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Summary
In recognition of the importance of water resource availability this investigation aims to consider the effect of climate change on water resource availability in the Ver Valley (a small catchment in south east England). It uses a statistical model developed by Bloomfield, Gaus and Wade (2003) to try and estimate future minimum groundwater levels based on projected rainfall (which is expected to be affected by climate change). Due to limitations of the data obtained and limitations of the model, the results show only a minimal change in groundwater levels. The change is not considered significant enough to be able to draw any strong conclusions with regards to the impact of climate change on minimum groundwater levels in the catchment. This therefore renders it impossible to comment on the possible water resource management strategies required to cope with the impact of climate change on water resources, as no impact was found. The report concludes by introducing some possible further research questions that could be based on this investigation.
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1. Introduction
In the UK water availability is often taken for granted, but this is changing and water is beginning to be recognised as a scarce resource (Arbues, Garcia-Valianas and Martinez-Espineire 2003, Arnell 2002). Arbues et al (2003) identify water as a key natural resource, but say that it is different from other resources because it is considered to be the key to prosperity and wealth. The study of water resources has a political context as well as geographical context and this makes it an interesting area of study. Climate change also has an increasingly political as well as geographical context.

Population (numbers and density) is increasing in south east England so demand for water is likely to rise (Three Valleys Water, Arnell 1998). This is likely to increase the political issues associated with water resources, which makes it even more essential that they are fully understood from a geographical perspective. Within the Ver catchment, groundwater resources are the most important for public water supply (Three Valleys Water) so these will be the focus of the investigation. 
The analysis of the effects of climate change on groundwater resources is limited to catchment level analysis due to individual sources being constrained by specific factors (Arnell 1998). Hydrological modelling is often done at catchment scale (Faherty, Lawson and Lewis 2007, Arnell 2002). It is advantageous for hydrological and groundwater modelling to be done at the same scale as the processes often interrelate. Arnell (1998) and the UKCIP both consider that the effects of climate change in Britain will most impact the south and east. For these reasons the Ver Valley catchment is an appropriate and interesting area for study. 
With this in mind, this study aims to:

· Estimate the impact climate change will have on resource availability

· Assess how this will impact on future resource management

2. Study Area
2.1 Physical
The river Ver is in South east England and is part of The Environment Agency Colne CAMS (Catchment Abstraction Management Strategy) (Figure 1).

The Ver flows southwards for 36km (CCSP) from its source 180m above sea level in the Chilterns to the River Colne (VVS 1996). It has one tributary, the River Red. The Ver itself is a tributary of the River Colne, which eventually flows into the river Thames (VVS 1996) (Figure 1). Mystery surrounds why the river is treated as a tributary of the Colne, since the Ver was always the larger of the 2 rivers (Green 1992). The Ver Valley is based on chalk overlaid by gravel brought down by glaciers that formed the valley 50 000 years ago (VVS 1996). The chalk strata are covered by a thin layer of fertile soil (Green 1992).
The Ver is ecologically important because the clean chalk water provides a wide range of habitats for wildlife (Delany) and the Environment Agency considers it to be very sensitive to abstractions (Environment Agency 2007a). Chalk streams are important because they provide globally rare habitats. The clear water and stable conditions support many plants and animals including rare species such as the water vole (CCSP).
Figure 1
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2.2Population and industrial background
There has been evidence of human settlement and use of the river Ver as far back as 3000 BC (Roman Verulamium) (VVS 1996).
The 19th century was a period of massive population growth in the Ver Valley (Green 1992). Dense populations, intensive farming methods and industrial processes bring with them increasing demands on water supplies and the associated problems of waste management, sewage disposal and water pollution by chemicals (VVS 1996). Urbanisation reduced the quality of water in the river because concrete meant rapid runoff so the water does not get as filtered as it percolates through the chalk (VVS 1996).

Other human interference in the Ver Valley includes large scale abstraction of gravel to build roads and houses. There is also a long history of industrial use of the river including milling, water cress, straw and rushwork (VVS 1996) and brewing (Green 1992) 
2.3 Water Resource history
The quality of the water in the river Ver and its groundwater has meant that it has long been subject to abstractions (Green 1992). The first pump to supply St Albans with water was sunk in 1865 (Green 1992). Many increased direct abstractions in the Colne area are due to its proximity to London (Owen 1995), e.g. in 1899 there were plans (that were rejected) to use some of its water to supply London (VVS 1996). 

River flow was depleted by a third to a half between the mid 1950’s and 80’s, and increased effluent discharges reduced the river’s quality (Green 1992). In 1976 the river had virtually dried up (Green 1992) and by the mid 1980’s nearly 70% of the water available under normal rainfall conditions was being abstracted (VVS 1996). It was not until May 1987 that Thames water (the water company responsible at the time) admitted that abstraction of water was causing the river to decline, and not until 1991 for a scheme to be agreed to bring in water from other areas (Green 1992). A bore hole was drilled near the confluence with the Colne and water was pumped back up to nearer the source (Delany). The water in the river was classed 1A (the best) but has since been downgraded to 1B. Importing water from other areas will increase the flow but will not restore the water quality to what it used to be (Delany).

2.4 Current situation
The groundwater levels change from about 130mAOD (metres above average ordance datum) near the source of the Ver to 70mAOD at the confluence with the Colne (see Figure 2a and 2b). There are no other groundwater inflows and all the outflow is at the southern end of the catchment into the groundwater of the river Colne (Environment Agency CAMS 2007a).
Figure 2a and 2b show that the groundwater level is variable; the variability is caused by drought and flood years. This makes it hard to spot trends in the data and leads to suspected trends often not being significant (Environment Agency 2007a).
Figure 2a
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Figure 2b
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The Ver catchment is considered by the Environment Agency to be over abstracted as is the whole of the Colne CAMS area (Environment Agency 2007a). Figure 3 (Environment Agency 2007b) shows the amount of abstraction from the Colne area. The total abstraction from the catchment is 48.7Ml/d (Environment Agency 2007b). All the main abstractions from the Ver catchment are groundwater abstractions. Figure 4 shows the amount of recharge that is committed to abstraction (Environment Agency 2007b). From Figure 4 it is clear that the Ver suffers significantly less than some other areas but this does not mean that there is no a problem. The overlapping circles confirm that the area is under groundwater stress (Environment Agency 2007b) and this is likely to increase in the future.
The area is so over abstracted that by 2015, the Environment Agency resources availability status target remains over abstracted, although it is hoped that it will be less over abstracted (Environment Agency 2007a).

Figure 3
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Three Valleys Water is responsible for supplying over 3.2 million people in the area with water. On average they put 840 million litres of water into supply each day, 60% of which is abstracted from groundwater (Three Valleys Water strategic direction statement).
Over the next 25 years Three Valleys Water expect demand (Figure 5a) to rise because

· Higher than average economic growth in the south east means people will be twice as well off in real terms: affluent customers have high ownership of water-using appliances leading to higher water consumption

· Population increases - 200 000 new homes are expected to be built in the operating area which means a 17% increase of connections to the network, combined with a decrease in the number of occupants per household
· Important construction projects to support including  sites for 2012 Olympics

· Climate change will mean longer and hotter summers so more frequent and higher peak seasonal demands

· Metering expected to increase to 42% by 2009/10 and 82% by 2029/30 to reduce demand, but demand is expected to rise as customers become accustomed to paying for what they use (Figure 5b)
Figure 5a
[image: image6.png]Three Valleys Water Supply Demand Forecast
with no demand savings from household metering

1300—
>
g 1200—
o
4
g
S 1100
&
= ~ Water available for use
~ Maximum critical period demand with safety margin
2000 1

2008 2010 2012 2018 206 201 200 2022 2024 226 202 200 2032 203 20% 2058 2040
Source: Three Valleys Water strategic document. p12




Figure 5b
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To ensure water resources into the future a twin track approach of supply and demand is followed. Figure 5a and 5b show that in the long term reductions in demand will not be sufficient to ensure adequate supply. Over the next 25 years an investment of £237 million will be needed to maintain supplies, of which Three Valleys Water propose to spend 47% on demand management and 53% on resource development (Three Valleys Water). 
In the last few years there have been significant reductions in the amount of water available for public supply due to pollution of some sources and a rise in consumption per person. Current resources are considered stressed so offer limited opportunity for expansion, and new resources are likely to become more difficult and more expensive to use (Three Valleys Water strategic direction statement). Suitable supply/demand balance is expected to be maintained until 2021 (see Figure 5b) but Three Valleys Water believe that a new regional reservoir will be needed by about 2021 (Three Valleys Water).
3. Literature review
3.1 Climate change and water resources
Climate change is now a widely reported and accepted global phenomenon with interest and awareness increasing massively in the past twelve months (Water UK conference 2007). The potential disruption of future climate change is widely reported in scientific literature and the media.
The 1990’s were the warmest decade in England since records began in the 1660’s, with the temperature rising by almost 1oc in the last century (United Kingdom Climate Impacts Programme 2002-UKCIP02). The expected impacts of climate change vary spatially across the globe with noticeable expected variation across relatively small land masses such as the UK. Arnell (1992) argues one of the most significant impacts of climate change would be the impact on hydrological processes. Milly, Dunne and Vecchia (2005) say that water resources will be affected because the hydrological cycle is sensitive to temperature perturbations.  
There are very few certainties when it comes to climate change (UKCIP02, Arnell 1992). What is certain is that over the next thirty to forty years climate change is inevitable due to being  determined by past gas emissions (UKCIP02, Parry, Arnell, Hulme, Nicholls and Livermore 1998). Parry et al (1998) are of the opinion that very little is being done to try and reduce the effects of climate change, since international efforts such as the Kyoto protocol do not apply to the worst polluters or to those who will be the worst in the future.

Climate models provide projections, not forecasts, and different models make different assumptions about the levels of greenhouse gases (Acreman 2000).The effects of climate change are studied by considering different scenarios.  The key findings of the UKCIP02 (United Kingdom Climate Impacts Programme 2002 scenarios) report are:

· Temperatures will become hotter – a temperature increase of 1-2.5oc is expected by 2050.

· The greatest warming is expected to occur in the south and east, and is expected to occur more in summer and autumn, with higher summer temperatures becoming more frequent

· Precipitation will be more seasonal with wetter winters and drier summers – in the south and east summer precipitation may be 30% less and winter precipitation 20% more by 2050.

· Under the high emissions scenario for 2080, summer soil moisture may be reduced by 30%

· Heavy winter precipitation events will become more frequent, with a higher proportion of rain falling on heavy rain days.

· The contrast between the winter and summer climate will increase

The UKCIP report recognises that the above factors affect soil moisture. The biggest effect will be in the summer with a 20-40% decrease in soil moisture levels by 2080, depending on the scenario used. Increasing amounts of rainfall over the winter period may be of benefit to UK water resources (Arnell 1992) due to increasing winter soil moisture but a decrease in relative humidity is more likely to lead to an overall decrease due to increasing evaporation rates (UKCIP02). Arnell (1998), Acreman (2000) and Wilkinson and Cooper (1993) believe that there will be a net reduction of groundwater recharge and greater summer soil moisture deficits due to higher temperatures shortening the recharge season. This is also supported by the Centre for Ecology and Hydrology (CEH) findings that groundwater droughts are caused by a lack of winter rainfall. The changes are likely to increase water stress in the UK, from both an ecological view point and water resources management view point. 
Arnell (1998) says that relating effect to impacts of climate change is not necessarily linear or simple. According to the UKCIP report increased solar radiation in the summer may lead to decreased cloud cover and decreased relative humidity, which could lead to a decrease in soil moisture. This would have a direct effect on groundwater levels. Whilst climate change scenarios quantify projected changes in temperature and precipitation, they provide little quantitative information on other factors such as the relative humidity, which could significantly affect water resources.
According to Water UK, climate change is already affecting the water industry in terms of operations, long term strategies and investment decisions. However, many water management schemes are designed over the short term. Arnell (1998) states that the effect of climate change on resources will be most noticeable over the long term, with relatively small changes on the year to year variability.
The water industry contributes to climate change as well as being affected by it. It is responsible for 4 million tonnes of CO2 emissions every year. This is about 0.5% of total UK emissions which is a significant amount for one sector and the amount is gradually rising year on year (Water UK conference 2007).  A reduction in water quantity can cause a reduction in quality because there is less water to dilute and flush out pollutants (Arnell 2002). This can mean that water requires more treatment, which further increases energy consumption and cost (Water UK). 

Acreman (2000) identifies the main uncertainties of climate change scenarios: 

· Downscaling from the coarse resolution of climate models to catchment scale studies – not appropriate to use too accurate downscaling techniques.

· Defining input data at an appropriate temporal scale – most climate change models are monthly but finer temporal resolution required for most hydrological models

· Translating climate inputs to hydrological outputs

These uncertainties would occur regardless of which set of scenarios are used. It is very hard to reduce these uncertainties so it is important their existence is recognised. 
The UKCIP 2002 scenarios are improvements on the previous 1998 scenarios and have more details on the extremes of weather that may be expected. Arnell (1998) believes that the currently available hydrological models are good at simulating average conditions but not so accurate when trying to determine behaviour during extreme conditions. Most studies of climate change focus on changing averages, but hydrologists are mainly interested in the changing variability and extremes (floods and droughts) which may not be directly related to changes in average rainfall (Acreman 2000). According to Acreman (2000) the output from current climate models is not sufficient to construct credible scenarios of changing variability.

3.2 Groundwater and groundwater modelling
Groundwater is important for water resources as it accounts for 97% of all fresh water that is not held in ice sheets and glaciers (Arnell 2002). Groundwater can be obtained from almost any sedimentary rock, although they do not all have the same effectiveness (CEH). Chalk, Upper Greensand, Lincoln Limestone and Permo-Triassic sandstone are the most important for public water supply (CEH). Chalk is one of the principle aquifers in the UK (Cooper, Wilkinson et al and Arnell1995).
Chalk aquifers are the most sensitive to climate change as they respond most rapidly to changes in recharge, and groundwater levels can lag only a few weeks or months behind recharge (Acreman 2000). Sensitivity is linked to the connectedness of the aquifers. Small and unconnected sources will be more sensitive to the effects of climate change than a well connected network (Arnell 1998). Erskine and Papaionnou (1997) believe that aquifer response rates would be useful in determining the allocation of abstraction licences. Aquifer response rates are difficult to define and some of the variables need estimating which limits their accuracy, but they do give an indication of the sensitivity of the aquifer. 

Groundwater recharge is irregular due to both seasonal variations and year to year variations (Erskine et al 1997).Groundwater is generally robust against droughts due to its storage and slow release (Owen 1995), which makes it particularly suitable for water resources. The distribution of runoff throughout the year is as important to water managers as absolute annual totals (Arnell 1992). 

Acreman (2000) says that the dependence on groundwater for public water supply is very dependent on geology. He estimates that on average in England and Wales groundwater supplies 32% of public water. In the Thames region 90% of groundwater is used for public water supply – this high use relates to the high quality of the groundwater in this area (Acreman 2000).
Erskine et al (1997) stress the need to consider minimum river flows during dry periods rather than basing calculations on averages. Faherty et al (2007) stress the need for best and worst case scenarios for water resource planners rather than averages.
Despite the importance of groundwater there have been relatively few investigations into the potential impact of climate change in groundwater resources. Acreman (2000) says this is due to the “general lack of physically based groundwater recharge models”. There is a long identified gap in the literature (Cooper et al 1995, Acreman 2000, Arnell 2002). Wilkinson et al (1993) suggest that the complicatedness of the system and number of variables that need considering have helped reduce the amount of study of the area. There is a need for more research into the interaction between surface and groundwater models as it is crucial for water resources management (Heathcote Lewis and Soley 2004). 
In a report to the UKWIR (UK Water Industry Research), Faherty et al (2007) summarise the main available methods of estimating groundwater recharge and groundwater levels. Groundwater modellers struggle to find good measures of flow as at a regional scale recharge and discharge cannot be measured directly (Heathcote et al 2004). The UKWIR report is aimed to be a practical guide to water companies with guidance on assessing the impact of climate change on water resources. The methods proposed are a regression model (by Bloomfield et al 2003), a spreadsheet model and a model based on existing regional groundwater models (E.g. 4R (rainfall routing to runoff and recharge) by Hearthcote et al) and are detailed in Table 1 (based on Faherty et al 2007).
Table 1. Advantages and disadvantages of  different groundwater estimation methods 
	
	Advantages
	Disadvantages

	Regression model – statistical model that links antecedent rainfall to minimum groundwater levels at a particular location
	· Data requirements minimal - rainfall and minimum groundwater level
· Quick to apply

· Site specific but universally applicable

· Shown to fit well – results show a drop in annual minimum groundwater levels.
	· Annual minimum groundwater changes and not seasonal changes

· No consideration of  the effects of PE (potential evaporation) due to climate change

· Assumes groundwater responds only to rainfall

	Spreadsheet model – lumped calculations of recharge and groundwater levels using daily rainfall and PE data
	· Similar to methods used by the Environment Agency.

· Includes (simplistic) representation of physical processes

· Best available method without a full groundwater model

· Provides reliable estimate of recharge but less good at groundwater levels
	· Knowledge of land use required for parameterisation their
· Knowledge of soil types and aquifer transmissivity required

· Does not take into account local groundwater or aquifer conditions 

· Same data requirement as for more complex models

· The use of different global circulation models has a large impact on results

· Requires daily data so may not be appropriate for forward modelling

	Existing regional groundwater models (In England and Wales most groundwater models have been developed by the Environment Agency, so use of this method would require close collaboration with them). Results can be spatially distributed or snapshots depending on the exact model used. 
	· Provide spatially distributed estimations of groundwater for large numbers of time periods – ideal for scenarios

· Includes representation of spatial variation in hydrological properties, abstraction rates and interaction between surface water and groundwater

· Provides planners with a complex tool for estimating effects of climate change on recharge and groundwater levels
	· Existing distributed groundwater models must exist for the area in question

· Time consuming

· Care needed when using the model to predict outside of the time period it has been calibrated for.


According to Faherty et al (2007) the choice of method is largely dependent on the source and its perceived vulnerability, the availability of alternatives and the level of acceptable expenditure (costs increase down Table 1). Heathcote et al (2004) believe that no currently available methods meet all of the requirements for integrated catchment modelling due either to the lack of spatial detail or the high data requirements.

Heathcote et al (2004) developed 4R which operates in conjunction with the groundwater model MODFLOW. It incorporates many parameters and how they change over time, but it is still necessary to calculate recharge outside of the model. The 4R is a large scale integrated catchment model which is advantageous for resource planners.
According to the Faherty et al (2007) report the consensus from consultation with water resource planners was that guidance and methods should be as generic as possible. Faherty et al (2007) conclude that assessment of the effect of changes in groundwater behaviour really requires adoption of stochastic techniques involving multiple runs of model and climate scenarios. This would have a large time and cost involvement. It was outside the scope of the Faherty et al report and also outside the scope of many investigations.   
There is a great deal of uncertainty involved in groundwater and recharge modelling, and these uncertainties increase when trying to model the impacts of climate change. Faherty et al (2007) consider the uncertainty to arise because:

· All input data contains some uncertainty e.g. debates over the accuracies of standard rain gauges

· Rainfall data is only available as point data and needs to be interpolated over a region  

· Errors are propagated through the model with inaccuracies in rainfall having a larger than proportional effect on inaccuracies in recharge and groundwater. Rain gauge errors can lead to errors in groundwater recharge estimates of being over 10%

· Details of some physical processes are not well known or fully understood
· PE is a function of local conditions and is affected by factors such as soil type.
Good calibration of a model does not necessarily mean there is good conceptual understanding of the process. Heathcote et al (2004) believe that what seem to be small discrepancies between the modelled processes and reality can become much more significant when the system is put under stress. This is a particular limitation for climate change modelling as it often results in changing the parameters in such a way that causes stress to the system. 
Climate change uncertainty can be considered by using lots of different climate change scenarios. Faherty et al (2007) consider uncertainty by using up to six different global circulation models (GCMs) to generate rainfall and PE as the inputs for their models. 
3.3 Water supply, demand and management
The Department of the Environment only considers water supply up to 25 years into the future as they say further projections would be speculation (DOE 1996). Three Valleys Water consider that the uncertainty of their water resource plans increase with time. Others consider the longer term to be equally important and the long term nature of the water industry was stressed at the Water UK conference (2007). 

Public water supply is responsible for the largest increase in water consumption. Between 1961-91 domestic use increased by 17% per annum on average (DOE 1996). The estimates of present day consumption are key in ensuring sufficient supplies in the future (DOE1996).

Vorosmarty, Green, Salisbury and Lammers (2000) think that it is hard to assess the future adequacy of water resources because of the changing geographies of supply and use. According to the Department of Environment (1996) climate will have its biggest influence on peak demands rather than average demands. Peak demand is harder to forecast, but in many ways peak demand is of more interest (DOE 1996), at least in the short term. Peak demands have received little attention in the literature compared to average demands (Vorosmarty et al 2000) and there is some conflicting evidence. 

Arnell (1998) suggests non climatic reasons for an increase in demand. He attributes it to increasing population densities (particularly in the south and east), decreasing household size, increased use of domestic appliances and increasing garden usage. Empirical investigations of demand are often limited because restrictions put on demand mean that it is hard to get an accurate picture of demand (DOE 1996) e.g. hose pipe bans help to reduce demand, but mean that true unlimited demand is not recorded. Acreman (2000) suggests that higher temperatures lead to increased demands for water.
Water UK do not offer an explanation for the motivation behind increased use, but agree that climate change leads to a likely increase in demand. They believe that the increase in demand will be highest at times of reduced water availability, exacerbating supply issues. Climate change is likely to have financial and economic consequences as well as social and environmental (Water UK). Changes in demand due to economic developments may prove to be far more significant than those expected due to climate change (Arnell 1992). An increasing awareness of environmental demand for water has the potential to decrease the amount of water available for public water supply (Acreman 2000). It is important to consider the public’s expectation and whether this has changed after droughts and floods in recent years and if people are prepared for the economic and environmental costs that may be encountered (Water UK conference 2007).

Management of UK water resources is becoming increasingly important because of the rising UK water requirements (Erskine et al 1997), particularly in the southeast because resources are limited relative to demands (DOE 1996). Owen (1995) considers that better management of groundwater resources is a better solution than totally rejecting their use. Parry et al (1998) argue that although adapting to climate change seems more complicated than mitigation, in the long run it would be the best strategy. Their main argument in favour of adaptation is due to the high cost of current vulnerability. Adaptation to variability caused by climate change has a greater effect than mitigation e.g. a 3% reduction on demand for water would have the same effect as reducing emissions by 30% (Parry et al 1998). Maintaining a reliable water supply is fundamental to everyday life (Water UK conference 2007). Arnell (1998) indicated that the reasoning behind many management decisions has largely been due to changing government and European legislation rather than due to an understanding of future patterns and requirements. 
In recent years there has been an increasing tendency to move towards demand management (Acreman 2000) because of the economic and environmental benefits, compared to supply management (Winpenny 1997). Demand management stresses making better use of existing supplies rather than developing new ones and encourages more efficient use of water with less wastage (Winpenny 1997). Postle, Berry and Westcott (1997) and Owen (1995) stress the need for a balance between the environmental costs and benefits and the economic costs and benefits. There are no suitable substitutes for water, so water demand is relatively inelastic (Arbues et al 2003). Three Valleys Water suggest that management policies are customer demand driven, which in turn is climate driven. Arnell (1998) and Acreman (2000) suggest that even in the absence of climate change, management policies will have to be adapted as changing water quality and quantity may be affected by factors such as land use change.   

Arnell (1998) states that assessing the impacts of climate change under current management strategies is a form of worst case scenario modelling, as in practice management techniques will evolve and change with changing populations, demands and climatic conditions. Climate change needs to be factored into current management, recognising that there is great uncertainty (Arnell 1998).

4. Methodology
When considering water resources for public water supply in the Ver catchment, groundwater resources are of the most importance, as groundwater accounts for 60% amount of public water supply (Three Valleys Water). This means that it is the changes to groundwater levels that will have the greatest effect on supply.
As exemplified by the review of the literature, models of groundwater levels and recharge are poorly developed as the processes are poorly understood. Models often need lots of data especially for parameterisation. Data is often not available for this or is unknown, so estimated or averaged data is used, which then limits the ability to set the parameters for a specific location accurately.
When trying to model the future, climate change is the main consideration as to how conditions may change. Climate change is a very uncertain area. The nature and quantity of changes are hard to be definite about, hence the reason for different scenarios being used. 

Therefore, it is important to have a good model of the variables of interest e.g. groundwater levels, on which the impacts of climate change can be observed. Many uncertainties in the model combined with the uncertainties of climate change projections lead to even more uncertainties in the output and can reduce the usefulness and accuracy of the results. Faherty et al (2007) consider that simpler models may be better as they can produce best and worst scenarios with less processing and analysing time. For practical purposes such as licensing abstractions, low flows may be of greatest interest (Arnell 1992). 
Bloomfield et al (2003) successfully used a statistical method to investigate the potential impacts of climate change on minimum groundwater levels. Minimum groundwater levels are important for water resources in the Ver catchment because the groundwater levels are needed as a base to work out how much water can safely be abstracted for public water supply. The calculation of minimum levels is important rather than averages as the effects of climate change are expected to most affect the extreme conditions. In many ways, for water resource managers groundwater levels are of more interest than the recharge process (Faherty et al 2007).
Bloomfield et al’s (2003) method relies on a purely statistical multiple regression technique. According to Bloomfield et al (2003), the advantages of the method are:

· It is flexible and non site specific

·  It is not processed based, so does not have the uncertainties associated with a lack of physical understanding

The multiple linear regression model developed by Bloomfield et al (2003) and being used in this investigation is as follows:

Zmin = B1RJan0 + B2RFeb0 + B3RMar0 + B4RApr +………..+B15RMar + c

Where:  Zmin = minimum groundwater levels in the hydrometric year (mOD)

RApr ………..RMar  = monthly rainfalls through the hydrometric year (mm)

RJan0, RFeb0,RMar0 = monthly rainfalls in the last three months of the proceeding      hydrometric year (mm)

B1 to B15 = the fifteen regression coefficients

c = multiple regression intercept constant

The hydrometric year is the 12 month period of April through to March. This is used as it allows for the minimum groundwater levels which are expected to occur during the summer months. The additional three months of the proceeding year are used to account for the unlikely event that the minimum groundwater level may occur at the start of the hydrometric year. When referring to years, it is the hydrometric year being referred to and not a calendar year e.g. 1997 is the hydrometric year starting in April 1997 through to March 1998.  

Multiple regression is a statistical technique. It is the process of finding the relationship between an independent variable and a dependent variable (Mansfield 1994). Simple regression includes only one independent variable but multiple regression contains two or more independent variables. Mansfield (1994) identified two reasons for using multiple regression over simple regression

1. It can predict the dependent variable more accurately if more than one independent variable is used

2. “…if the dependent variable depends on more than one independent variable, a simple regression of the dependent variable on a single independent variable may result in a biased estimate of the effect of this variable on the dependent variable” (Mansfield 1994)

Multiple regression is needed for groundwater levels as more than one month of rainfall (the independent variable) contributes to the minimum groundwater level. The regression coefficients are calculated by finding the value that minimises the sum of the squared difference in rainfall from the groundwater value predicted by the equation (Mansfield 1994).
The ‘c’ term is a constant and is an error term which is usually assumed to be zero (Mansfield 1994).

The multiple regression model uses fifteen predictors, so Bloomfield et al (2003) recommend that a minimum of sixteen to twenty years of rainfall data and groundwater data are used to reduce errors.

Once minimum groundwater levels have been projected under different climate change scenarios, the impact this will have on future water resources management can be assessed.
5. Data used
In order to carry out this investigation, three different data sets are needed – groundwater level data, rainfall data and projections of future rainfall data for different climate scenarios. 

The groundwater data was provided by the Environment Agency. Seven different groundwater level data sets have been used. The data is from Environment Agency observation points at Bowbridge, Chequer Lane, Gorhambury, Great Revel End Farm, Luton Lane, Nirvana Flamstead, and Trowley Bottom Farm (Figure 1). The data records are of varying lengths. It is given as monthly measurements in mAOD (metres above average ordnance datum) which is a standard way of measuring groundwater levels.
Several different sets of rainfall data have been used as there are advantages and disadvantages with each of them. The data sets used are Markyate rainfall data supplied by the Environment Agency, Meteorological Office (Met Office) average rainfall data, and MORCES (Met Office Rainfall and Evaporation Calculation System) rainfall and MORCES effective rainfall data. An advantage of using several data sets is that comparisons can be carried out between them to help identify any errors or inconsistencies in the calculations.
The Markyate rainfall data is recorded at the Environment Agency rain gauge at Markyate (Figure 1). The data is monthly data recorded in mm using a tipping bucket rain gauge and is from 1998 to 2007. It is not a very long rainfall record which could prove to be problematic, but it is real observed values recorded from the area of interest which are this data set’s great strength.   

The Met Office data set was obtained from the Met Office website. It is aerial data averages over England and Wales derived from a 5km resolution grid. As this is data averaged over the whole of England and Wales it is not specific to the Ver catchment which could limit the accuracy, but it does have the advantage of being a long data set. The data set starts in 1914 (older than any of the groundwater levels data) so it can be applied to all the groundwater observation points and utilise all of the groundwater data.   

The MORCES data provides assessments of rainfall, evaporation and soil moisture all over the country based on a grid system of 40km square cells. MORCES data has been used in similar studies e.g. by Ragab, Finch and Harding (1997). They found it to be reasonably accurate, but it slightly overestimated soil moisture deficits which led to an underestimate of annual groundwater recharge.  

According to Three Valleys Water, the Ver and its catchment are in cell 151 of the MORCES data set, and they were able to provide the rainfall and effective rainfall for this cell. The MORCES data was provided as weekly measurements so before it can be applied it has to be combined into monthly data. This rainfall data is good as it is likely to be a better representation of the rainfall for this specific location than the averaged rainfall data. Effective rainfall is the amount of precipitation that is available for a specific purpose (Thomas and Goudie 2004). In this case, it is the amount available to contribute to recharge as it has been adjusted to account for evaporation (e.g. the higher temperatures in the summer causing more evaporation so less water available for recharge). This data set will be particularly interesting as it will hopefully reflect the smaller contribution of rainfall to recharge that occurs in the summer months.

Climate change is being investigated by using projected rainfall that takes into account the likely climate change. The precipitation projections are from the UKCIP02 scenarios. These scenarios are based on the latest GCM from the Hadley Centre for Climate Prediction and Research which is the HadCM3 GCM (UKCIP02). These are the official climate change projections for the UK (Met Office) so are most appropriate for this investigation. It is high resolution data, the climate is modelled on a 50km grid then the changes are projected on 5km grid cells (UKCIP02). Care must be taken to select the correct grid cell for each of the groundwater observation points. As the modelled data is based on 50km resolution, the UKCIP warn against over-interpreting the significance of small scale geographical changes.
The UKCIP produces projections based on four different scenarios (low emissions, medium-low emissions, medium-high emissions and high emissions). The UKCIP recommend that in order to embrace uncertainty all four scenarios are used in impact assessments but for studies trying to scope the size of the problem they recommend that two scenarios may be sufficient (UKCIP02). Faherty et al (2007) consider that fewer scenarios can be used with more complex models. In this investigation four sets of projected rainfall are being used based on two different scenarios: 2020s low emissions scenario, 2020s high emissions scenario, 2050s low emissions scenario and 2050s high emissions scenario. The low and high emissions scenarios were chosen as contrasting scenarios to provide a range of results encompassing the greatest possible changes in the UK climate. 
6. Results and discussion

Table2 shows the results of the multiple regression as described by Bloomfield et al (2003). The groundwater levels are in mAOD. The coefficients, constants and climate data used are given in appendix 1 and 2.

Table 2 Results of the multiple regression
	 
	Average observed groundwater level
	Base

	
	
	Markyate
	Met Office
	MORCES
	MORCES effective

	Bowbridge
	81.86
	82.19
	0.80
	82.00
	79.36

	Chequer Lane
	91.00
	91.35
	-40.94
	91.04
	66.05

	Gorhambury
	83.24
	83.79
	80.02
	83.66
	51.18

	Great Revel End Farm
	96.11
	97.15
	95.14
	96.87
	58.04

	Luton Lane
	97.81
	114.02
	108.39
	108.25
	51.45

	Nivana Flamstead
	102.01
	137.20
	108.82
	101.57
	24.46

	Trowley Bottom Farm
	104.05
	96.01
	100.87
	106.22
	107.16

	 
	2020Lo
	2020Hi

	 
	Markyate
	Met Office
	MORCES
	MORCES effective
	Markyate
	Met Office
	MORCES
	MORCES effective

	Bowbridge
	82.22
	2.38
	82.01
	79.75
	82.23
	2.68
	82.02
	79.82

	Chequer Lane
	91.37
	-35.85
	91.03
	69.17
	91.37
	-34.89
	91.03
	69.76

	Gorhambury
	83.85
	79.85
	83.49
	55.35
	83.86
	79.82
	83.46
	56.14

	Great Revel End Farm
	97.29
	95.11
	96.56
	63.17
	97.32
	95.10
	96.50
	64.14

	Luton Lane
	114.40
	110.94
	108.30
	57.52
	114.48
	111.42
	108.31
	58.68

	Nivana Flamstead
	101.02
	90.30
	101.34
	34.16
	139.01
	90.59
	101.29
	36.01

	Trowley Bottom Farm
	96.78
	100.55
	106.39
	107.46
	96.92
	100.49
	106.43
	107.52


	 
	2050Lo
	2050Hi

	 
	Markyate
	Met Office
	MORCES
	MORCES effective
	Markyate
	Met Office
	MORCES
	MORCES effective

	Bowbridge
	82.24
	3.626
	82.03
	80.05
	82.28
	5.29
	82.04
	80.46

	Chequer Lane
	91.38
	-31.857
	91.02
	71.62
	91.40
	-26.51
	91.01
	74.90

	Gorhambury
	83.90
	79.718
	83.35
	58.63
	83.96
	79.54
	83.17
	63.01

	Great Revel End Farm
	97.40
	95.082
	96.32
	67.20
	97.55
	95.05
	96.00
	72.58

	Luton Lane
	111.50
	107.099
	108.80
	62.29
	115.11
	115.62
	108.39
	68.67

	Nivana Flamstead
	139.92
	91.481
	101.15
	41.78
	141.52
	93.07
	100.91
	51.98

	Trowley Bottom Farm
	94.77
	100.236
	106.71
	107.70
	98.17
	99.96
	106.70
	108.02


The multiple regression leaves out some of the independent variables (the monthly rainfalls) when insignificant correlation has been found (see appendix 1 – the empty boxes are where the variable has been left out). Most of the excluded variables are summer rainfalls. This is in agreement with the literature which argues that summer rainfall has relatively little significance on groundwater recharge, so therefore very little impact on the groundwater levels. In terms of groundwater recharge it is the winter rainfall that it important (UKCIP, Arnell 1998, Acreman 2000). The Markyate rainfall data has the greatest amount of excluded variables (using less than half of them for some of the groundwater observation points) which is a cause of concern as to the accuracy. 
The r2 value for each regression is recorded. The r2 value is a statistical measure of the goodness of fit of a model (Everitt 2002). Most of the r2 values are 1 (appendix 1).  This indicates perfect positive correlation. This is the ultimate aim when using statistics, but it has been achieved by excluding some of the variables. The actual r2 value if all the variables were included would be less. In practice all months rainfall contribute to groundwater so exclusion of certain variables creates unrealistic conditions. Natural processes are not perfectly correlated with smooth relationships so this leads to doubts as to the correctness of this high correlation. A problem of using the r2 value in this case is that it is sensitive to the number of independent variables used. When using this method, Bloomfield et al (2003) achieved r2 values of 0.47 – 0.84. It seems very unlikely that this application of Bloomfield et al’s (2003) method should achieve such different results. This suggests some uncertainty in the method which must be considered when drawing conclusions.

The climate base data has been incorporated to act as a way of validating the output. By running the model with the coefficients based on the base rainfall data for each observation point, the output will be a projection of the current minimum groundwater levels which can be compared with observed values (Table 3). This allows the performance of each set of rainfall data as the input to be assessed.

Table 3

	 
	Markyate
	Met Office
	MORCES
	MORCES effective
	Validating the output. The table shows the percentage difference of the estimated base value from the measured value. For accessing the validity, it does not matter if the difference is positive or negative. The grey boxes are values to be excluded due to being deemed to be too different from observed values.

	Bowbridge
	-0.40%
	99.03%
	-0.17%
	3.06%
	

	Chequer Lane
	-0.37%
	144.99%
	-0.04%
	27.42%
	

	Gorhambury
	-0.66%
	3.87%
	-0.51%
	38.52%
	

	Great Revel End Farm
	-1.08%
	1.01%
	-0.79%
	39.61%
	

	Luton Lane
	-16.57%
	-10.82%
	-10.68%
	47.40%
	

	Nirvana Flamstead
	-34.49%
	-6.67%
	0.43%
	76.03%
	 
	
	
	

	Trowley Bottom Farm
	7.73%
	3.05%
	-2.09%
	-2.99%
	 
	
	
	


The percentage differences are very varied, from 0.17% to 144.99%. The small values could be expected given the earlier reported r2 values. High r2 values suggest a well fitting model, so only a small percentage difference from observed values. The grey boxes are results considered to be very inaccurate. If the coefficients used in the equation are unable to predict accurately current minimum groundwater levels, when the uncertainties associated with the future rainfall projections are included there would be very little confidence in the projected future minimum groundwater levels. 

The whole of the MORCES effective rainfall data set is being excluded as only two of the six possible groundwater levels were projected near the actual observed levels. It is disappointing to exclude this data set as it was expected that this might yield the most interesting results. It also means that there is now no consideration of the effect of variables other than rainfall on groundwater levels.
The Luton Lane projections were also deemed to be too inaccurate for inclusion in the investigation as some of the values varied quite substantially. They were very different from all the others and there was limited internal consistency.

The Met Office data for the Bowbridge and Chequer Lane observation points both appear to contain large errors, and compared to all other values the Markyate data projection of Nirvana Flamstead also appears to be suspicious. The Met Office data is average data for the whole of England and Wales which may explain the error as it is not specific to the catchment. The Markyate rainfall data is recorded at a rain gauge so it is actual observed data. Nirvana Flamstead is among the nearest points to Markyate (Figure 1) so it was expected to give better results than were obtained. 
Therefore, for the reasons explained the results in grey boxes of Table 3 will, from this point forwards, be excluded from the rest of the analysis and discussion.

From looking at the calculation data (appendix 1) two main causes for concern have been identified:
1. The negative coefficients cause concern as there cannot be negative rainfall. Rainfall will not have a negative effect on recharge and groundwater levels because it is just not physically possible. This is a problem of using a purely statistical method as it gives a physically implausible result.

2. The constant values seem very high which would suggest that the rainfall was having only a very small influence on the minimum groundwater levels.

In order to investigate the second point, the percentage change was calculated to give the amount of variation that was accounted for by the changing rainfall (Table 4).
Table 4
	 
	Markyate
	Met office
	MORCES
	Markyate
	Met office
	MORCES

	
	Real
	base

	Bowbridge
	0.41%
	-10.45%
	-0.64%
	0.81%
	-11238.44%
	-0.48%

	Chequer Lane
	0.76%
	-17.99%
	-1.22%
	1.13%
	362.29%
	-1.18%

	Gorhambury
	1.09%
	3.59%
	-0.47%
	1.74%
	-0.29%
	0.03%

	Great Revel End Farm
	2.86%
	5.29%
	-1.01%
	3.89%
	4.33%
	-0.22%

	Nivana Flamstead
	0.98%
	-15.30%
	-2.47%
	26.37%
	-8.09%
	-2.91%

	Trowley Bottom Farm
	2.10%
	14.99%
	-1.54%
	-6.10%
	12.32%
	0.54%

	 
	2020Lo
	2020Hi

	Bowbridge
	0.85%
	-3701.33%
	-0.46%
	0.86%
	-3273.69%
	-0.45%

	Chequer Lane
	1.15%
	399.49%
	-1.19%
	1.15%
	407.78%
	-1.19%

	Gorhambury
	1.81%
	-0.50%
	-0.17%
	1.83%
	-0.54%
	-0.21%

	Great Revel End Farm
	4.03%
	4.29%
	-0.54%
	4.06%
	4.29%
	-0.60%

	Nivana Flamstead
	0.00%
	-30.25%
	-3.15%
	27.34%
	-29.85%
	-3.20%

	Trowley Bottom Farm
	-5.26%
	12.03%
	0.70%
	-5.11%
	11.98%
	0.73%

	 
	2050Lo
	2050Hi

	Bowbridge
	0.88%
	-2393.28%
	-0.44%
	0.92%
	-1610.04%
	-0.42%

	Chequer Lane
	1.17%
	437.07%
	-1.20%
	1.19%
	505.01%
	-1.21%

	Gorhambury
	1.87%
	-0.67%
	-0.34%
	1.94%
	-0.89%
	-0.55%

	Great Revel End Farm
	4.14%
	4.27%
	-0.79%
	4.29%
	4.23%
	-1.13%

	Nivana Flamstead
	27.81%
	-28.58%
	-3.34%
	28.62%
	-26.39%
	-3.58%

	Trowley Bottom Farm
	-7.49%
	11.76%
	0.99%
	-3.77%
	11.51%
	0.98%

	Amount of variation that is accounted for by rainfall. In terms of amount of change the polarity doesn’t matter, as this indicates whether there has been an increase or a decrease. The grey values are the ones being excluded as discussed earlier – they are only included here for completeness and to aid calculation.

	

	

	


Table 4 shows that rainfall accounts for only a small percentage which means that the constant values calculated in the multiple regression are quite high. Even for the observed data the rainfall accounts for only a very small amount of the variation. This helps explain why the r2 values were so high, as effectively the majority of the projected groundwater is just the constant number, so this is the same amount regardless of rainfall. In terms of projecting the future it is not good that rainfall is seemingly having such a small effect as it will limit the effect that the rainfall can be shown to have. It is effectively saying that the rainfall has only a very small effect on the groundwater but from the previously reviewed literature this does not hold true. As the effects of rainfall are being modelled, and rainfall is having very little influence on the results, it is unlikely that the full effect of changes in rainfall will be able to be estimated. 

Figure 6 shows the projected minimum groundwater levels for each site for the Markyate rainfall data (Figure 6a), the Met Office rainfall data (Figure 6b) and the MORCES rainfall data (Figure 6c). As previously stated, base refers to current conditions. The projected current minimum groundwater levels have been used for current starting conditions rather than the observed values to maintain consistency. The graphs (Figure 6a, b and c) are inconclusive as they show very little variation between the years. There is variation between the different sites but this is mainly due to the local geological conditions (which are not being considered in this report) rather than for climatic induced reasons.
In order to try and get a clearer idea of the change, the projected percentage change for each year has been calculated and graphed (Figure 7a, b and c).

Figure 6a
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Figure 6b
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Figure 6c
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Figure 7a
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Figure 7b
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Figure 7c
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These graphs (Figure 7 a, b and c) effectively have the effect of stretching the scale and only showing the change which should make it easier to identify patterns. The MORCES and Markyate data sets both show the same pattern of increasingly large changes in 2050. The Met Office data all change positively, which would suggest an increase in minimum groundwater levels. The Markyate data suggests that the high emissions climate scenarios produce a fall in groundwater levels and the low emissions climate scenarios lead to a rise. This pattern is not repeated by the MORCES data. This graph (Figure 7c) suggests that whether the change is negative or positive is dependent on the site rather than the climate scenario. This suggests that climate change may have very localised effects on groundwater.
All the percentage change graphs seem to show different patterns, which makes it hard to draw conclusions as they present conflicting evidence. Even if they did all show the same trend, it would still provide only limited confidence in the results as all the changes are less than 0.2% from base conditions, which is insignificant as this level of variation is expected from yearly fluctuations.

The analysis thus far has kept the different observation sites separate. No real trend concerning these has emerged, so the data has been combined to obtain the average minimum groundwater level for the catchment for each of the climate scenarios to see if any stronger or clearer patterns can be identified (Figure 8).

Figure 8
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The Markyate and MORCES data predict similar groundwater levels which suggest that the Met Office data set is an underestimate. The Met Office data displays the same trend (or lack of trend) which suggests that there is a consistent underestimate rather than being due to errors. Like the individual observation sites (Figure 6a, 6b and 6c) there is no obvious change from base conditions for the high or low emissions scenarios.

7. Conclusion
7.1 Conclusion
The results of this study suggest that climate change will have no impact on the ground water levels in the Ver catchment.  This would be an incorrect conclusion as there is much evidence (discussed in the literature review) supporting climate change effecting water resources. This means that the first aim of this investigation can not be satisfactorily met. As a consequence of this, it is not possible to meet or comment on the second aim as this is reliant on the outcome of the first. No strong conclusions can be made.
The reasons for the results not being as expected are due to the statistical method used. It is partly due to limitations of the method and partly due to how the method was implemented.

As stated previously, Bloomfield et al (2003) recommend that fifteen to twenty years of rainfall and groundwater data were used in the model. Due to problems of obtaining data, some of the data records used in this investigation were not the required length. This reduces the effectiveness of the method and also contributes to the high r2 values discussed earlier. If longer data records had been obtained, this may have improved the model’s performance.

Even if longer data sets were obtained, the multiple regression model is not perfect. It simplifies the prediction of groundwater levels by omitting the process of recharge, and simply relates groundwater levels to rainfall. This seems to be too much of a simplification, as the process of recharge is very important and has significant effects on the groundwater level. The model assumes that rainfall has a direct and immediate impact on groundwater levels and does not account for the time it takes for the recharge process to happen. According to Three Valleys Water, it can take two years for an input of rainfall to become groundwater.

The model assumes that all rainfall is available for recharge and to become groundwater. A proportion of rainfall would be lost to evaporation, and this proportion is likely to increase due to increasing temperatures (this is what it was hoped the MORCES effective rainfall would show). The model treats each months rainfall as a separate input and the preceding conditions have no affect on the models output. In reality antecedent conditions are important in determining recharge and it is the combination of successive rainfall events that contribute to groundwater levels. These factors create unrealistic conditions for the model to operate within.
Some of the model output was statistically valid but not physically valid. For example, the negative rainfall coefficients are effectively saying that the input of rainfall would reduce groundwater levels, which is physically implausible. This highlights the fact that great care needs to be taken when using a purely statistical model to ensure the output is physically possible. 

The output of the model gives a minimum groundwater level in mAOD. This in itself is not very useful. It needs to be compared with historic groundwater levels to see if there has been a decline or change. Also water levels considered adequate or acceptable would be needed in order to work out how much water could safely be abstracted. The minimum groundwater level gives a good indication of resource availability, but it is unlikely that it could be considered the final result. 

7.2 Further investigation
Based on this investigation some possible areas of further research have been identified.

The same method could be used but with longer data sets. For the Ver catchment this may not be possible at the moment due to the limited length of the current data records, but in a couple of years time when more data has been collected and the records are longer the method may yield more conclusive results. The method is known to work successfully with appropriate data as this has been shown by Bloomfield et al (2003).

This method could be used to investigate the lag time for water to move from rainfall into groundwater. Three Valleys Water believe that it takes two years for rainfall to become groundwater, therefore the model could be run with a two year lag e.g. rainfall data from 1995 would be regressed with groundwater levels from 1997. Different lag times could be investigated to see which gave the most accurate results. This would also give a better representation of future groundwater and thus facilitates clearer analysis using different climate change scenarios. However, there is little point in investigating this using the data sets used in the present study due to the data record length limitations previously discussed.     

As previously stated, some of the modelling resulted in negative rainfall coefficients which are physically implausible. A further area of investigation could involve replacing the negative coefficients with 0 to make the model physically plausible. However, this may prove to be statistically invalid.

The model is relatively easy and quick to implement, but does not have the most detailed or immediately applicable output. If it could be implemented successfully (as shown by Bloomfield et al 2003) it would provide a useful tool for preliminary assessments of possible future changes. Different climate change scenarios from different GCMs could be used to identify the key areas for further investigation using a more detailed model reliant on process.   
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10. Appendix
Appendix 1 - The monthly coefficients, constant values and r2 values from multiple regression calculations.

· appendix 1a – Markyate

· appendix 1b – Met Office

· appendix 1c – MORCES

· appendix 1d – MORCES effective

Appendix 2 – the climate data.

Appendix 1a
	Markyate
	Monthly rainfall regression coefficient
	const
	R2 

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

	Bowbridge
	0.004
	0.003
	 
	 
	 
	 
	 
	 
	 
	 
	 
	0.001
	0.002
	 
	0.001
	81.523
	1

	Chequer Lane
	0.007
	0.005
	 
	 
	 
	 
	 
	 
	0.003
	 
	 
	 
	 
	-0.005
	0.007
	90.314
	1

	Gorhambury 
	0.009
	0.017
	 
	 
	 
	 
	 
	 
	0.001
	 
	 
	0.001
	0.001
	-0.004
	0.001
	82.329
	1

	Great Revel End Farm
	0.027
	0.029
	 
	 
	 
	 
	 
	 
	 
	 
	 
	0.004
	-0.009
	-0.008
	0.023
	93.367
	1

	Luton Lane
	0.04
	0.026
	 
	 
	 
	 
	 
	 
	-0.006
	 
	 
	0.16
	-0.15
	-0.13
	0.37
	94.172
	1

	Nirvana Flamstead 
	0.22
	0.24
	 
	 
	 
	 
	 
	 
	-0.002
	 
	 
	-0.001
	-0.008
	-0.008
	0.13
	101.015
	1

	Trowley Bottom Farm 
	0.039
	0.037
	 
	 
	 
	 
	 
	 
	-0.17
	 
	 
	0.13
	-0.17
	 
	0.023
	101.87
	1


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Appendix 1b
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Met Office
	Monthly rainfall regression coefficient
	const
	R2 

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

	Bowbridge
	-0.26
	0.04
	-0.19
	 
	 
	-0.18
	-0.24
	-0.27
	-0.08
	0.37
	-0.45
	0.024
	0.005
	0.007
	-0.33
	90.415
	1

	Chequer Lane
	-0.47
	0.13
	-0.45
	 
	-0.63
	-0.3
	-0.29
	-0.42
	-0.12
	0.52
	-0.63
	0.54
	0.09
	-0.13
	-0.58
	107.38
	1

	Gorhambury 
	0.008
	0.007
	-0.05
	0.013
	0.035
	0.006
	0.005
	-0.008
	0.003
	0.008
	-0.013
	-0.01
	0.004
	0.008
	-0.013
	80.25
	0.907

	Great Revel End Farm
	0.015
	0.011
	-0.007
	0.027
	0.047
	0.005
	-0.001
	-0.004
	-0.005
	0.002
	-0.014
	-0.012
	0.007
	0.016
	-0.005
	91.026
	0.795

	Luton Lane
	-0.3
	0.083
	-0.26
	 
	-0.386
	-0.185
	-0.159
	-0.21
	-0.038
	0.251
	-0.331
	0.292
	0.057
	-0.1
	-0.349
	196.873
	1

	Nirvana Flamstead 
	0.031
	0.085
	0.04
	0.345
	0.24
	-0.093
	-0.173
	-0.026
	-0.106
	-0.129
	-0.106
	-0.066
	-0.007
	-0.116
	0.006
	117.624
	0.979

	Trowley Bottom Farm 
	0.032
	0.016
	0.008
	 
	0.077
	0.041
	0.025
	-0.001
	0.001
	0.011
	-0.002
	0.003
	-0.003
	0.036
	-0.015
	88.451
	0.537

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Appendix 1c

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	MORCES
	Monthly rainfall regression coefficient
	const
	R2 

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

	Bowbridge
	0.006
	-0.016
	0.002
	0.006
	0.016
	-0.009
	 
	-0.006
	 
	 
	 
	-0.002
	 
	 
	-0.006
	82.387
	1

	Chequer Lane
	0.015
	-0.021
	 
	-0.005
	0.02
	 
	-0.002
	-0.014
	 
	0.008
	-0.007
	-0.008
	-0.005
	 
	-0.003
	92.114
	1

	Gorhambury 
	0.025
	-0.032
	 
	-0.006
	0.047
	 
	0.02
	-0.022
	 
	0.007
	-0.01
	-0.016
	-0.01
	 
	-0.002
	83.634
	1

	Great Revel End Farm
	0.035
	-0.04
	 
	-0.02
	0.076
	 
	0.042
	-0.037
	 
	0.008
	-0.028
	-0.025
	-0.019
	 
	0.011
	97.08
	1

	Luton Lane
	0.049
	-0.049
	 
	-0.025
	0.068
	 
	0.02
	-0.038
	 
	0.015
	-0.015
	-0.023
	-0.026
	 
	0.19
	98.606
	1

	Nirvana Flamstead 
	0.055
	-0.065
	 
	-0.026
	0.085
	 
	0.018
	-0.045
	 
	0.02
	-0.017
	-0.038
	-0.029
	 
	0.002
	104.53
	1

	Trowley Bottom Farm 
	0.036
	-0.047
	0.036
	-0.029
	0.084
	-0.032
	 
	-0.022
	-0.009
	 
	 
	-0.009
	 
	 
	-0.007
	105.653
	1
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	MORCES effective
	Monthly rainfall regression coefficient
	const
	R2 

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

	Bowbridge
	0.01
	-0.029
	 
	0.01
	0.057
	-0.071
	0.007
	-0.043
	 
	 
	0.004
	 
	 
	0.013
	-0.017
	82.614
	1

	Chequer Lane
	0.013
	-0.036
	0.06
	-0.012
	-0.014
	-0.127
	-0.441
	-0.023
	 
	 
	0.049
	 
	 
	-0.049
	-0.008
	95.137
	1

	Gorhambury 
	0.021
	-0.051
	0.105
	-0.03
	0.043
	-0.193
	-0.59
	-0.038
	 
	 
	0.07
	 
	 
	-0.084
	-0.023
	88.976
	1

	Great Revel End Farm
	0.024
	-0.043
	0.145
	-0.051
	0.06
	-0.205
	-0.763
	-0.032
	 
	 
	0.078
	 
	 
	-0.112
	-0.018
	102.762
	1

	Luton Lane
	0.037
	-0.065
	0.145
	-0.065
	0.043
	-0.263
	-0.897
	-0.043
	 
	 
	0.099
	 
	 
	-0.129
	-0.007
	106.315
	1

	Nirvana Flamstead 
	0.036
	-0.094
	0.224
	-0.073
	0.055
	-0.45
	-1.341
	-0.057
	 
	 
	0.146
	 
	 
	-0.188
	-0.05
	115.862
	1

	Trowley Bottom Farm 
	0.048
	-0.069
	 
	-0.023
	0.199
	-0.154
	0.138
	-0.112
	 
	 
	0.003
	 
	 
	0.051
	-0.017
	104.526
	1
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	Base conditions
	
	
	
	
	
	
	
	
	
	
	
	

	easting
	northing
	Jan
	feb
	mar
	apr
	may
	jun
	jul
	aug
	sep
	oct
	nov
	dec

	507500
	207500
	65.91
	47.29
	57.14
	53.66
	54.15
	56.77
	50.37
	55.72
	56.61
	65.80
	65.56
	71.51

	507500
	212500
	64.45
	46.50
	56.81
	53.12
	53.67
	58.05
	48.74
	54.43
	55.58
	65.70
	64.67
	69.29

	502500
	212500
	74.97
	53.16
	62.83
	58.01
	55.61
	59.61
	51.50
	63.04
	63.14
	72.37
	72.66
	81.57

	2020Lo
	
	
	
	
	
	
	
	
	
	
	
	
	

	507500
	207500
	69.45
	49.18
	58.27
	53.24
	51.80
	52.21
	44.97
	49.83
	52.40
	63.70
	66.37
	74.85

	507500
	212500
	67.93
	48.37
	57.93
	52.69
	51.33
	53.40
	43.53
	48.70
	51.46
	63.63
	65.49
	72.54

	502500
	212500
	79.03
	55.30
	64.07
	57.53
	53.18
	54.83
	46.00
	56.41
	58.49
	70.13
	73.62
	85.43

	2020Hi
	
	
	
	
	
	
	
	
	
	
	
	
	

	507500
	207500
	70.12
	49.54
	58.49
	53.16
	51.35
	51.34
	43.94
	48.71
	51.60
	63.30
	66.52
	75.48

	507500
	212500
	68.59
	48.73
	58.15
	52.61
	50.89
	52.51
	42.54
	47.61
	50.68
	63.23
	65.64
	73.16

	502500
	212500
	79.80
	55.71
	64.30
	57.44
	52.72
	53.92
	44.95
	55.15
	57.61
	69.71
	73.81
	86.17

	2050Lo
	
	
	
	
	
	
	
	
	
	
	
	
	

	507500
	207500
	72.23
	50.66
	59.16
	52.91
	49.96
	48.62
	40.72
	45.20
	49.09
	62.05
	67.00
	77.47

	507500
	212500
	70.66
	49.84
	58.82
	52.36
	49.50
	49.74
	39.44
	44.20
	48.23
	62.00
	66.13
	55.09

	502500
	212500
	82.22
	56.98
	65.04
	57.16
	51.28
	51.07
	41.68
	51.21
	54.84
	68.38
	74.38
	88.47

	2050Hi
	
	
	
	
	
	
	
	
	
	
	
	
	

	507500
	207500
	75.94
	52.64
	60.35
	52.48
	47.49
	43.83
	35.05
	39.01
	44.66
	59.84
	67.85
	80.98

	507500
	212500
	74.32
	51.81
	60.00
	51.90
	47.05
	44.85
	33.97
	38.17
	43.91
	59.82
	66.98
	78.51

	502500
	212500
	86.49
	59.23
	66.33
	56.66
	48.78
	46.05
	35.90
	44.24
	49.95
	66.02
	75.40
	92.53
































Map showing groundwater recharge circles





The recharge areas are shown as circles and are a representation of the commitment of recharge to abstraction 





Map showing water abstractions from the Colne area








Map of study site location and the data observation points





Location of the Colne area within the UK
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1 – Bowbridge


2 – Chequer Lane


3 – Gorhambury


4 – Great Revel End Farm


5 – Luton Lane


6 – Nirvana Flamstead


7 – Trowley Bottom Farm





Groundwater observation points





Markyate rain gauge gauge
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