uvic.ca/scenarios/sdsm/select.cgi. 
The predictors are available on a grid box basis of the same latitude and longitude as the HadCM3 
model.Once the coordinates closest to the study area are specified, the predictors which are in three 
directories are extracted. In this study the coordinates closest to the study area, Trabadillo were specified 
as 40°N and 352.5°E.  

NCEP_1961-2001:  

This directory contains 41 years of daily observed predictor data, derived from the National Centres for 
Environmental Prediction (NCEP) reanalyses, normalised over the complete 1961-1990 period.  

H3A2a_1961-2099:  

This directory contains 139 years of daily GCM predictor data, derived from the HadCM3 A2(a) 
experiment, normalised over the 1961-1990 period.  

H3B2a_1961-2099: 

This directory contains 139 years of daily GCM predictor data, derived from the HadCM3 B2(a) 
experiment, normalised over the 1961-1990 period.  
 
 
 
 
 
 
 
 
 
 
 
 
 

http://www.cics.uvic.ca/scenarios/sdsm/select.cgi
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Table 4-3:Large-scale atmospheric variables from the NCEP reanalysis and HadCM3 simulation 

 
 
  

Predictor Description  Predictor Description 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

mslpeu 
p_feu 
p_ueu 
p_veu 
p_zeu 
p_theu 
p_zheu 
p5_feu 
p5_ueu 
p5_veu 
p5_zeu 
p500eu 
p5theu 

mean sea level pressure 
surface air flow strength 
surface zonal velocity 
surface meridian velocity 
surface vorticity 
surface wind direction 
surface divergence 
500hpa air flow strength 
500pa zonal velocity 
500hp meriodinal velocity 
500hpa voritcity 
500hpa geo-potential height 
500hpa wind direction 

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

P5_ zheu 
p8_feu 
p8_ueu 
p8_veu 
p8_zeu 
p850eu 
p8theu 
p8zheu 
r500eu 
r850eu 
rhumeu 
shumeu 
tempeu 

500hpa divergence 
850hpa airflow strength 
850hpa zonal velocity 
850 hpa meriodinal velocity 
850 hpa vorticity 
850hpa geo-potential height 
850hpa wind direction 
850 hpa divergence 
relative humidity at 500hpa 
relative humidity at 850hpa 
near surface relative humidity 
surface specific humidity 
mean temperature at 2 m 

 
 
All predictors, except the wind direction were normalized with respect to the 1961-1990 mean and 
standard deviation. 
 
Model Calibration 
This process constructs the downscaling models based on multiple linear regression equations given the 
daily predictand data and the regional scale atmospheric predictor variables chosen in the screening of 
predictor variables stage. A choice is made whether individual downscaling models will be calibrated for 
each month, season or year. The calibration algorithm gives the percentage of explained variance (R2 ) and 
standard error (SE) for each regression model type(monthly, seasonal or annual average). 
 
Weather Generator 
Involves the generation of synthetic daily weather series representative of current climate conditions using 
the calibrated models and daily observed or reanalysis atmospheric predictor variables. The calibrated 
models can be validated by using them with the independent data excluded from the calibration process. 
There is need to specify how many ensembles of synthetic data are required with up to a max of 100 being 
possible. Each ensemble member is considered to be an equally plausible representation of local climate 
resulting from using the same set of predictor variable in the calibrated models. 
 
Analyse data 
SDSM provides basic descriptive statistics for both downscaled scenarios and observed climate data. A 
particular ensemble member or the mean can be analysed. 
 
Graphical Analysis 
Graphical analysis is achieved through the use of three options: frequency analysis, compare results and 
time series analysis screens. 
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Scenario generation 
The scenario generation operation produces ensembles of synthetic daily weather series given the 
regression weight produced during calibration process and the daily atmospheric predictor variables 
supplied by a GCM (either under the present or future greenhouse gas forcing). 
 

4.2. Hargreaves Equation 

One of the inputs into the pyEARTH model is potential evapotranspiration (PET). A number of methods 
are available for calculating PET. In this study the Hargreaves method is used to compute this parameter. 

 Hargreaves equation is given by: 

                                      ( )( )minmax8.170023.0 TTTRET aao −+=                                                                                        (4.1) 

          where 

§ oET  is reference crop evapotranspiration (mm/day) 

§ aT   is the daily mean air temperature (°C) i.e. 

                                   
( )

2
minmax TT

Ta

+
=                                                                                  (4.2) 

                                                

maxT     is the daily maximum temperature (°C) 

 minT  is the daily minimum temperature    (°C)   

aR         is extraterrestrial radiation (MJm-2 day-1) and is given by 
 

( ) [ ]sssca drGR ωδϕδϕω
π

sincoscossinsin
6024

+=                                            (4.3) 

                           ��     � 
The corresponding equivalent evaporation in mm day-1 is obtained by multiplying Ra by 0.408, i.e.  
1MJm-2day-1 = 0.408mmday-1 

i) scG    is the solar constant =0.082MJ/m2min 
 

ii)  dr    is the inverse relative distance( Earth-Sun) 
 

         






+=
365
2

cos033.01
J

dr
π

                                                                                            (4.4) 

  J is the Julian day (i.e. the number of the day in the year between 1 (1 January) and 365 or 366 (31 
December) 
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   iii) sω  is the sunset hour angle and is given by 

                                                                            [ ]δϕω tantanarccos −=s                                                                         (4.5) 

   iv)δ    is the solar declination, given by 

                                                 







−

=
39.1365

2
sin409.0

Jπδ                                            (4.6) 

   v)ϕ     is the latitude ( radians). Latitude,  ϕ  is positive in the northern hemisphere and negative in the 
southern hemisphere. 

4.3. Groundwater recharge modeling with py EARTH 1-D MODEL 

 
Groundwater recharge can be defined as the downward flow of water reaching the water table from the 
unsaturated zone (Freeze and Cherry, 1979; Lerner et al., 1990) .A number of factors affect 
groundwater recharge and these include vegetation type, land use, soil type, the antecedent 
moisture condition of the soil profile, depth to the water table, aquifer properties and the rate, 
timing and duration of irrigation or rainfall.  

4.3.1. Methods of estimating recharge 

 
In arid and semi arid areas where recharge rates are generally low compared to annual rainfall or 
evapotranspiration, the estimation of recharge is particularly important for water management decisions. 
Equally important is the estimation of future recharge rates because of the impact of envisaged climate 
change and increased demand for groundwater resources in the future (Kirchner, 2003). 
 
There are a number of recharge methods in use and these differ in terms of data needs, ease of use and 
the associated cost. The choice of appropriate methods for a recharge study requires the considerations of 
several factors such as the goal of the recharge study, the required accuracy and reliability, space and time 
scale, the range of the expected recharge estimates, the time to be spent on the study, and the financial 
resources available (Scanlon et al., 2002; Lerner et al., 1990). 
 
Two broad groups of recharge estimation can be identified: 
 
Direct methods 
These consider percolation, soil moisture distribution and evapotranspiration to estimate recharge. They 
include physical balance methods, empirical balance methods, unsaturated zone models and tracer 
methods. 
 
 Indirect methods 
The recharge to a groundwater aquifer cannot be easily measured directly, and is usually estimated by 
indirect means (Lerner et al., 1990). Indirect methods consider fluctuations of groundwater table as an 
indicator of recharge and include:  

§ Parametric balance methods which describe the relationship between groundwater table and 
recharge with two or more parameters. 

§ Physical methods which use physical processes of saturated flow to obtain recharge estimates.  
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4.3.2. EARTH MODEL 

The Extended model for Aquifer Recharge and soil moisture Transport through the unsaturated Hard 
rock(EARTH) is a 1D lumped parameter hydrological model for the simulation of recharge and 
groundwater level fluctuations developed  by (Lee & Gehrels, 1990). Its inputs include: 

§ Meteorological data( daily precipitation and potential evapotranspiration) 
§ Hydrological data ( daily groundwater level data used for model calibration) 
§ Input values for model parameters 

As output the model gives actual evapotranspiration, aquifer recharge, groundwater levels, precipitation 
excess, ponding, surface runoff and soil moisture. 
 
In this study a modified version of the EARTH model, the pyEARTH-1D model (Frances, 2008) is used 
to estimate recharge. It has a graphical user interface (GUI) that allows the user to input data easily and 
uses simple ASCII file as input and output. 
 
Background Information 
 
The EARTH model combines both direct and indirect methods of recharge measurement and consists of 
four sequential modules or reservoirs, MAXIL (Maximum Interception Loss), Soil moisture Storage 
(SOMOS), LINRES (Linear Reservoir Routing) and SATFLOW (Saturated Flow), each performing a 
particular function and representing a specific zone in the recharge process. The direct part determines 
recharge using physical processes above the groundwater table and the indirect part calculates the 
groundwater level with the estimated recharge of the direct part. 
 
The first two modules, MAXIL and SOMOS, represent the agro-hydrometeorological zone while 
LINRES and SATFLOW, represent the hydrogeological zone of the modelled space. 
 
The model is calibrated using measured groundwater levels and/or soil moisture values. 
 
The advantage of the EARTH model is its simplicity and insensitivity to the type of recharge mechanism  
(Healy & Cook, 2002). However it does not account for lateral groundwater flow in recharge evaluation. 
 
MAXIL 
 
This module calculates the amount of precipitation intercepted by vegetation, depression storage and loss 
to evaporation. The effective rainfall or precipitation excess (Pe), i.e. the fraction of precipitation which 
reaches the surface and infiltrates is given by 
 

oe EMAXILPP −−=                                                                                      (4.7)      
 

 P is precipitation  
 MAXILis the intercepted fraction of P  
 eP   is precipitation excess 

0E   is surface evaporation 
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SOMOS 
This module distributes infiltration water into actual evapotranspiration, percolation and surface storage 
and/or runoff. The remaining part is thus the change in soil moisture storage. It is a water balance module 
in the root zone. 
The equation of soil moisture storage variation in the root zone is  
 
 

                                                        sopae QSUSTERETP
dt
dS

−−−−= )(                       (4.8) 

 
 
where  
 S  is soil moisture  

eP  is precipitation excess  

aET is actual evapotranspiration 

pR  is percolation 

SUST is ponding water  

 sQ is surface runoff  

dt
dS

  is change in storage 

( )SUSTE0  is evaporated fraction of ponding water 

 
The soil moisture S is defined as: 
                                                                                   WDS =                                               (4.9)             
     
 W  is volumetric soil moisture content 
D  is thickness of the soil layer where soil moisture changes occur 
The actual evapotranspiration aET is obtained from 
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where 
 PET is potential evapotranspiration  
θ is actual volumetric soil moisture 

pwpθ is the permanent wilting point 

ϕ is porosity 
 
The percolation (Rp) is given by 
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where  
K is the unsaturated hydraulic conductivity 

dz

dhp is the gradient of the hydraulic potential (positive downward) 

satK is the saturated hydraulic conductivity  

θ is the actual volumetric soil moisture  

fcθ    is the soil moisture at field capacity 

ϕ     is the porosity 

It is assumed in the simplification of the above equation that percolation is equal to the unsaturated 
hydraulic conductivity. 
 
SUST 
SUST (Surface storage) is the module that calculates the amount of water that accumulates when 
maximum percolation is reached and is lost to evaporation or added once again to precipitation excess. If 
the amount of water in SOMOS reaches saturation, and the infiltration rate exceeds percolation rate pR , 
surface ponding may occur. In this case   
 
 

                                              
( )

opae ERETP
dt
SUSTd

−−−=                                                   (4.12) 

        
 SUST is the ponding water 

 0E is the open water evaporation 

If the ponding water exceeds a threshold value ( maxSUST ), that represents the maximum surface storage 
capacity, runoff ( sQ ) will occur i.e. 

 

maxSUSTSUSTQs −=                                                (4.13) 
 
 
LINRES 
This is the module that controls the time that percolating water (recharge) takes to reach the groundwater 
table due to its depth. It is a module for the unsaturated zone that is programmed by a transfer function 
that redistributes percolation temporally between the soil reservoir SOMOS and the SATFLOW module. 
Moisture which is percolating down from the soil reservoir can no longer be lost by evaporation. 
However, the groundwater table may be further down and therefore there is a delay before the soil 
moisture actually reaches the water table. This delay is modelled by linear reservoirs (Gieske, 1992). 
The equations to delay Rp in recharge are: 
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                                           po R
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                                                                           (4.15) 

where 
 R is recharge  
 f is unsaturated recession constant 
 n  is the number of reservoirs 
 *Y refers to results from the previous time step 
 0Y is the upper boundary condition  
 pR is the percolation  
 
SATFLOW 
This is the module that calculates groundwater level rise using the recharge, or in its absence, it calculates 
the groundwater recession. 
The equation to determine groundwater level fluctuation is: 
 

                                                      
RC
h

STO
R

dt
dh

−=                                                       (4.16) 

 
where  
R is the recharge  
STO is storage coefficient  
RC is the saturated recession constant  
h is the groundwater level above the local base level  
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FLOWCHART OF EARTH MODEL 

 
 

 

   
  
Figure 4-2: EARTH-1D Model flowchart. Source :( Lee & Gehrels, 1990) 

 
 
P is precipitation 
Pe is precipitation excess 
Eo surface evaporation 
ETa is actual evapotranspiration 
Qs is surface runoff 
Rp is percolation 
R is recharge 
Qd is subsurface drainage 
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Table 4-4: Parameter configuration for the EARTH Model 

 
Model 
 

 Parameter Symbol Source 

MAXIL Maxil  Field observation and literature 
SOMOS Maximum Soil moisture content 

Residual soil moisture content 
Initial Soil Moisture content 
Soil moisture at field capacity 
Maximum Surface Storage 
Saturated Conductivity 

Sm 
Sr 
Si 
Sfc 
SUSTmax 
Ks 

Laboratory 
analysis of  soil samples  

LINRES Unsaturated recession constant 
Number of reservoirs 

f 
n 

Groundwater level data 
Field observation 

SATFLOW Saturated recession constant 
Storage coefficient 
Initial groundwater level 
Local base level 

RC 
STO 
Hi 
Ho 

Groundwater level fluctuations 
Previous studies in study area 
Groundwater level data from 
measured groundwater fluctuations 

 

4.4. Groundwater modeling 
 
Groundwater modelling involves the use of computer generated models in the prediction of the flow of 
water. In this study MODFLOW (McDonald & Harbaugh, 1988) was used to simulate groundwater flow. 
MODFLOW is a block centred 3D finite difference groundwater flow model that can simulate a number 
of different types of aquifers. It consists of a series of packages with each package performing a specific 
function. 
A groundwater modelling process consists of two steps: 
 

§ Conceptual model 
§ Numerical model 

 

4.4.1. Conceptual model 
 
According to (Anderson & Woessner, 1992) a conceptual model is a simplified but accurate representation 
of the field groundwater flow system shown as a cross section or block diagram. 
In defining the conceptual model, the hydrostratigraphic units, preliminary water balance, model 
boundaries, flow system, direction and flow rate and model boundaries need to be specified. 
 

4.4.2. Numerical Model 

 
This is a mathematical model described by some governing equations, with associated boundary and initial 
conditions. It expresses the conceptual model in mathematical terms. The solution of the mathematical 
model yields the required predictions of the real-world system’s behaviour in response to various sources 
and/or sinks. The governing equation for groundwater flow in 3D is based on the law of mass balance 
and Darcy’s law (see equation 1.2). 
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Numerical groundwater modelling can be performed in steady state or transient state conditions. Fluxes 
are constant during the simulation period in steady state whilst they vary both in space and time in fully 
transient modeling. 
 
3D groundwater flow through a porous medium is governed by the following equation: 
 

W
t
h

S
z
h

K
zy

h
K

yx
h

K
x szyx −

∂
∂

=







∂
∂

∂
∂

+








∂
∂

∂
∂

+







∂
∂

∂
∂

                                               (4.17) 

 
where 

§ Kx, Ky, Kz are values of hydraulic conductivity along the x, y and z axes, 
§ h is the hydraulic head, 
§ W is flux per unit volume, representing sinks and/or sources of water 
§ Ss is specific storage of the aquifer 
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5. METHODOLOGY 

5.1.  Generating climate time series  

 
Rainfall and temperature measurements taken at Trabadillo show that these two are uniform at catchment 
scale since the catchment is small and with more or less uniform topography. The Trabadillo rainfall and 
temperature are therefore taken as representative of the catchment in this study. There are a number of 
gaps however in the historical temperature and precipitation data of Trabadillo. Since climate change 
studies require the analysis of long data series the precipitation data gaps were therefore filled using an 
interpolation method, the Normal Ratio method(Villazón & Willems, 2010). Seven neighbouring AEMET 
stations used for the interpolation are Villaseco, Ledesma, Villaseco Reyes, Salamanca, Manzano, 
Villamuerto and Villar de Peralonso (Figure 5-1). 
 
The equation for the normal ratio method is: 
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where 
 

§ PX is the missing precipitation value for station X  
§ P1, P2, …, Pn are precipitation values at adjacent stations for the current period 
§ NX is the long-term, annual average precipitation at station X 
§ N1, N2, …, Nn is the long-term precipitation for neighboring stations 
§ n is the number of adjacent stations 

 
Only two AEMET stations, Salamanca and Villarmuerto had records of minimum and maximum 
temperature. To fill in temperature gaps at Trabadillo a correlation using data for a common period, 2004 
to 2008 was made. The correlations of Trabadillo minimum temperatures with Villarmuerto and 
Salamanca gave R2 values of 0.29 and 0.68   respectively while maximum temperatures gave R2 values of 
0.47 and 0.84 respectively. The gaps were then filled with Salamanca data using the nearest neighbor 
approach (Eischeid et al., 2010) However due to some inconsistencies and obvious errors in Trabadillo 
temperature data, that data could not be relied upon. The Salamanca complete records were therefore used 
to represent Trabadillo temperature since the correlations were relatively high. The figure below shows the 
spatial distribution of the areas used in the interpolation relative to the position of Trabadillo. 
 
Figure 5-1 below shows the spatial distribution of the stations used for generating climate time series for 
Trabadillo. 
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     Figure 5-1: Spatial distribution of AEMET stations relative to Trabadillo  

5.2. Trend Analysis 

 
Analysis of historical temperature and precipitation data of Trabadillo was conducted to detect whether 
there was any trend of climate change in the catchment using the Trend testing tool, 
TREND(Kundzewicz & Robson, 2000). Minimum temperature, maximum temperature, average 
temperature and precipitation were used as indicators of climate change. A change in the climate is 
indicated by significant linear trends in these climate indicators. Precipitation was analysed for the period 
1931 to 2009 while temperature was analysed from 1956 to 2009. TREND has 12 statistical tests that can 
be used to test for trend, change and randomness in hydrological and other time series data. It performs 
the statistical tests only on annual, continuous and complete time series data. 
 
The most widely used of the 12 tests is the non-parametric Mann-Kendall trend test (Kahya & KalaycI, 
2004).This test does not require that the data fit a normal distribution and is therefore robust when 
compared to parametric tests. 
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5.3. Statistical Downscaling 

 
Future climate output of daily precipitation and temperature from the general circulation model (GCM), 
the Hadley Centre Coupled Model, version3 (HadCM3) was downscaled using a statistical method. The 
downscaling was done to ensure that the output of the GCM matched the spatial resolution of the 
catchment.  
 
The Statistical DownScaling Model (SDSM) was used in the downscaling of the baseline period and future 
for two emission scenarios, A2 and B2. The SDSM was chosen because it is simple to use and can provide 
local point-scale climatic variables from GCM-scale output, which is required in climate change impact 
studies of this nature. It can also read data from HADCM3 model output directly. On the other hand the 
HadCM3 is widely used in climate impact studies and simulates the two emission scenarios A2 (medium-
high) and B2 (medium – low) analysed in this study. 
The future simulations were divided into three 30 year periods namely the 2020s (2010-2039), 2050s 
(2040-2069) and 2080s (2070-2099) based on the mean of 20 ensembles which was then used for analysis 
purposes. To evaluate the performance of the downscaling, the mean of the downscaled data was 
compared with observed data.  
 

a) Parameter Settings in SDSM downscaling 

The following settings were adopted for the downscaling of precipitation and temperature. 
 
Model Transformation 
The fourth root transformation was used for downscaling precipitation while the default (None) was used 
for temperature. 
 
Event Threshold 
This parameter was set at 0.1mm/ day during the calibration of daily precipitation to treat trace rain days 
as dry days. For temperature it was set at 0. 
 
Variance Inflation  
This controls the amount of variance in downscaled daily weather variables, with larger values increasing 
the variance of downscaled properties. 
 
Bias Correction 
Compensates for any tendency to overestimate or underestimate the mean of conditional processes by the 
downscaling model. Different values of bias correction and variance inflation adjustment were tried and 
the best combination of these parameters gave a calibrated model with maximum coefficient of 
determination (R2), minimum standard error (SE) and identical standard deviation in the comparison of 
observed and simulated data.  
 

b) Model Calibration 

The SDSM model was calibrated for each month for precipitation, minimum and maximum temperature 
using the set of selected NCEP predictors and observed data. The goodness of a calibration is measured 
by values of the percentage of explained variance (R2) and standard error (SE).Results of the calibration 
indicating specific predictors used for downscaling each parameter are indicated in Figure 5-1. 
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c)  Predictors 

During the Screen Variables stage of SDSM downscaling the following predictors were chosen 
 
Table 5-1: Large scale predictor variables selected for SDSM downscaling 

 
 Large scale predictor Precipitation Minimum 

Temperature 
Maximum 
Temperature 

ncepp_veu Surface meridian velocity ü   
ncepp_zeu Surface vorticity ü  ü 
ncepp_ueu Surface zonal velocity ü  ü 
ncepp_feu Surface air flow strength    
ncepp_zheu Surface divergence  ü  
ncepp5_zeu 500hPa vorticity ü   
ncepp5_veu 500hPa meridional velocity  ü ü 
ncepp500eu 500hPa geopotential height   ü 
ncepp8_ueu 850hPa zonal velocity ü   
ncepp8_veu 850hPa meridional velocity  ü  
ncepp8_feu 850hPa airflow strength  ü ü 
ncepp8_zeu 850hPa vorticity   ü 
ncepp8theu 850hPa wind direction    
ncepr500eu Relative humidity at 500hPa ü   
ncepr850eu Relative humidity at 850hPa  ü  
ncepshumeu Surface specific humidity ü ü  
nceprhumeu Near surface relative 

humidity 
ü   

nceptempeu Mean temperature at 2m  ü ü 
 
 

d) Validation 

To evaluate the performance of any downscaling process it is important that the synthesized data should 
closely replicate observed data. Usually part of the observed data series is used for calibrating the model 
while the data which was not used for calibration is used for independent model verification. In this study 
data for 1961 -1975 was used for calibrating the model while the data for 1976-1990 was used for model 
validation. 
 

e) Downscaling present (observed) climate  
 

SDSM was used to downscale the present climate (1961-1990) using NCEP and HadCM3 A2 and B2 
predictors. The results obtained were then compared with the observed values. 
 

f)  Downscaling future climate  

The future climate was downscaled using the HadCM3 predictors. Changes in mean daily precipitation 
and temperature were analysed for the 2020s, 2050s and 2080s for the A2 and B2 scenarios by comparing 
with the baseline period (1961 to 1990). 
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Output of the downscaling process, daily temperature and precipitation provided input into the hydrologic 
model, pyEARTH 1-D. 
 

5.4. Converting climate model output into groundwater recharge 
 
Daily temperature from the downscaling process was converted into daily potential evapotranspiration 
using Hargreaves method and this, together with daily precipitation provided the input into pyEARTH-
1D recharge model. The choice of the pyEARTH 1-D model was influenced by its success in other 
studies. In a study on soil moisture dynamics and evapotranspiration(Obakeng, 2007), the EARTH model 
was used to estimate annual recharge in the Serowe area, a semi arid area in Botswana. Results obtained 
were of the same order of magnitude with those obtained using a water table Fluctuation Model (WTF) 
and a Linear Reservoir approach (LINRES).  The Hargreaves method was used because of its simplicity 
since it uses information on daily temperature and the latitude of the place only to calculate potential 
evapotranspiration and is therefore suitable in areas where data is scarce. A study by (Trajković & Gocić, 
2010) comparing six methods to calculate PET at an area with a semi arid Mediterranean climate in 
southern Italy showed that the Hargreaves formula produced results comparable to the widely used 
Penman Monteith formula. 
 
The pyEARTH 1-D recharge model was calibrated with groundwater level and soil moisture data for 2004 
to 2008 and June 2008 to December 2008 respectively. The calibrated model was used to estimate 
recharge and actual evapotranspiration for the historical (1961 -1990) and forecast periods (2010-2039) for 
both the A2 and B2 scenarios. 
 

5.5. Groundwater Modeling 

5.5.1. Model Set up and boundaries 

In the Sardon catchment, two layers underlain by a massif granite basement can be identified. The major 
groundwater flow direction is S-N, being controlled by topography and subsurface structures in the 
catchment. 
 
Boundary conditions are mathematical statements which specify the head or fluxes at the boundaries of 
the model domain. The correct assignment of the boundaries is important since it controls the flow 
regime of the numerical model (Duah, 1999). No flow boundary conditions were assigned along all the 
external boundaries of the catchment. Sardon river which flows along the major fault zone is simulated by 
drain boundary condition in which the drain elevation is selected bottom of the river. The site was 
simulated as two layered structure with upper layer unconfined and lower layer confined. The grid size of 
the model is 100 m x 100m and covers the whole area of the Sardon catchment giving 131 rows and 95 
columns.  
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5.5.2. Model Calibration 

 
The groundwater flow model was calibrated from 2004 to 2008 using data from 5 piezometers. During the 
calibration the differences between measured and simulated piezometric heads were initially minimized by 
trial and error adjustment of the hydraulic conductivities using the calibrated model of  Rajapakse(2009) as 
a starting point. Later the automated parameter estimation, PEST was applied to optimize the hydraulic 
conductivities and the main storage parameters of specific yield and storage coefficient. Results of the 
calibration and simulations are shown in chapter 6. The model grid with the 5 piezometers used for 
calibration is shown in Fig 4-3 below. The yellow structure is the Sardon river.  
 
The calibrated model was then run in transient state to estimate groundwater resources for the A2 and B2 
future scenarios for the period 2010-2039 after applying uniform recharge over the whole catchment. 
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Figure 5-2: Model layer 2 and the 5 calibration piezometers 
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5.5.3. Time Discretization 
 
A stress period can be defined as a period which represents a uniform groundwater flow regime and is 
defined within the individual simulation periods of the groundwater model. The stress periods were 
defined after considering the temporal variability of rainfall and recharge computed from the pyEARTH 
1-D model. Determining the simulation time steps in transient modelling is a critical step in model design 
since values of space and time discretization strongly influence the numerical results (Anderson & 
Woessner, 1992).The 30 year simulation period from Jan 2010 to Dec 2039 was divided into 60 stress 
periods of 240 and 120 days. These were in turn divided into time steps of 8 and 4 months respectively.  
The stress periods and time steps for simulating transient flow are shown in appendix 2. 
The selected stress periods can be divided into two groups: 

§ Wet winter season (Oct to May) 
§ Dry summer season (June to Sept) 

  

5.5.4. Water balance 
 
The water balance or budget is a quantitative statement of the balance between water gained by the 
catchment and water losses from the catchment during a specified period. Recharge, groundwater storage 
and outflow through drain package constitute the major components of the water balance in the study 
area and all these were calculated for each stress period. Appendix 3 shows the total water balance for all 
the stress periods.  
 
. 
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6. RESULTS AND DISCUSSION 

6.1. Generating climate time series 

 
The graphs below show the generated time series of annual precipitation, mean annual minimum 
temperature, mean annual maximum temperature and mean annual average temperature using 
interpolation means.  
 

 
 

 

 
 

 

 
Figure 6-1: Time series of precipitation and temperature for Trabadillo station 
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6.2. Trend  Analysis 
 

 Table 6-1: Trend testing results 

  

  
                                                   PARAMETER 
  

TEST Precipitation 
Mean annual Min 
temperature 

Mean annual Max 
temperature 

Mean annual Average 
temperature 

Mann-Kendall NS NS S (0.01) S (0.05) 
Spearman's Rho NS NS S (0.01) S (0.01) 
Linear regression NS NS S (0.01) S (0.01) 
Cusum NS NS S (0.01) S (0.05) 
Cumulative deviation NS NS S (0.01) S (0.01) 
Worsley likelihood S (0.1) NS S (0.01) S (0.01) 
Rank Sum NS NS S (0.01) S (0.01) 
Student's t NS NS S (0.01) S (0.05) 
Median Crossing NS S (0.05) S (0.01) S (0.01) 
Turning Point NS S (0.05) NS NS 
Rank Difference NS S (0.01) S (0.01) S (0.01) 
Auto Correlation NS S (0.01) S (0.01) S (0.01) 

 
(NS means not significant at α =0.1; S means statistically significant, with the significance level shown in 
brackets). 
 
Results of the analysis in Table6-1 above indicate that maximum and average temperature showed a 
significant increasing trend for the period under consideration. Mean annual average temperatures and 
mean annual maximum temperatures increased by 0.21°C and 0.38°C respectively relative to the baseline 
period .Mean annual minimum temperature and precipitation however showed no significant trend. 

6.3. Downscaling GCM Output 

 
a) Model calibration 

The results of calibration indicate that values of R2 were greater for temperature than for precipitation. 
This indicates the difficulty in finding significant climate variables from the NCEP data that could explain 
well the variability of daily precipitation  Nguyen et al..In general daily precipitation amounts at individual 
sites are poorly resolved by regional scale predictors. (Doyle, 1997) notes that both the rain occurrence 
and the amount of precipitation are stochastic processes which make the downscaling of precipitation a 
difficult problem.  
 
These results are however comparable to those obtained by other researchers elsewhere. In a study to test 
the ability to simulate daily precipitation and extreme temperature series for four stations in the Montreal 
region in Quebec (Nguyen, et al., 2004), two downscaling methods, the LARS-WG and SDSM were 
compared. Values of R2   obtained were 0.714 and 0.785 for maximum and minimum temperatures 
respectively. The values for precipitation ranged from 0.062 to 0.098. 
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 Table 6-2: Model calibration results 

 
 
 

Precipitation Minimum temperature Maximum Temperature 

R2 0.143 0.678 0.777 
Standard Error(SE) 0.303 1.817 1.853 
Variance Inflation 12 12 12 
Bias Correction 0.915 1 1 
 
 

b) Validation 

The mean daily precipitation and temperature were used to test model performance during the validation 
period. The results are shown in the graphs below. 
 

 
 

 

 
 

 

 Figure 6-2: Validation results of SDSM downscaling at Trabadillo station. 
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Figure 6-2 shows the performance of the downscaling model for temperature and precipitation during 
validation. The graphs show a good agreement between the simulated and observed mean daily minimum 
and maximum temperature for all the months. There is also good agreement for observed and simulated 
mean daily precipitation for all months except January, February, March, September, October and 
November where the model underestimates the observed values. Values of R2 were 0.16, 0.89 and 0.95 for 
precipitation, minimum temperatures and maximum temperatures respectively. 
 

c) Downscaling present (observed) climate  

 The results obtained for downscaling the present climate using NCEP and HadCM3 predictors are shown 
below. 
 
Figure 6-3 below shows a satisfactory agreement between the observed and simulated temperature and 
precipitation. A2 and B2 however overestimate January precipitation. 
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Figure 6-3: Observed 1961-90 mean daily precipitation, min and max temperature and simulated data. 

 
d) Downscaling future climate  

The results of downscaling the future climate using HadCM3 are shown in the figures below. 
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Figure 6-4: Comparison of current (1961-1990) mean daily precipitation, average temperature, minimum and 
maximum temperatures with future HadCM3 simulated data for the A2 and B2 scenarios 

  
 
Precipitation 
 
There is a decrease of mean daily precipitation of between 2% and 54% from April to October for both 
A2 and B2 scenarios, with largest decreases in late Spring (MAM) and Summer (JJA). Increases of between 
1% and 65% which are largest in January, are projected from November to March. Except for the 2080s, 
generally decreases are greater under the B2 scenario while increases are greater under the A2 scenario 
except for the 2050s, when compared to the baseline period. 
 
Annual precipitation decreases for both A2 and B2 scenarios by between 3% and 12% when compared to 
the baseline period. These projections are in agreement with those obtained by Castro et al., (2002) where 
six AOGMS and a regional model were used to simulate the future climate for Spain. Their results indicate 
decreasing annual precipitation in the future, somewhat greater in scenario A2 than B2 and the reductions 
are maximum in spring and lower in summer. 
 
Temperature 
 

§ Minimum Temperature 

Mean daily minimum temperatures will generally increase by 0.007°C to 2.1°C in the 2020s, 0.5°C to 3.1°C 
in the 2050s and 1.1°C to 5.0°C for the 2080s for much of the year with greater increases for the A2 than 
B2 scenario. The increases become progressively bigger from the 2020s to the 2080s. 
Greatest increases are projected in summer (JJA).There is a decrease of 0.1°C for the 2020s B2 period 
when compared to the baseline. 

 
§ Maximum temperature 

Increases in mean daily maximum temperature  of between 0.2°C to 1.7°C , 1.6°C to 3.6°C and 2.2°C to 
7.0°C are forecast for the 2020s, 2050s and 2080s respectively. The A2 scenario shows higher increases 
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than the B2 scenario. The greatest increases are 
0.2°C and 0.4°C in June and July respectively
 

§ Average  temperature 

Temperature increases of up to 1.9°C, 3.1°C and 5.9°C are forecast for the 2020s, 2050s and 2080s 
respectively, with A2 temperatures being higher than B2 temperatures
0.2°C forecast in A2 2020s period for June. More warming 

6.4. Recharge  Modeling with pyEARTH
 
The recharge model used daily rain and PET data as model input variables, in addition to 
head series and soil moisture data.  
 
Figure 6-2 shows the calibration graphs 
precipitation excess, potential evapotranspiration and actual evapotranspiration 
2008. The parameters used in the calibration are shown in 
 

      

  Figure 6-5: Calibration graphs for the period 2004 to 2008
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than the B2 scenario. The greatest increases are also forecast for summer (JJA). There are decreases of 
respectively for the A2 2020s period when compared to the baseline.

Temperature increases of up to 1.9°C, 3.1°C and 5.9°C are forecast for the 2020s, 2050s and 2080s 
respectively, with A2 temperatures being higher than B2 temperatures. However there is
0.2°C forecast in A2 2020s period for June. More warming is forecast for summer than w

odeling with pyEARTH    

The recharge model used daily rain and PET data as model input variables, in addition to 

graphs for hydraulic head, recharge, soil moisture, precipitation, 
precipitation excess, potential evapotranspiration and actual evapotranspiration for the period 2004 to 
2008. The parameters used in the calibration are shown in Appendix1. 

: Calibration graphs for the period 2004 to 2008 
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forecast for summer (JJA). There are decreases of 
period when compared to the baseline. 

Temperature increases of up to 1.9°C, 3.1°C and 5.9°C are forecast for the 2020s, 2050s and 2080s 
. However there is also a decrease of 

is forecast for summer than winter. 

The recharge model used daily rain and PET data as model input variables, in addition to the hydraulic 

hydraulic head, recharge, soil moisture, precipitation, 
for the period 2004 to 
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Table 6-3: Results of pyEARTH 1-D Modeling 

 
Period Total 

Precipitation 
(mm) 

Annual 
Precipitation 
(mm) 

Total 
Recharge 
(mm) 

Annual 
Recharge 
(mm) 

Recharge 
(% of rainfall) 

2004-2008 2269.24  370.03  16.3% 
1961-1990 18212.6 607.09 2969.07 98.97 16.3% 
A2(2010-2039) 17201.85 573.39 2171.38 72.38 12.6% 
B2(2010-2039) 17335.83 577.86 2346.56 78.22 13.5% 
 
These results show that annual recharge decreases by 26.87% and 20.97% for the A2 and B2 scenarios 
respectively for the 2020s compared to the baseline period. It should be noted that the magnitudes of 
recharge in the future scenarios are dependent on the values used for the parameters during calibration, 
with different parameters giving different recharge values. Annual precipitation decreases by 5.7% and 
4.9% for the A2 and B2 scenarios respectively during the same period. The decrease in recharge in the 
future can be explained by decrease of rainfall during the same period. 

6.5. Groundwater Modeling 
 
 
Calibration and parameter settings 
 
The optimum calibration was achieved with settings of specific yield of 0.05 to 0.1 for the first layer and 
0.25 for the second layer. Specific storage was set at 0.0001 in the first layer and ranged from 0.001 to 
0.0000001 in the second layer. Horizontal hydraulic conductivity (Kh) for the second layer varied from 0.3 
to 24.8 while for the first layer it was 0.15 close to the Sardon river and 1 elsewhere. These settings are 
indicated in Figure 6-6 below. The first diagram shows hydraulic conductivity K value settings in the 
second layer while the second figure shows hydraulic conductivity settings in the first layer. The third 
figure shows value settings for specific storage Ss while the last figure shows settings for specific yield, Sy.  
Figure 6-7 shows the calibration performance for the 5 piezometers.  
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Figure 6-6:  Calibration values of K, Sy and Ss for the two model layers 
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Figure 6-7: MODFLOW calibration head data in piezometers: Pgb0, Pgj0, Pmu1, Psd1 and Ptb2 (see Fig4-3) for the 
calibration period 2004-2008 
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A2 

 
 

B2

 

Figure 6-8: Prediction of groundwater levels of the 5 piezometers for the A2 and B2 scenarios (2010-2039) 

Table 6-4: Change in groundwater levels for the 5 piezometers for the 2020s 

 
Piezometer Initial gw 

levels(m) 
Final gw 
levels(m)(A2) 

Final gw 
levels(m)(B2) 

Change in gw 
levels(m)(A2) 

Change in gw 
levels(m)(B2) 

Pgj0 800.9243 799.4774 804.7903 -1.4469 3.866 
Ptb2 735.9238 736.924 739.134 1.0002 3.2102 
Pgb0 801.3917 793.6788 794.4551 -7.7129 -6.9366 
Pmu1 794.0138 787.0078 788.6492 -7.006 -5.3646 
Psd1 798.0032 789.0125 792.6947 -8.9907 -5.3085 
 
Figure 6-9 shows the variation of groundwater levels for the 5 piezometers from the beginning of 2010 to 
the end of 2039. In the A2 scenario groundwater levels in the four piezometers, Pgb0, Pgj0, Psd1 and 
Pmu1 decrease ranging from 1.4m to approximately 9.0 m whereas piezometer Ptb2’s groundwater level 
increases by 1.0 m. In the B2 scenario groundwater levels in Ptb2 and Pgj0 increase by 3.2 m and 3.9 m 
respectively while the levels in the other three piezometers decrease by values ranging from 5.3 m to 6.9 
m. Decreases in both scenarios are larger under the A2 scenario than under the B2 scenario. This can be 
explained by higher ETg values under the A2 than B2 scenario and also because amounts lost as drain are 
greater under the A2 than B2 scenario. The rises in groundwater levels for the two piezometers can be 
attributed to some calibration or other model errors. (Scibek & Allen, 2006b) point out that the ability of a 
groundwater flow model to predict changes to groundwater levels as forced by climate change depends on 
the locations and types of model boundary conditions, the success of model calibration and model scale.  
 
 
 
 
Water Balance 
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Table 6-5 below shows the total water balance components for the A2 and B2 scenarios for 2010-2039 
with the fluxes being given in m3. Figure 6-10 shows variation of the three water balance components from 
2010 to 2039 for the two scenarios. When the catchment is taken as whole groundwater storage decreases 
by 24.2% under the A2 scenario and by 10.9% under the B2 scenario. Although there are year to year 
variations in drain and recharge, cumulative totals at the end of the simulation period indicate that water 
lost as drain is higher under the A2 than B2 scenario. Consequently this increase in drain coupled with a 
decrease in precipitation results in smaller recharge for the A2 scenario. This connection between different 
fluxes is further amplified by (Croley & Luukkonen, 2003) who point out that, “because groundwater 
resources are naturally replenished by infiltration of precipitation and subsequent percolation of water 
through geologic materials, a decline in precipitation or an increase in evapotranspiration would result in a 
decline in recharge , possibly resulting in a decline in groundwater levels.” 
 
 
Table 6-5: Water balance components under the A2 and B2 scenarios for 2010-2039 

 
 

A2(IN) A2(OUT) B2(IN) B2(OUT) 

Recharge 2151063.9  2255798.0  
Storage 821443.5 622947.6 720835.3 641983.6 
Drain  -2382240.7  -2377055.0 

 
 
 
 

 
 
 
Figure 6-9: Graphical Representation of water balance components for the A2 and B2 scenarios for 2010-2039 
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Figure 6-10: Variation of recharge, drain and storage for the A2 and B2 scenario for 2010-39 
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7. CONCLUSION AND RECOMMENDATIONS 

7.1. Conclusion 

Results of the study show that the Sardon catchment is sensitive to climate change. Maximum and average 
temperatures have been on an upward trend since 1956 averaging an increase of 0.38°C and 0.21°C 
respectively relative to the baseline period. Precipitation and minimum temperatures have not shown a 
clear trend although interannual variability has been noted.  In the future annual precipitation is expected 
to decrease by between 3 % and 12% by 2099 under the A2 scenario. For the B2 scenario precipitation is 
expected to decrease by 4.9%, 7.2% and 3.4% respectively for the 2020s, 2050s and 2080s when compared 
to the baseline period. An increase in temperature is projected throughout the century with higher 
temperatures expected under the A2 than B2 scenario. More warming is forecasted for summer than 
winter. Mean daily minimum temperatures, maximum temperatures and average temperatures are 
forecasted to increase by up to 5.0°C, 7.0° C and 5.9°C by the end of the century. 
 
The Statistical Downscaling Model (SDSM) was shown to be able to successfully downscale GCM output 
particularly minimum and maximum temperature. However in this case study it tends to miss extreme 
rainfall events such as high rainfall occurrences leading to a forecast of rainfall of almost uniform low 
intensity throughout the forecast period. This is also noted by Wilby et al. (2004) who point out that 
statistical downscaling methods are usually not very effective for simulation of extreme events of 
precipitation. 
 
Simulation of recharge by the hydrological model pyEARTH 1-D indicates that recharge will decrease 
from the current (1961-1990) value of 16.3% of precipitation to 12.6% and 13.5% of precipitation for the 
2020s A2 and B2 periods respectively. These decreases in recharge can be attributed to the decreasing 
precipitation within the same time period. 
 
The groundwater model, MODFLOW was also able to simulate future changes in groundwater levels 
thereby allowing the quantification of climatic impacts on groundwater resources to be made. In the 2020s 
groundwater storage is expected to decrease by 24.2% under the A2 scenario and by 10.9% under the B2 
scenario. Loss of water through drain is higher under the A2 than B2 scenario. This together with 
decreasing precipitation results in less recharge to the aquifer for the A2 scenario when compared to the 
B2 scenario. When compared to the baseline period, recharge decreases for the 2020s under both 
scenarios. 
 

7.2. Recommendations 
 
The quantification of hydrological impacts of climate change has many uncertainties. The results of this 
study should therefore be viewed with caution and be considered as possible not conclusive outcome as 
they are based on the analysis of data for one station and not all the stations in the catchment. To improve 
on the quality of data there is need to improve the observation network since climate data generation 
methods can never fully reproduce observed data. 
 
Other methods of generating climate data such as using the LARS-WG, WXGEN and ClimGen need to 
be considered although these have limitations in that they require observed data of at least a specific 
duration to be able to generate usable data. 
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There is need to explore further other methods of downscaling precipitation. Even different statistical 
downscaling methods have yielded results showing significantly different hydrological impacts for the 
same catchment(Dibike & Coulibaly, 2005) Multiple linear regression techniques such as those used in 
SDSM are based on the assumption that the predictor-predictand relationships developed for the 
historical period are time-invariant. Latest research however shows that this assumption is not always 
true(Wilby & Wigley, 1997).In addition downscaling methodology has also been found to be area specific. 
It is therefore good practice to try different downscaling methods in order to find the most suitable for 
the area of interest.  
 
 In this study uniform recharge was applied to the catchment and the groundwater flow model run in 
transient to simulate impacts on water resources. In reality however recharge varies both temporally and 
spatially (Lubczynski & Gurwin, 2005). Further studies to see how groundwater will respond to spatially 
varying recharge would be useful. 
 
The HadCM3 model was used to predict future climate scenarios. However research has shown that 
future projections of climate are dependent on the GCM used. It is therefore ideal to use an ensemble of 
GCMs that will indicate an average future scenario. 
 
Although the pyEARTH 1-D can be used successfully in this catchment it has its own weaknesses such as 
the fact that it ignores lateral flow resulting in erroneous results. The use of other methods of recharge 
estimation such as lysimeters, well hydrographs and chloride mass balance will enable comparison of 
results. 
 
Only two scenarios A2 and B2 were considered in this study. However these are just two cases of possible 
greenhouse emission paths. It would be informative to compare results obtained under these scenarios 
with results under other scenarios such as A1B and B1. 
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8. APPENDICES 

Appendix 8-1: pyEARTH calibration parameters for the period 2004 to 2008 

SOMOS  
MAXIL (mm) 0.5 
Wm (%) 0.38 
Wfc (%) 0.195 
Wr (%) 0.17 
D (mm) 1000 
Ks (mm/day) 5 
SUSTm (mm) 0 
LINRES  
n 1 
f 0.5 
SATFLOW  
RC (day) 60 
STO 0.015 
hi (m) 0.26 
h0 (m) 735.2 
Elevation (m) 737.2 
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Appendix 8-2: Stress periods and recharge values for A2 and B2 scenarios for 2010-2039 

 
Stress period Start End Days Time Steps Recharge_A2 Recharge_A2 
1 15/06/2008 20/09/2008 97 3 2.42487E-05 2.42487E-05 
2 21/09/2008 27/05/2009 247 8 5.57E-05 5.57E-05 
3 28/05/2009 31/12/2009 217 7 0 0 
4 01/01/2010 30/05/2010 150 5 0.000279956 0.000161691 
5 01/06/2010 30/09/2010 120 4 0 0 
6 01/10/2010 30/05/2011 240 8 0.000506574 0.000110144 
7 01/06/2011 30/09/2011 120 4 0.000014375 0 
8 01/10/2011 30/05/2012 240 8 1.37763E-05 0.000107614 
9 01/06/2012 30/09/2012 120 4 0 0 
10 01/10/2012 30/05/2013 240 8 0.000267526 1.17975E-06 
11 01/06/2013 30/09/2013 120 4 0 0 
12 01/10/2013 30/05/2014 240 8 0.000104112 0.000410954 
13 01/06/2014 30/09/2014 120 4 0 5.27083E-05 
14 01/10/2014 30/05/2015 240 8 7.33088E-05 0.000474081 
15 01/06/2015 30/09/2015 120 4 1.01169E-06 0.000182083 
16 01/10/2015 30/05/2016 240 8 0.000418629 0.000275437 
17 01/06/2016 30/09/2016 120 4 3.35417E-05 0 
18 01/10/2016 30/05/2017 240 8 0.000263333 0.000279262 
19 01/06/2017 30/09/2017 120 4 0 0 
20 01/10/2017 30/05/2018 240 8 0.000393804 0.00040914 
21 01/06/2018 30/09/2018 120 4 4.3125E-05 0 
22 01/10/2018 30/05/2019 240 8 0.00022062 0.00029241 
23 01/06/2019 30/09/2019 120 4 2.36948E-06 0 
24 01/10/2019 30/05/2020 240 8 0.000385201 4.98181E-05 
25 01/06/2020 30/09/2020 120 4 4.80057E-07 0 
26 01/10/2020 30/05/2021 240 8 0.000359072 0.000338317 
27 01/06/2021 30/09/2021 120 4 0 1.83882E-05 
28 01/10/2021 30/05/2022 240 8 0.00043281 0.0004159 
29 01/06/2022 30/09/2022 120 4 0 8.625E-05 
30 01/10/2022 30/05/2023 240 8 0.000384981 0.000450144 
31 01/06/2023 30/09/2023 120 4 9.60794E-06 7.66667E-05 
32 01/10/2023 30/05/2024 240 8 0.000299387 0.000355429 
33 01/06/2024 30/09/2024 120 4 8.76834E-05 0 
34 01/10/2024 30/05/2025 240 8 0.000410695 0.000326385 
35 01/06/2025 30/09/2025 120 4 4.39085E-06 7.66668E-05 
36 01/10/2025 30/05/2026 240 8 0.000397156 0.000442618 
37 01/06/2026 30/09/2026 120 4 6.70835E-05 4.79167E-06 
38 01/10/2026 30/05/2027 240 8 0.000405492 0.000329412 
39 01/06/2027 30/09/2027 120 4 0.000167709 0 
40 01/10/2027 30/05/2028 240 8 0.000249437 0.000364361 
41 01/06/2028 30/09/2028 120 4 6.17833E-05 3.81617E-05 
42 01/10/2028 30/05/2029 240 8 0.000438363 0.000412908 
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43 01/06/2029 30/09/2029 120 4 0.000206042 0.000124583 
44 01/10/2029 30/05/2030 240 8 9.91592E-05 0.000316758 
45 01/06/2030 30/09/2030 120 4 0 3.57467E-05 
46 01/10/2030 30/05/2031 240 8 0.000362393 0.000177176 
47 01/06/2031 30/09/2031 120 4 0.000186875 2.74792E-05 
48 01/10/2031 30/05/2032 240 8 0.000305799 0.000417659 
49 01/06/2032 30/09/2032 120 4 5.21242E-05 0.00011682 
50 01/10/2032 30/05/2033 240 8 8.44719E-05 0.00028551 
51 01/06/2033 30/09/2033 120 4 0 8.19821E-05 
52 01/10/2033 30/05/2034 240 8 0.000369608 0.000407588 
53 01/06/2034 30/09/2034 120 4 0.000151039 0.000169549 
54 01/10/2034 30/05/2035 240 8 0.000280647 0.00037632 
55 01/06/2035 30/09/2035 120 4 5.21107E-05 5.6812E-05 
56 01/10/2035 30/05/2036 120 8 0.000171526 9.85429E-05 
57 01/06/2036 30/09/2036 240 4 7.25252E-06 6.2925E-06 
58 01/10/2036 30/05/2037 120 8 0.000320153 0.000333248 
59 01/06/2037 30/09/2037 240 4 5.51156E-05 0.000183562 
60 01/10/2037 30/05/2038 120 8 7.58599E-05 0.000426993 
61 01/06/2038 30/09/2038 240 4 7.88474E-06 7.55364E-05 
62 01/10/2038 30/05/2039 120 8 0.00017276 0.000262351 
63 01/06/2039 30/09/2039 240 4 0 4.30315E-05 
64 01/10/2039 30/05/2040 120 8 0.000221834 0.000336166 
65 01/06/2040 30/09/2040 240 4 0 0 
 Total     11631 387     
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Appendix 8-3: Total water balance (15/06/ 2004 to 30/09/2040) 

 
VOLUMETRIC BUDGET FOR ENTIRE MODEL AT END OF TIME STEP 4 IN STRESS PERIOD 65 
  ------------------------------------------------------------------------------ 
 
     CUMULATIVE VOLUMES      L**3       CUMULATIVE VOLUMES               L**3          
     ------------------                 ------------------------ 
 
           A2IN:                                     B2 IN: 
           ---                                      --- 
             STORAGE =    27921656.0000               STORAGE =        24912552.0              
       CONSTANT HEAD =           0.0000         CONSTANT HEAD =           0.0000 
              DRAINS =           0.0000                DRAINS =           0.0000 
            RECHARGE =    66442188.0000              RECHARGE =        69003752.0                
            TOTAL IN =    94363840.0000              TOTAL IN =        93916304.0 
 
          OUT:                                     OUT: 
          ----                                     ---- 
             STORAGE =    19191394.0000               STORAGE =        19385406.0                
       CONSTANT HEAD =           0.0000         CONSTANT HEAD =           0.0000 
              DRAINS =    76849912.0000                DRAINS =        76675760.0                
            RECHARGE =           0.0000              RECHARGE =           0.0000 
 
           TOTAL OUT =    96041304.0000             TOTAL OUT =        96061166.0 
 
            IN - OUT =    -1677462.0000              IN - OUT =         -2144862.0 
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