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Abstract
Chalk is an important aquifer in England. Because of the highly permeable 

nature of the subsurface, groundwater moves relatively quickly, so that source 

area for a Chalk stream can change significantly on a seasonal basis. This re

search looks at both the hydrogeology at site scale and regional scale ground- 

water models in the Berkshire downs. At the regional scale, two conceptual

izations of aquifer transmissivity, a zone-based approach and an interpolated 

transmissivity field approach, were implemented in the regional groundwa

ter model with multiple parameterizations for each approach. For the river 

Lambourn, one river within the regional system, model output from both con

ceptualizations was then used to construct time series of groundwater catch

ment area based on the piezometric surface. It was found that the ground- 

water catchment area was highly variable, with values for maximum areas al

most double those for minimum areas. Delineation of the groundwater catch

ment using field data also demonstrated that the area was highly variable. The 

comparison of model-derived area and field-data derived area resulted in the 

elimination of some model configurations unable to be eliminated based on 

groundwater heads and streamflows alone. The variability in the catchment 

area also challenges the use of a fixed area that is implemented in conceptual 

models of these catchments.

At site scale, an initial approach to make inferences about flow directions in 

streambed sediments based on piezometric head data was abandoned because 

the high permeability of such sediments prevents the detection of head differ

ences. Instead, high frequency logging of water temperature and water elec

trical conductivity were used to build an understanding of the hydrogeology 

at site scale. Both variables were found to be excellent tracers. It was found, 

however, that they are best used in conjunction with one another and that high 

frequency logging is important, as flowpaths can rapidly switch on and off.
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Chapter 1 

Introduction

1.1  C on text

In England, groundwater is an important source of drinking water. With the 

exception of northern England where groundwater is quantitatively less signif

icant, groundwater provides between 30% and 50% of drinking water (Drink

ing Water Inspectorate, 2010). In the Southern region, groimdwater provides 

between 60% and 80% of all drinking water, most of which is derived from 

Chalk aquifers (ibid.). Chalk aquifers are also important sources of drinking 

water in Western, Thames and Eastern regions. They are also important areas 

as wildlife habitats, both as upland, with for example the Chilterns in south

eastern England designated as an area of outstanding natural beauty and as 

rivers, with Chalk streams marked as key habitats in the UK Biodiversity Ac

tion Planl (HMSO, 1995). Because Chalk aquifers are very permeable, Chalk 

streams obtain most of their water from groundwater. This makes the question 

of whence a Chalk stream derives its water difficult to answer, since it is pos

sible that lateral subsurface flows from outside the area of the catchment, as 

defined by surface topography, may contribute to streamflow. In other words, 

the water balance for such a catchment is difficult to close.

A water balance is a simple hydrological accounting calculation to ascertain 

that all inputs to a catchment, for example in the form of precipitation, are ei
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ther stored in some way, for example in the soil or as surface ponding, or leave 

the catchment as some form of discharge. It is a conceptually simple calcula

tion whose purpose is to ensure that mass balance is conserved. The following 

is a simple identity for the water-balance equation (Freeze and Cherry, 1979):

P =  Q +  E +  ASs +  ASG (1.1)

where P is the precipitation, Q the runoff, E the evapotranspiration, ASs the 

change in storage of the surface water reservoir, and ASG the change in stor

age of the groundwater reservoir (both saturated and unsaturated) during the 

annual period, but with the proviso that:

'...we limit ourselves to watersheds in which the surface-water di

vides and groundwater divides coincide, and for which there are 

no external inflows or outflows of groundwater' (ibid., p.205)

For groundwater-dominated catchments, such as are found in the Chalk 

systems of central southern England and west northern Europe, such a wa

ter balance calculation is difficult because the groundwater and surface water 

catchments do not necessarily coincide, inflows and outflows of groundwater 

may be significant and there are often known but unquantified discharges out

side of the catchment, for example, in the form of springs. Although there is 

ongoing controversy about the significance or usefulness of the water balance 

(e.g. Bredehoeft et ah, 1982; Bredehoeft, 2002; Devlin and Sophocleous, 2005), 

a water balance calculation is one way in which recharge can be estimated. 

This can be done (e.g. Grapes, 2004) by identifying the groundwater catch

ment using the water table surface, so that measured discharges, in particular, 

gauged stream flows and possibly spring discharges, can be compared with 

the groundwater catchment to give an estimate of the recharge input. Notwith

standing the limitations outlined above, for a Chalk catchment the two notable 

additional issues that hydraulic gradients are low and that the delineation of 

the groundwater divide is not fixed, make this calculation difficult.
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Chalk can be associated with high transmissivities, which engender the oc

currence of low hydraulic gradients. Although it is not possible to give repre

sentative figures for hydraulic gradient, since it will vary according to position 

in the catchment and also the seasonal change in groundwater levels, values 

between 0.001 and 0.01 have been reported (e.g. Atkinson and Smith, 1974; 

Environment Agency, 2010; Chilton et ah, 2002). Transmissivities between 

500m2day-1 and 1000m2day-1 are not uncommon (Foster, 1975). The conse

quence of this is that identifying the position of a groundwater divide for any 

particular groundwater sub-catchment is difficult, especially given that mea

surements of water table height are not logged in a spatially uniform manner 

throughout a catchment.

The second difficulty is that it has been suggested that the position of the 

groundwater divide is not fixed, but varies on a seasonal basis (e.g. Wheater et 

al., 2007). This means that consideration has to be made of whether a represen

tative single value for the catchment area is possible or whether the catchment 

area has to be considered as a function of time. In terms of water resource as

sessment, it also means that practical consideration has to be made of time lags 

between stream discharge and groundwater catchment area.

Groundwater modelling studies of catchments of this type take one of two 

approaches. The first is to construct a model domain with a fixed groundwater 

catchment area justified by the argument that the movement of groundwater 

divides is not large enough to be of influence. The second is to model the 

catchment as part of a larger regional groundwater system with consideration 

of the water balance of the system as a whole, but without explicit consider

ation of the water balance of the catchment itself. For the river Lambourn, a 

Chalk catchment in central southern England, studies by Clausen et ah (1994) 

and Grapes (2004) use the first approach, considering the Lamboum as a self- 

contained hydrogeologic entity, and studies by Rushton et al.(1989) and Morel 

(1980) take the second approach. To answer both questions requires a delin

eation of the groundwater catchment. It will be argued that the first approach 

cannot be reasonably justified and that the second approach should include as
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a calibration target the time-variant description of the catchment area. It will 

be argued that in calibrating groundwater models in these sorts of catchments, 

head measurements and river flow data are insufficient to constrain the model 

output.

The research presented here was carried out as part of the Natural Envi

ronment Research Council (NERC) Flood Risk from Extreme Events (FREE) 

programme (NE/E002307/1) in the context of improving understanding of 

groundwater flooding. It also follows on from previous research into lowland 

catchments carried out as part of the NERC UK Lowland Catchment Research 

Programme (LOCAR) (Wheater et a l, 2007, p.108), in which 'the motivation 

for the research is the need to support integrated management of river sys

tems that have high ecological value' (italics added). In this context, therefore, 

there is ongoing research into the interaction between streams and aquifers in 

groundwater-dominated river systems with focus on two particular questions. 

The first of these is how does the transfer of water from stream to aquifer take 

place and the second is what is the source of the water entering the stream. 

Both of these questions are important in an ecological context, the first because, 

if for example, groundwater has a general tendency to enter streams via wet

lands, then in cases where the groundwater is high in nutrients, the wetlands 

may have the capacity to absorb some of the nutrient impact and the second 

because it defines the source protection zone for the stream.

The second theme is about the usefulness of physics-based models. There is 

an ongoing hydrological debate (e.g. Bathurst and Pumama, 1991; Beven, 1993) 

in hydrology about the relative merits of conceptual models over physics based 

models.

'The derivation of appropriate parameter values remains a prob

lem, even at small scales, since techniques for the independent def

inition of parameter values are lacking. Specification of parameter

values generally involves back-calculation or calibration....under

the assumption that the equations are correct/

(Beven, 1993, p.42)
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'Simulation of the hydrological consequences of environmental change 

requires models which can represent a river basin in its future al

tered state in advance of the change taking place. The task is be

yond the traditional black box and conceptual hydrological mod

els, which are essentially regression relationships relying on the 

availability of past rainfall and hydrological records for their cal

ibration.... By contrast, physically based spatially distributed mod

elling systems have particular advantages for the study of basin 

change impacts and applications to basins with limited records.

Their parameters have a physical meaning and can be measured 

in the field'

(Bathurst and Pumama, 1991, p.306)

In both cases (Bathurst and Pumama, 1991; Beven, 1993), the authors are 

referring to hydrological forecasting. However, the contention could be lev

elled that for a numerical groundwater model in a permeable catchment where 

groundwater divides move substantially on a seasonal basis, there are so many 

parameters that need to be specified that the meaning of the resultant model 

is nebulous. In particular, errors in the estimation of recharge can be com

pensated for by changes in transmissivity parameterization, so that modelled 

streamflows can be made to match observed streamflows.

1.2  A im s and  ob jectives

1.2.1 Aims

To demonstrate that in groundwater-dominated catchments with relatively flat 

water tables a calibration target of at least equal importance to piezometric 

head and streamflow is the quantification of groundwater catchment area.
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1.2.2 Objectives

1. To characterize the seasonal behaviour of the groundwater catchment.

2. To take a groundwater model in a groundwater dominated catchment and 

demonstrate through more than one calibration approach that the model con

figuration is not sufficiently constrained by borehole heads and river flows.

3. To compare steady state simulations in such catchments with corresponding 

time-variant simulations in order to assess whether steady state simulations in 

such catchments are a useful tool.

1.3 T h esis  stru ctu re

There are nine chapters within this thesis. The thesis begins with a discussion 

of Chalk hydrogeology. This is followed by a description of the site of interest, 

the river Lamboum in the Berkshire Downs, at both site scale and regional 

scale, in terms of geology and hydrology, which is followed in chapter 4 by 

presentation of data at site scale of the stream in relation to the surrounding 

aquifer. This data is presented in the context of the summer floods experienced 

in the UK in 2007. The study at site scale aims to improve understanding of the 

hydrogeology of the stream-aquifer interface, and is a case study of the way in 

which temperature and electrical conductivity used as tracers can be used to 

construct a conceptual understanding of hydrogeology at site scale.

In chapter 5, consideration is given to how such a process might be mod

elled, which leads to consideration of appropriate model boundary conditions. 

This leads to discussion of the small scale in its catchment and regional context 

and the challenges associated with the use of regional groundwater models 

designed for the assessment of water resources, but applied to hydrological 

events occurring at both high temporal and spatial resolution.

Chapter 6 considers two different conceptualizations for a Chalk catch

ment, partly to examine which might be more appropriate. It also attempts 

to address the issue of to what extent a groundwater model can be used to
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make inferences about recharge. This is done through the use of both steady 

state and time-variant simulations of the regional groundwater system. Be

cause Chalk systems can be associated with large ranges of variation in the 

elevation of the water table such that the groundwater system can never be 

considered to be in steady state, in the following chapter a critical assessment 

is made of the relationship between steady state and time-variant simulations 

and whether a steady state simulation is a useful precursor to a time-variant 

simulation.

Chapter 8 analyses the behaviour of the groundwater catchment area for 

the river Lamboum using both modelled and field data in order to assess the 

extent to which the groundwater catchment area varies. This is used partly 

to draw conclusions about appropriate boundaries for site scale models in 

strongly groundwater dominated catchments, but also to determine whether 

analysis of the groundwater catchment area can be used to improve model 

performance through constraining the set of possible model configurations. Fi

nally, in the conclusion, findings are summarized and suggestions for further 

work are presented.
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Chapter 2

Chalk hydrogeology

2.1 In tro d u ction

Chalk is a sedimentary rock, primarily composed of calcium carbonate. Car

bonate aquifers are found in all parts of the world; examples include the Ed

wards aquifer in Texas (e.g. Painter et ah, 2007), the Ozark aquifer in Missouri 

(e.g. Gouzie et ah, 2010), the Alvand river basin in Iran (e.g. Karimi et ah, 2005), 

parts of New Zealand (e.g. Gunn, 1983), much of south east Asia, and of partic

ular interest here, the Chalk of northern Europe, with important Chalk aquifers 

in England, France (e.g. Slimani et ah, 2009; Bracq and Delay, 1997) and Den

mark (Jorgensen and Stockmarr, 2009). Although not important water-bearing 

rock formations, Chalks are also found in Poland (Borczak et ah, 1990) and the 

Austin Chalk of Texas, USA and northern Mexico (Dravis, 1980).

In England, Chalk aquifers tend to be highly permeable exhibiting little 

surface drainage and baseflow indices in rivers generated by Chalk aquifers 

are high (Figure 2.1). This high permeability is a product of the mineralogy 

and post-depositional processes that act on the Chalk. Permeability varies both 

vertically, dependent on depth and stratigraphy, and horizontally as a function 

of location in the river-aquifer system.
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Figure 2.1: Hydrological diagnostics diagram for UK groundwater dominated 

and other runoff-dominated river (after: Sear et al., 1999)

2.2 Chalk mineralogy

2.2.1 Chalk composition

Chalk is biogenic calcium carbonate, deposited in the warm seas around what 

is now Britain between 99 and 65 million years ago (Downing et al., 1993). 

About 90% of the English Chalk is made up of the skeletal plates of Haptophyte 

algae, a type of marine phytoplankton with an exoskeleton made of calcareous 

plates called coccoliths (Hancock, 1993) as shown in Figure 2.2.

Within the coccolith matrix, the pore sizes are very small (0.1 to 1 }im), so 

the permeability is low (10-4 to 10~2 mday-1 , Price et al., 1993), although the 

matrix porosity is between 20 and 45% (Price et al., 1993). However, Chalk 

is also characterized by a fracture network of low porosity (typically 1% of 

rock volume), but high permeability. It is the fracture network that gives 

the aquifer its water transferring properties; without the fracture network, 

the Chalk would not act as an aquifer. The combination of matrix and frac

tures means that Chalk is a dual porosity and dual permeability medium (Fig-
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Figure 2.2: Scanning electron micrograph picture of Hallembaye chalk (source: 

Hjuler, 2007)

ure 2.3), although Maurice (2008, p.33) states 'there are four components to 

the Chalk aquifer; the porous matrix, fractures, fissures (solutionally enlarged 

fractures) and conduits'.

2.2.2 Chalk as limestone

Chalk is commonly referred to as a sort of limestone.

'The Upper Chalk (Maastrichtian-Senonian) is a soft, white, fine

grained limestone containing regularly spaced bands of nodular 

and tabular flints.' (Edmunds et al., 1987, p.253)

'Generally, the Chalk is an extremely pure limestone, consisting al

most entirely of calcium carbonate.' (Bloomfield et al., 1995, p.S132)

'The principal aquifer in the basin is the Chalk, a fine-grained fis

sured limestone...' (Downing et al., 1979, p.67)
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Dual Porosity Dual Permeability

Figure 2.3: An idealized dual porosity/dual permeability Chalk unsaturated 

zone (source: Ireson, 2007)

On the other hand some authors resist referring to chalk as limestone

'Chalk is an extraordinary deposit. It is the only carbonate sedi

ment which, under certain circumstances, can endure an overload 

of 1500m, or more, without hardening to limestone' (Neugebauer,

1974)

'in relatively pure [oceanic] pelagic carbonate sections there is a 

general progression from ooze to chalk to limestone with increasing 

depth of burial and age of the sediment' (Schlanger and Douglas,

1974)

Hancock (1975) refers to Cretaceous chalk as a micritic limestone, but points 

out that chalk differs from other limestones in that it has a low magnesium 

content, which means that it is stable at surface temperatures and pressures, 

meaning that it tends to be less lithified than other limestones.

It is apparent that there is not unequivocal consensus about the most useful 

classification of chalk. A more detailed characterization is provided by Brom

ley and Gale (1982, p.279) who state:

'...Many sane geologists have defined chalk differently in terms that
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accord with the approach and techniques they use. Thus, for ex

ample, Scholle (1977, p. 2) familiar with the downward increase 

in lithification of chalk of the North Sea Basin....defined chalks as 

"fine-grained carbonate sediments composed primarily of calcare

ous nannofossils (especially coccoliths) and calcareous microfossils 

(such as foraminifera and calcispheres). No limitation is placed on 

the degree of induration of a chalk".

This primary compositional definition directly contradicts that used 

by the Deep Sea Drilling Project, for which Gealy et al. (1971, p.

17) have defined chalks as "partly indurated oozes; they are fri-. 

able limestones that are readily deformed under the fingernail or 

the edge of a spatula blade. Chalks more indurated than that are 

simply termed limestones". This lithological definition lies closer to

the classic usage of the term .....However, objection must be made

to the term "limestone", which is normally used to cover all rocks 

primarily composed of calcareous sediments, and which therefore 

includes chalk. There seems to be no convenient term for the end-

member of the lithification series...... We therefore propose a new

term, chalkstone, to cover the massively lithified equivalent of chalk.

For the purposes of this paper, therefore, we use the following def

initions. Chalk is a fine-grained carbonate sediment composed pri

marily of calcareous nannofossils and microfossils, feebly indurated 

and readily deformed under the fingernail or knife-blade. Chalk- 

stone is its massively lithified equivalent/

Although Bromley and Gale are considering chalkstone rather than chalk, 

where chalkstone is lithified chalk, they usefully summarize the way in which 

chalk differs from from other limestones. Firstly, it is soft and friable, readily 

deformed by a fingernail. Secondly, they point out that there is a transition 

from hard limestone to chalkstone to soft chalk, and that there tends to be 

an increasing degree of lithification with increasing depth of burial, as also
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noted by Schlanger and Douglas (1974) above. Thirdly, they point out that
i

the difference depends on the perspective of the observer, so that for example 

there is a primarily compositional definition, whereby chalk is considered a 

subset of limestone because both are calcium carbonate, and that there is also a 

lithological definition whereby chalk is arguably not limestone, because chalk 

is soft and limestone is hard.

One further point to note is that 'the lower Chalk is both more shaley and 

better cemented than the upper Chalk, and is often referred to on composite 

logs as a limestone. These differences merit separate consideration of the up

per and lower Chalk in the analysis of porosity/depth data. The upper and 

lower Chalk broadly correspond to the formal Upper and the combined Mid

dle and Lower Chalk' (Hillis, 1991, p.670) which demonstrates that there is no 

clear distinction between chalk and limestone, and that it is partially depen

dent on the perspective of the observer. This is not just an issue of semantics; 

how something is referred to partly determines how it is perceived. The use 

of vocabulary like chalk and limestone imposes a discrete classification onto 

what is a continuous phenomenon. The fact that there i s ' ....a general progres

sion from ooze to chalk to limestone with increasing depth of burial and age 

of the sediment' (Schlanger and Douglas, above) explicitly identifies a contin

uous progression. Note also that van Geet et al. (2002), in the region of the 

Ionian sea and Albania broadly refer to dual-porosity, low-Mg calcites without 

any reference to chalk, but with reference to limestone stating that 'lithologies 

with well-developed matrix porosity are present in some of the outcrops' (ibid, 

p.700).

A useful diagram is shown in Figure 2.4, with the vertical axis represent

ing SC13, the amount of heavy isotope carbon C13 compared to that found in a 

reference limestone, and the horizontal JO18 axis the amount of heavy isotope 

oxygen O18. The reference limestone (in this case, a Cretaceous belemnite) has 

values for SC13 and ¿O18 of zero by definition. Therefore, where a sediment has 

a positive 5 value for either isotope, that means that the sediment in question 

has a higher proportion of heavy isotope than the reference limestone. From

3 7



Figure 2.4: Distribution of carbon and oxygen isotopic compositions of some 

carbonate sediments, limestones and cements and some of the factors that con

trol them (source: Hudson (1977))
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100

Figure 2.5: Location of limestone in n-D space in an equivalent porous medium 

with porosity n consisting of straight tubes of diameter D. Slanting lines in 

background are contours of hydraulic conductivity (K, m /day). Oval fields 

delineated by solid lines indicate primary porosity, and oval fields delineated 

by dashed lines indicate the fractured counterparts. Recalculated and redrawn 

from Smith et al. (1976), Ford (1980), and Brahana et al. (1988).(Reproduced 

from Vacher and Mylroie, 2002)

Figure 2.4, therefore, it can be seen that chalks and common marine limestones 

have similar proportions of C13, but chalks tend to have relatively more O18. 

This is because '../chalk' probably retains its original carbon isotopic compo

sition, and its oxygen isotopic composition will have changed less than that 

of most fully lithified limestones' (Hudson, 1997, p.649). The diagram also 

shows, however, that there is a large overlap between what is considered chalk 

and what is considered limestone and secondly that the difference between the 

two is one of degree. One other interesting diagram is shown in Figure 2.5, 

which plots primary and secondary porosities against tube diameter in an ide

alized equivalent porous medium. The values for the tube diameter, D, are not 

obtained from field data, but are derived from the combinations of porosity,
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n and hydraulic conductivity, K. The diagram demonstrates the difference in 

primary porosity between Chalks and orthodox limestone, with Chalks having 

much higher primary porosity than orthodox limestone, with the exception of 

recent coral limestones. Whereas Figure 2.4 indicates a progression, Figure 2.5 

suggests a discrete classification; Figure 2.4 is concerned with composition and 

Figure 2.5 is concerned with properties relating to hydrogeology.

2.3 A q u ifer p ro p erties and con trols

Chalk is a dual porosity medium, whose ability to transfer water depends on 

the existence of a well developed fracture network. Maurice et al. (2006) dis

cuss various definitions of the meaning of fracture, drawing a distinction be

tween fissures, with generally planar geometry and conduits, which are tubu

lar in nature. Fractures may originate as joints or small faults with subsequent 

karstic modification resulting in voids up to 1000mm in diameter and 10s of 

metres to several kilometres in length (ibid.). Fractures are not distributed 

uniformly within the aquifer; rather, fracture frequency is a function of depth 

below the ground surface (Figure 2.6), with fractures occurring at greater fre

quency closer to the surface (Owen and Robinson, 1978; Connorton and Reed, 

1978). Consequently, aquifer transmissivity is greater closer to the surface, 

which results in a non-linear response in lateral movement of water in an un

confined aquifer as the water table rises (Figure 2.7). Similar relationships for 

transmissivity were found in Hampshire (Headworth et ah, 1982).

With regard to storage, a distinction should be made between how much 

water can be released from storage from Chalk aquifers, that is specific yield 

for an unconfined aquifer, and how much water such rocks contain, which is 

porosity. Because pore sizes are so small, capillary forces in the chalk matrix 

are large, with the consequence that only small amounts of water are released 

from storage as a result of a lowering of the water table. Therefore, the amount 

of water released is much less than that stored. For example, Owen and Robin

son (1978), report values of storativity (from which specific yield differs neg-
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ligibly for an unconfined Chalk aquifer) of between 0.1% and 2% for the area 

around the river Lamboum. Reeves (1979, p.232) states that 'only 2 or 3% of 

the reported porosity is free draining' with suggested porosity values of be

tween 0.2 to 0.4. Specific yield for Chalk in Lincolnshire is of the order of 0.5% 

(Foster and Milton, 1974). For comparison, for limestone and dolomite specific 

yields may vary between 0.5% and 10% (Chilton, 1996). As with transmis

sivity, storage was also found to vary with depth (Figure 2.7). For porosity, 

Bloomfield et al.(1995) report a range of porosities for Chalk of England of be

tween from 3.3% to 55.5%, with a mean porosity of 34.0%. For limestone and 

dolomite porosities tend to be lower, varying between 1% and 20% (Chilton, 

ibid.). As with transmissivity and specific yield, Bloomfield et al. (ibid.) report 

variation of porosity with depth (Figure 2.8). It might be expected that there 

is a correlation between specific yield and porosity or between specific yield 

and permeability. In Polish Chalk around the area of Lublin, no correlation 

was found, although a moderate correlation was found between porosity and 

permeability (Borczak et al., 1990). In that study, however, the Chalk exhibited 

little change in properties as a function of depth (ibid.).

It can be seen that important aquifer parameters vary with depth. This 

gives rise to the idea of effective aquifer thickness, which is typically quoted 

as 50 metres. Owen and Robinson (1978) report a value of 45m for effective 

saturated thickness in the Thames region. Sometimes, however, the idea of ef

fective aquifer thickness is more complicated than this. For example, for East 

Yorkshire Chalk, Foster and Milton (1974) obtained transmissivity values of 

about 1000 m2day-1 at low water table and about 2200 m2day-1 as a result of 

a rise in the water of about 7 metres, so that more than half the transmissivity of 

the aquifer was accounted for by a highly transmissive layer of 7m thickness. 

However, the upper high transmissivity layer was separated from the lower 

transmissivity layer by a vertical distance of about 35 metres. In other words, 

the relationship between transmissivity and depth was not monotonic. An im

portant point is that 'the most important zone appears to occur near the present 

water table, although it is possible that well-developed fissure zones occur in
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Table 2.1: General aquifer properties of the Chalk (from Downing et al., 1979) 
Porosity of matrix 0.3 - 0.4 Permeability of fractures (m /d) 1-100

Porosity of fractures 0.0001 Specific yield of matrix 0.01

Permeability of matrix (m /d) 0.0001 - 0.001 Specific yield of fractures 0.0001

the unsaturated zone, above the present water table, as relics of once higher 

groundwater levels' (Headworth et al., 1982, p.95). This is important from the 

point of view of groundwater flooding, for example, where unusually high 

water levels might result in rapid lateral transport of water to streams or dry 

valleys in cases where the rising water table intersects normally unsaturated 

horizons whose permeability is high because of once higher groundwater lev

els.

2.3.1 Stratigraphy

Examination of Figure 2.8 suggests some anomalously low values of porosity 

at depths of about lOmAOD and 40m below ordnance datum. Bloomfield et 

al. (ibid.) state that these low porosities are associated with bands of chalk that 

are harder than the chalk above and below. These bands are known as hard- 

grounds and are lithified chalk. It has been suggested that a greater propensity 

to fracture as a result of increased cementation results in enhanced permeabil

ity in hardgrounds (Price, 1987). However, this seems unlikely; Tate et al. (1971) 

found that there was a significant lateral flow of water at locations just above 

the hardground for a set of Chalk boreholes in the Berkshire downs. This idea 

of the development of enhanced permeability just above the hardgrounds is 

mirrored by similar developments in Chalk found at the top of marl bands (A. 

Gallagher, BGS, personal communication) both in the Berkshire downs, but 

especially in the Chalk around Brighton.

A marl may be defined as a calcareous mudstone, and in the context of car

bonate rocks, is a horizon in the geological sequence with relatively high clay 

content. The amount of clay content is variable. In the Chalk Marl of the En

glish Lower Chalk, clay content may be as much as 30% to 40% (Smedley et
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al., 2003). The Kj0lby Gaard Marl in Denmark is 75% to 85% CaCC>3 (Ekdale 

and Bromley, 1982) with the remaining fraction dominated by clay. Marls are 

thought to reflect those periods in the history of the deposition of the marine 

sediment where there was a greater proportion of terrigenous input (Smedley 

et al., 2003); that is, whereas for carbonate rocks with a relatively high cal

cium carbonate content, the origin of the sediment is predominantly marine, 

for marls a larger proportion of the sediment is derived from the land.

A notable feature of the manifestation of marls in northwestern Europe is 

'alternating beds of white chalk and light gray or light brown marl' (Ekdale 

and Bromley, ibid.). These calcareous rhythmites are also found in the Moore- 

ville Chalk of Alabama and Mississippi in USA (Liu, 2009), for which a typical 

pattern is shown in Figure 2.9, and in parts of the Edwards aquifer in Texas, 

USA (Hauwert et a l, 2005). As with hardgrounds, marl bands tend to be imper

meable and restrict the vertical flow of water (Smedley et al., 2003), sometimes 

forming the base of the aquifer because of their low permeability (e.g. Robins 

and Lloyd, 1975). Additionally, there can be a high degree of fracturing above 

marl horizons (Smedley et al., ibid.) which promotes lateral flow above the 

marl band.

The reason for enhanced permeability above layers of low permeability is 

a result of chalk chemical composition. Calcium carbonate, which has low 

solubility in water, reacts with carbon dioxide dissolved in water to form cal

cium bicarbonate, which is soluble in water. This results in dissolution of the 

chalk as a result of carbon dioxide dissolved in water. Thus, alongside lime

stone, Chalk as a carbonate aquifer has a propensity to its own dissolution. The 

source of the carbon dioxide is mostly the soil, either from plant roots or soil 

microbes (Atkinson, 1977). In Chalk, microbiological activity results in gener

ation of acid which dissolves the calcium carbonate with subsequent release 

of carbon dioxide (Griffiths et al., 2007); carbon dioxide levels in groundwater 

were found to be much higher than atmospheric values in a Chalk catchment 

in southern England (Neal et al., 2000). Preferential flow through subsurface 

pathways can lead to positive feedback effects, so that flow pathways are fur-
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Figure 2.9: Cycles in the chalk/m arl beds within one eccentricity cycle in the 

Mooreville Chalk with ¿>018 and ¿>C13 values. The ¿>C13 values of the marl beds 

are higher than those of the neighbouring chalk beds, however, the ¿>C13 values 

of the marl and chalk beds track parallel with each other. On the contrary, there 

is no apparent relationship between the ¿O18 values and lithology, (source: 

Liu, 2009)
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ther enlarged. This is because as chalk is dissolved, flow velocities increase 

and therefore the rate of dissolution of the chalk matrix is increased because 

dissolved material is carried away faster and because new, lower concentration 

carbonate water is brought to the site of dissolution more quickly. The result 

is that the fissure is enlarged which means that the fissure is able to transport 

more water which further adds to the potential for further dissolution. This 

process is known as karstification.

Karst is normally associated with orthodox limestone terrain (for exam

ple the Picos de Europa in Northern Spain and the region around Kotor in 

Montenegro). A typical karst landscape is 'characterised by a lack of surface 

drainage, bare rock sculpted by dissolution, dolines, stream sinks, and caves.' 

(Maurice, 2008, p.58). However, there is no accepted definition of the meaning 

of karst, as pointed out by Worthington and Ford (2009) who cite the following 

two definitions:

'There is no widely accepted definition of karstic groundwater flow, 

but in our opinion the term should be restricted to solution conduits 

in which a turbulent flow regime occurs' (Atkinson and Smart, 1981, 

pp.182-183).

and:

'Karst is a geologic environment containing soluble rocks with a 

permeability structure dominated by interconnected conduits dis

solved from the host rock which are organized to facilitate the cir

culation of fluid in the downgradient direction wherein the per

meability structure evolved as a consequence of dissolution by the 

fluid' (Huntoon 1995, p.343).

Worthington and Ford (2009) discuss the Chalk aquifer in comparison with 

the Carboniferous limestone aquifer, which is considered a well-karstified aquifer, 

and suggest that more appropriate terms than simply karstic are 'microkarstic' 

aquifers for aquifers that have many small channels and 'macrokarstic'’ aquifers
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Figure 2.10: Development of self-organized permeability in carbonate aquifers, 

showing (A) the initial flow field, (B) the modified flow field after one chan

nel has achieved breakthrough, and (C) after tributary channels have achieved 

breakthrough. Arrows represent flow lines (except in the channels) and dashed 

lines represent equipotentials. (source: Worthington and Ford, 2009)

for aquifers with apertures that vary widely in size. Although apertures in 

Chalk tend to be small, there are some instances, for example, in Northern 

France where there are fully developed Chalk caves (Maurice, 2008). The sig

nificant consequence is that 'modeling has shown that solutionally enlarged 

pathways will form dendritic, self-organized networks in the majority of car

bonate aquifers' Worthington and Ford (ibid., p.326) as shown in Figure 2.10.

The development of these pathways depends primarily on the nature of the 

recharge with regard to its calcium carbonate content. Where the recharge is 

close to saturation with regard to calcium carbonate content, then many path

ways will develop, whereas where recharge has a low calcium carbonate con

tent, then pathways tend to be more focussed and larger conduits develop. 

Additionally, the nature of the network system also depends on the hydraulic 

gradient; low hydraulic gradients are associated with the concentration of flow 

within a small number of large conduits, and high gradients a large number of 

apertures of similar size (Worthington and Ford, ibid.).

2.3.2 Other post-depositional processes

Permeability varies in a systematic manner, not only vertically but also later

ally. River valleys and dry valleys (Figure 2.11) in Chalk systems are areas nor
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mally associated with very high permeabilities. Price et al. (1993) suggest that, 

although valleys form along lines of structural weakness, the most significant 

factor in development of permeability in valleys is groundwater flow towards 

the valley. White (1988) discusses the formation of dry valleys as a succession 

of states in which the subsurface pathways become increasingly enlarged, so 

that initially baseflow and eventually all flows are accommodated by the sub

surface. Possible subsequent development of a series of dolines may mean that 

the valley loses its characteristic topology, but instead is replaced by a series 

of undulations. In the Netherlands, underneath a dry valley, 'about one day 

after a heavy thunderstorm, groundwater could be heard gurgling through the 

rock at the bottom of the borehole...and could be seen rushing through' (van 

Rooijen, 1993). However, the origin of the evolution of dry valleys is not fully 

agreed upon; it has been suggested that they evolved under periglacial condi

tions as freezing conditions reduced infiltration into the subsurface (Maurice, 

2008 and references therein). What is significant, however, is that permeability 

can vary as a function of horizontal location in a Chalk aquifer. An example 

is shown in Figure 2.12 for the Berkshire downs, where high transmissivity 

is found along the valleys with logarithmic reductions in transmissivity as a 

function of distance away from the valleys. Additionally, near-surface chalk 

is highly fractured as a result of cryoturbation and frost polygons (Loisy et al., 

1999) down to about 10 metres depth below the surface. Such weathering is 

less likely to occur at greater depths. Therefore, what might be expected to be 

the case is that shallow chalk may be less anisotropic than deeper chalk, be

cause in shallow chalk a much greater incidence of fracturing will mean that 

water has a greater number of pathways through which to move and therefore 

preferential flow is less likely, although weathering can happen to the extent 

that the structure of parent material is destroyed and replaced by a homoge

neous ooze referred to as "putty chalk" (Younger, 1989).

Enhanced permeability in river valleys is also promoted by the presence of 

alluvial deposits such as gravels. Griffiths et al. (2006) report a high correla

tion between streamflow accretion and the head difference between the Chalk
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interfluve
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Figure 2.11: Schematic diagram of dry valley

aquifer and the alluvial gravels along one particular reach in the river Lam- 

boum in the UK, suggesting that gravels are well connected with the stream. 

Grapes et al. (2006) report an example of the importance of alluvial gravel 

aquifer also in the river Lamboum, where the gravels act as a significant con

duit for down-valley flow of groundwater. Gravels were typically between 1 

and 5 metres thick and present intermittently along the river valley, but some

times significant in lateral extent (Grapes et al., ibid.). Thus, not only do river 

valleys and dry valleys act as foci for groundwater flow as a result of post- 

depositional processes acting on the Chalk, but also there are cases where ero

sion of the Chalk followed by infilling of high permeability alluvial sediments 

results in enhanced groundwater flow conditions in the valleys.

2.4  R ech arg e

A final important aspect of Chalk hydrogeology is recharge. The discussion 

that follows will first consider recharge in general and then will discuss recharge 

considerations specific to Chalk. Recharge is defined as that part of surface 

water which reaches the water table, the bulk of which will pass through the 

unsaturated zone. Reviews may be found in Rushton and Ward (1979) and 

Sanford (2001). Even though water may infiltrate the soil, it may neverthe

less not reach the water table, because of uptake by plants, near-surface lateral 

flow through macropores or interruption of the downward flow as a result of
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Figure 2.12: Example of lateral variation of transmissivity in an unconfined 

Chalk aquifer (source: Owen and Robinson, 1978). Map grid shows distance in 

metres from origin 49 degrees 45 minutes and 58 seconds North and 7 degrees 

33 minutes 23 seconds West.
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low-permeability media that result in perched water tables. There are a num

ber of ways by which recharge may be estimated and include, as listed by de 

Silva (2004) for example, the lysimeter method, soil water budget models and 

the catchment water balance method. Commenting on the various methods 

available, de Silva says (ibid., p.l) that 'except for the catchment water balance 

(which is a hardly used method nowadays with a number of short comings 

such as difficulties in identifying catchment boundaries)....all the other meth

ods yield a point estimate/ It is immediately apparent that the quantification 

of recharge is a fundamental challenge in the quantification of groundwater 

resources, since, despite de Silva's objection, the catchment water balance ap

proach yields an aggregated recharge input for the catchment; by the nature of 

the method itself, mass balance is preserved. With regard to the other methods, 

there is a fundamental constraint with any method that yields point estimates; 

in cases where the point estimates are calculated at locations with available 

data, there is in principle the possibility of calibrating the estimates at those 

locations against the available data. At locations other than those, it is nec

essary either to interpolate between point estimates or to model the recharge 

input without the possibility of calibration. Either way, the mass balance is not 

necessarily preserved.

The traditional method for estimating recharge in humid areas is the soil- 

moisture deficit (SMD) approach. The SMD approach is based on the studies 

of Penman and Grindley (see Rushton and Ward, 1979 and references therein) 

and partitions the plant evaporation response according to the moisture con

tent of the soil. The SMD approach uses two threshold levels, the root con

stant (units of length) and the wilting point (units of length), which are plant 

species specific, in that where soil moisture lies between these values, actual 

evaporation is some proportion of potential evaporation (e.g. Wheater et a l, 

1982; Bonsor et a l, 2010). Where soil moisture is less than the wilting point, 

in the SMD approach actual evaporation is set to zero. Where soil moisture 

is greater than the root constant, in the SMD approach actual evaporation is 

set equal to potential evaporation. Rushton and Ward (1979, p.345) noted that

53



'the conventional method of Penman and Grindley tends to underestimate the 

recharge'. However, Lemer et al. (1990) suggest that the SMD method may 

be appropriate where gross surface influxes are greater than 500mm per an

num. Rushton and Ward (ibid., p.345) also state that 'it is significant that Pen

man and Grindley were not primarily concerned with the water balance from 

the point of view of estimating recharge but rather they attempted to deter

mine actual evaporation and soil moisture deficits.' This is interesting because 

it contrasts with the framework outlined by Sanford (2001) which considers 

recharge from the perspective of the hydrogeologic framework (Toth, 1970), 

whereby a hydrogeological system is governed by three factors, namely cli

mate, topography and geology. Sanford (ibid., p .lll)  states that '...if the cli

matic and soil conditions allow recharge to reach the water table at a rate that 

is greater than the saturated zone can transmit the recharge away, then the per

meability of the geologic framework controls the recharge rate. This situation 

results in the condition of a relatively shallow water table, because storage of 

water underground backs up to the point that excess infiltration is diverted 

overland.' In other words, this strongly implies that the only way to consider 

recharge is from the point of view of the hydrogeologic system as a whole, and 

that the decentralized, decoupled SMD approach that was originally designed 

for 'the meteorological and agricultural aspects of the water balance' (Rushton 

and Ward, 1979, p.345), is not wholly appropriate for quantifying recharge in 

regional groundwater models.

In Chalk, additionally, there are some recharge specific features. Firstly, 

it has been shown (Wellings and Bell, 1980; Ireson et a l, 2009) that there can 

be year round recharge in Chalk systems because of the combination of very 

deep unsaturated zones and the drip-feed draining effect of the chalk matrix. 

Secondly, a 'bypass' recharge mechanism can sometimes be activated whereby 

surface water can very quickly reach the water table through fractures, so by

passing infiltration into the chalk matrix. Therefore, the nature of recharge in 

Chalk systems depends significantly on the depth of the unsaturated zone. Be

cause water drains slowly from the chalk matrix as a result of strong capillary

54



forces, recharge to the water table where the unsaturated zone is thick, occurs 

throughout the year. The chalk matrix acts as a buffer, so that the recharge sig

nal is attenuated. This raises the question of what is meant by 'specific yield' 

in a Chalk system. A standard definition of specific yield is 'the volume of 

water that an unconfined aquifer releases from storage per unit surface area 

of aquifer per unit decline in the water table' (Freeze and Cherry, 1979, p.61). 

There is no time dimension included in the definition. This means that, for ex

ample, the above suggested values for specific yield of between 1% and 3% are 

significant underestimates if longer timescales are considered. From a ground- 

water modelling perspective, therefore, because specific yield parameters tend 

to be specified in line with reported literature values of the order of 1%, the 

storage function of the matrix has to be incorporated into the way in which 

recharge is specified.

In a regional groundwater model, the recharge component will be the most 

quantitatively significant water influx; any subsequent calibration of aquifer 

parameters relies on a presumption that the recharge component is perfectly 

specified and any errors in the specification of recharge will transmit to errors 

in specification of aquifer parameters, since these will be optimized to fit with 

the recharge input to the groundwater model, rather than to the recharge that 

would ideally be observed in the field.

2.5  S u m m ary

Chalk is a sedimentary carbonate rock made up of the shells of diatomous 

algae. It is an important aquifer in Britain and northern Europe. The base 

rock material that makes up chalk is largely impermeable because the diatoms 

are so small and therefore the pore sizes between them are also small. Water 

passes through this chalk matrix very slowly. However, there are various post- 

depositional processes that rework the base material such that permeability is 

greatly enhanced.

Because chalk is calcareous, it is subject to dissolution by the mildly acidic
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conditions that result from the release of CO2 by soil microbes, for example. 

Any nascent fractures, which act as pathways for water, may be progressively 

enlarged by the action of the mildly acidic water. There is then positive feed

back, increasing the rate of enlargement, because as the fracture is enlarged 

more water can pass through at a faster rate, so increasing the kinetics of the 

dissolution of the fracture wall. Whereas the permeability of the base material 

is low, the permeability of the formation, as a result of the presence of frac

tures, can be very high. Because of this matrix/fracture characteristic, Chalk is 

referred to as a dual porosity medium.

In some cases, enlargement of fractures occurs to the extent that the Chalk 

is considered karstic, although this is debated. It has been suggested in any 

case that the term karst is too crude and that more helpful terms might be 

'microkarstic' and 'macrokarstic' to distinguish between karstic systems. So

lution enlargement often takes places at the interface between different strata, 

especially if the lower of the two strata is impermeable. As a result, enlarged 

fissures and conduits are often found at the level of bedding planes.

Chalk aquifer properties, namely transmissivity, storativity and porosity
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are functionally related to depth. In particular with regard to transmissivity, 

there is a marked decrease in transmissivity with increasing depth below the 

surface. The relationship between porosity and depth is less clearly defined.

It is necessary to consider, however, that the above description is idealized. 

What is referred to as a Chalk aquifer is a complex set of geologies, since with

out question other lithologies will be present. For example, marl bands may 

be present, possibly common or shales may be present. In particular, flint nod

ules are common throughout British Chalk and additionally there are other 

geological horizons, such as sandstones that also form part of some UK Chalk 

aquifers, as is the case with the study site of this thesis, which will be discussed 

in the next chapter.
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Chapter 3

Site description

3.1  In tro d u ction

The groundwater system of interest in this thesis is the Chalk groundwater 

system of central southern England. A map of the study area is shown in Fig

ure 3.1. The Chalk is an important source of drinking water for the Thames 

region, which includes London, and also harbours a number of sites of spe

cial scientific interest (SSSI). Given its significance in terms of water resources 

and given the difficulties of closing the water balance in regional groundwater- 

dominated river systems, it is important to improve understanding of the hy

drogeology of this system, if only to constrain the uncertainty associated with 

quantification of water resources. Additionally, however, the Chalk of interest 

here also subsumes the river Lamboum, a catchment that not only contains a 

number of SSSIs, but also one that 'has been relatively unaffected by ground- 

water abstraction and is characterised by a semi-natural flow regime with peak 

flows coinciding with maximum winter groundwater levels/ (Grapes et ah, 

2006, p.326). Therefore, the river Lambourn provides an opportunity to study 

the behaviour of a near-natural Chalk river-aquifer system.
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Figure 3.1: Site location (A) Location of regional area of interest in United King

dom (B) Regional area of interest showing rivers and Lambourn topographic 

catchment (C) Lambourn topographic catchment showing Boxford site loca

tion (D) Boxford site location

59



N
O

RT
HI

N
G 

(m
)

400000 420000 440000 460000 480000 500000

EASTING (m)

Figure 3.2: Map of model study area with rivers

Height above sea

Figure 3.3: Catchment topography (after: Limbrick et al. (2000))

60



3.2  Site lo catio n

There are three scales of interest, the regional scale (Figure 3.1, panel (B)), the 

catchment scale (Figure 3.1, panel (C)) and the site scale (Figure 3.1, panel 

(D)). The site scale study site was selected as one location for the study of 

groundwater-surface water interactions in the Lowland Catchment Research 

(LOCAR) Programme (Wheater and Peach, 2004; Binley, 2005) and is located 

on a conspicuous bend along what is a relatively very straight river, close to 

the village of Boxford. The site scale figure includes locations of piezometers, 

which will be described in more detail in chapter 4. In Figure 3.1, panel (C), 

the river Lamboum is shown together with the boundary of its surface water 

catchment as a solid black line, which encloses an area of 234 km2. The normal 

winter source of the river Lamboum is at Lynch Wood and the normal summer 

source at Maidencourt Farm.

A map at regional scale is shown in greater detail in Figure 3.2, with the 

dashed line enclosing the regional area of interest. This area measures 2632 

km2, along an east-west axis of approximately 100km and a north-south axis 

in the western part of the domain of approximately 20km and a north-south 

axis in the eastern part of approximately 40km. The principal river within the 

regional area of interest is the river Kennet, which is the main tributary of the 

river Thames. The confluence of the two rivers is in Reading. To the west 

of the Lambourn is the river Aldboume, and to the east is the river Pang. The 

location of the principal gauging station for the river Lamboum at Shaw is also 

shown. Other towns are included as aids to orientation.

The area of interest is predominantly Chalk downland, and comprises the 

Marlborough and Berkshire downs in the west and the south west Chiltems 

in the north east. A map of topography is shown in Figure 3.3. Maximum 

elevation in the Marlborough downs is 272 mAOD at Hackpen Hill, about 

4km northwest of Marlborough and in the Berkshire downs is 261 mAOD at 

Whitehorse Hill about 5km east of Swindon. South of the Kennet, the highest 

point is at Walbury Hill with an elevation of 279 mAOD. For the south west
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Chiltems, the maximum elevation is 267 mAOD at Haddington Hill near Wen- 

dover. Average elevations in the Berkshire downs are 150 mAOD in the east 

and 200 mAOD in the west (Whitehead et a l, 2002), where the landscape is 

characterized by horse gallops, permanent chalk grassland and arable farm

ing (Environment Agency, 2004). By contrast, the Chiltems are well known for 

woodland, particularly beech woods, both on the plateau, but also on the scarp 

and in the valleys and it is the extent of the woodland that distinguishes them 

from other Chalk landscapes (Natural England, 2011).

From Figure 3.2, it can be clearly seen how little surface drainage there is in 

the Chalk; whereas to the north of the regional area of interest, there is a dense 

network of rivers, within the regional area of interest itself there is a very small 

number of rivers. The exception is in the southern part, to the south of the river 

Kennet between Newbury and Windsor where the dominant geology is not 

Chalk, but London clay. From this simple map, therefore, the influence of the 

geology on the hydrology is strikingly apparent. For both the Berkshire downs 

and the Chiltems, the scarp slope is located on the northwestern edge and is 

particularly dramatic on the northwestern slope of the Chilterns overlooking 

the Vale of Aylesbury.

3.3  G eo lo g y

3.3.1 Regional geology

The traditional classification of Chalk in southern England is to use three di

visions, Lower Chalk, Middle Chalk and Upper Chalk. This classification was 

based on work undertaken at the beginning of the 19th century by the Geologi

cal Survey (Wood and Smith, 1978 and references therein). The boundaries for 

these divisions are two thin layers of lithified chalk or hardgrounds, with that 

layer separating Upper and Middle Chalk known as the Chalk rock and that 

layer separating Middle and Lower Chalk known as the Melbourne rock. Not 

only are these divisions not appropriate for Northern England, but a more re
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cent classification of the Chalk proposed by Bristow et al. (1997) also dispensed 

with the Upper, Middle and Lower nomenclature. A comparison of the old and 

new classifications is shown in Figure 3.4 together with the position in the se

quence of both the lithified chalk layers. Additionally, the lithostratigraphy for 

three boreholes in or near the Lamboum catchment is shown in Figure 3.5. For 

two of these boreholes, the Winterbourne and Banterwick Bam boreholes, loca

tions are shown as open black circles in Figure 3.6 with Banterwick Barn lying 

about 5km to the northeast of the centre point of the section line AA' and Win

terbourne lying about 5km to the southwest of the centre point of the section 

line AA' in the far south east comer of the Lambourn surface water catchment. 

It has been suggested (Grapes, 2004) that the traditional nomenclature is more 

helpful in understanding the hydrogeology of the Lamboum catchment, be

cause of its explicit inclusion of hardgrounds. As discussed in chapter 2, there 

is disagreement as to whether hardgrounds impede or enhance vertical flow.

The solid geology of the region is shown in Figure 3.6. The dominant out

crop geology is Chalk, most of which is Upper Chalk. There are two distinct 

regions of Upper Chalk at outcrop, one north and one south, separated by the 

London Clay in the east and outcrop of Upper Greensand in the west. The 

area of interest is the northern of these two regions. Outcrops of Middle Chalk 

occur principally along the northernmost perimeter of the area of interest. For 

the Lamboum catchment, there is a sizeable area of outcrop that is Middle 

Chalk occupying the far northwest of the catchment, perhaps between 20% 

and 30% of total catchment area. Sections AA' and BB' are shown in Figure 

3.7, which shows the outcrop of Middle Chalk as well as smaller outcrops of 

Lower Chalk and Upper Greensand. As can be seen from Figure 3.7, these out

crops of Middle Chalk, Lower Chalk and Upper Greensand are associated with 

the scarp slope of the Chalk downlands. Whereas for the Lambourn, there are 

only small areas of outcrop of Lower Chalk and Upper Greensand, along the 

remainder of the scarp slope, there are significant areas of outcrop, for example 

of Lower Chalk in the far west. The scarp slope is associated with the devel

opment of a line of springs at the junction of the Upper Greensand and Lower
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Figure 3.5: Lithostratigraphy and correlation of key cored boreholes in the 

Chalk Group of the Berkshire Downs, (source: Woods and Aldiss, 2004)
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Chalk (Edmunds et al., 1987) as indicated by the arrow on the left hand side of 

Figure 3.7.

For the Lambourn, the geology dips between 0.5° and 2° to the south- 

southeast (Maurice, 2008), with the consequence that in the southeast of the 

catchment, the Chalk disappears below Tertiary strata and there are large ar

eas covered by the Lambeth group (Figure 3.7). This has implications for the 

hydrogeology, since the recharge is focussed as a result of less permeable de

posits at the surface and therefore it is likely that any karst conduits are larger 

at the downstream end of the Lamboum catchment. The Lambeth group lines 

the length of the dip slope for the entire region (Figure 3.6) before giving way 

to the London Clay of the Thames basin. The Lambeth group consists of a basal 

unit called the Upnor Formation, which is made up of sands and clays (Ald- 

iss et al., 2002) and tends to be impervious (ibid.). The London clay is mostly 

clay with variable amounts of sand (Sumbler, 1996). The Bagshot formation 

'is dominated by orange or pale yellow, fine-grained sand, with thin beds of 

pale grey clay' (Sumbler, ibid., p.105). The Bracklesham beds are variable and 

include sand, sandy clay and clay (ibid.). The Upper Greensand is divided into 

a lower unit between 10m and 30m thick and an upper unit between 3m and 

10m thick and consists of calcareous siltstones, malms tones and sandstones 

(Aldiss et al., 2002).

3.3.2 Site scale geology

The Boxford study site is described in detail in Allen et al. (2010). Key points 

are included here. The solid geology at Boxford is Upper Chalk, on top which 

there are alluvium and river terrace deposits consisting mainly of mostly grav

els. The gravels tend to be 3m to 4m thick and are thought to have values of hy

draulic conductivity ranging between 200 to 7,800 mday-1 (Allen et al., 2010). 

However, there is, as is often the case, considerable heterogeneity over the or

der of metres, with sands replacing gravels in some parts, and with which 

changes in lithology are associated changes in relative head differences be
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tween the stream and the aquifer. There is also thought to be a thin layer of 

"putty" chalk found between the gravels and the underlying Chalk. It is pos

sible that this layer is of low permeability and this will be considered in chap

ter 4. Across much of the site, particularly the low-lying southern part where 

there are several wetland areas, the topmost layer is composed of peat of about 

1 metre in thickness (Musgrave, 2006).

Boxford is located at that point along the Lambourn where extensive sur- 

ficial clay deposits begin to become prominent, so Boxford might be expected 

to be transitional. Phosphatic chalk and hardgrounds occur in the upper part 

of the Seaford chalk near Boxford (Jarvis and Woodroof, 1981), who identified 

the occurrence of more than five distinct hardgrounds within the 14 metre ex

posed chalkpit face. Thicknesses were not quoted, apart from a thickness of 0.3 

metres. This compares with the thickness of the Melbourne rock (1.8m to 2.4m 

thick) and the Chalk Rock (2.4m to 3.0m thick), (Brettell, 1971, para. 5.2.2). 

This is not to suggest that hardgrounds (apart from the Chalk rock and the 

Melboum rock) are necessarily significant, but that local geology is different 

and may be significant.

3.4  H y d ro lo g y

3.4.1 Hydrometeorology

Annual rainfall for the Lambourn catchment is estimated at 743 mm in the 

north and west parts of the catchment (Wheater et a l, 2006b), where elevations 

are higher, and at 655 mm in the south and east in the downstream part of 

the catchment, with mean rainfall estimated as 731 mm (ibid, and references 

therein). Actual évapotranspiration for the Lamboum catchment is about 450 

mm (ibid.). This gives an estimate of annual recharge of about 281 mm. Bret

tell (1971) also estimated annual recharge to be 280 mm for the Lamboum. A 

summary paper by Bradford et al. (2002) gives estimates of recharge for the 

Pang using different techniques, but recharge calculations commonly seem to
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Figure 3.6: Solid geology of Marlborough and Berkshire downs and Thames 

basin (data source: British Geological Survey, data provider: EDINA digimap 

service)
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Figure 3.7: Hydrogeological section through the Berkshire syncline (after: Ed

munds et al.r 1987)

be based on MORECS data, an overview of which is given in Hough and Jones 

(1997) and so are constrained by that data source. Grapes (2004, p.94) says 

that 'MORECS consistently underestimates the annual recharge to the Lam- 

bourn catchment. In fact, over this period (1979-2000) total Excess Precipita

tion (EP) is 69% of total catchment discharge. However, this value displays 

significant inter-annual variability, with the maximum value of 96% occurring 

in the hydrological year 1989/90 and a minimum value of 47% being recorded 

in 1980/81.... An independent verification of MORECS EP in a chalk catchment 

was reported by Jones and Cooper (1998), using two years of data from a large 

lysimeter on the Middle Chalk at Fleam Dyke near Cambridge. When com

pared with data from the lysimeter, they found that MORECS EP accounted 

for 87% recharge in 1982 and only 73% in 1983, which suggests that the long

term value of 69% derived here is not unrealistic.' Although Grapes does not 

provide a single figure for catchment recharge for the Lambourn, on the basis 

of data shown in Figure 3.8, an annual estimate would be 318mm. This is a 

water balance approach and so the number is based on the assumption that 

catchment recharge is equal to catchment discharge. Catchment discharge per 

unit area is based on a constant groundwater catchment area suggested to be 

168km2 (Grapes, ibid., p.93). Subsequently, Grapes goes on to assume that sub

surface flows beneath the principle gauging station at Shaw are approximately 

10% of surface water discharge. On this basis, a figure for annual recharge
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Figure 3.8: Comparison of catchment discharge and MORECS EP (after 

Grapes, 2004)

would be 350mm, that is, 25% greater than the figures suggested by Brettell 

(ibid.) and Wheater et al. (ibid.).

3.4.2 Baseflow

Total streamflow for the river Lamboum is shown in Figure 3.9 for the pe

riod 1962 to 2008 with baseflows according to a selection of baseflow sepa

ration techniques shown in Figure 3.10 for the years 1988 to 2008. Mean total 

streamflow for the period 1962 to 2008 is 150.7 megalitres per day (1.74 m3s-1). 

For all baseflow separation techniques shown, mean baseflows range between 

145.0 and 145.4 megalitres per day, giving a baseflow index of 0.96 irrespec

tive of baseflow separation technique. Fixed interval, sliding interval and local 

minima techniques were formulated by Pettyjohn and Henning (1979). The
t

IHLowFlow method was formulated by Gustard et al. (1992).
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Figure 3.9: Streamflow hydrograph for river Lamboum at principal gauging at 

Shaw

Figure 3.10: Baseflow hydrographs for river Lamboum at principal gauging at 

Shaw
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Figure 3.11: Chalk springs in the Pang and Lambourn river valleys (Geology 

key is as for Figure 3.6) (source: BGS, after Maurice, 2008)

3.4.3 Springs

Springs are found in three settings. In addition to the scarp slope springs, 

springs are also found at selected locations along the length of the Lambourn 

(Figure 3.11) and generally at the interface between the Upper Chalk and the 

Bagshot formation (Wheater et a l ,  2006b and Figure 3.12). Scarp slope springs 

were estimated to have discharges between 1 and 5 litres per second in Decem

ber 2006 (Maurice, 2008 and references therein).

3.4.4 Flow accretion and bourne behaviour

Two characteristics that are often typical of Chalk river systems are bourne 

behaviour and sporadic flow accretion. The 'bourne' suffix for river names is 

common not only in the Berkshire downs for rivers such as the Lambourn and 

Aldbourne, but also elsewhere north of the Thames for example the Misbourne

72



Figure 3.12: Stream sinks associated with the English Chalk recorded in the 

BGS karst database (after Maurice, 2008)
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River miles above Shaw gauging station

Figure 3.13: Flow accretion profile for Lambourn (source: Brettell, 1971)

and Bulbourne and in place names such as Wimboume and Bournemouth in 

Dorset. Bourne behaviour for a Chalk stream refers to the seasonal migration 

of the source of the stream, whereby the source moves upstream in winter and 

downstream in summer. For the river Lamboum, the winter source in normal 

years is at the springs in Lynchwood and the summer source at Maidencourt 

Farm.

A number of studies include flow accretion assessments for the river Lam

boum (Brettell, 1971; Griffiths et a l, 2006; Grapes, 2004). Reach lengths and 

start and end points differ so the studies are not easily compared. However, 

all show that flow accretion along the length of the stream is not uniform, and 

tends to be dominated by high inflows of groundwater from a small number 

of reaches. Brettell (1971) shows that there is an abrupt increase in streamflow 

between Moor Bridge and Hunt's Green. These are shown in Figure 3.13 along 

with the geology in Figure 3.14. This increase suggests that the input from the 

dry valley north of Boxford is likely to follow flowpath 2, rather than flowpath 

1 (Figure 3.14). There is groundwater input at Boxford (Maurice, 2008), but it
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Figure 3.14: Flowpaths for dry valley into river Lambourn. (Geology key is as 

for Figure 3.6)
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Figure 3.15: Average calculated EpC02 and mean flow accretion between sam

pling points on the River Lamboum in relation to Boxford study site in the 

period January 2003 to February 2005 (after: Griffiths et ah, 2007)

takes the form of diffuse input over a large marshy area and is not a significant 

spring in terms of flow rates compared to, for example, Lynch Wood at the 

head of the Lamboum or the spring just upstream of East Shefford (ibid.). Us

ing natural concentrations of CO2 in the river as a tracer, Griffiths et al. (2007) 

provided additional evidence for the flow accretion pattern obtained from flow 

gauging as shown in Figure 3.15.

3.5  O v erv iew

The study area can be compartmentalized into three scales: the regional scale, 

the catchment scale and the site scale. At a regional scale, the interest is pri

marily the overall water balance and the seasonal variability in streamflows 

and groundwater heads from the point of view of water resource assessment. 

At the site scale, the interest is in connections between stream and aquifer and 

local scale processes. At the catchment scale, the focus of interest is the spatial 

pattern of flow accretion and the bourne behaviour of the stream, the accurate 

simulation of which is a necessary pre-cursor for use of a numerical ground
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water model in the prediction of groundwater flooding. The next chapter de

scribes a flood event at the Boxford study site in order to build a conceptual 

understanding, which in turn is a necessary part of the process of the construc

tion of a numerical model that might further assist in understanding of site 

scale processes.
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Chapter 4

Site scale processes

4.1  In tro d u ction

With regard to their relationship with groundwater, streams may be charac

terized as being influent or effluent (e.g. Freeze and Cherry, 1979), where an 

influent stream loses water to the underlying aquifer and an effluent stream 

gains water therefrom. It is known that this influent and effluent behaviour 

for any particular river can vary both over time and along the length of the 

river (e.g. Braaten and Gates, 2003). There are a number of methods by which 

groundwater-surface water interactions may be assessed, a good review of 

which is given by Brodie et al. (2007), including hydrometric analysis us

ing hydraulic gradient, seepage measurement and temperature monitoring. 

These methods rely on a conceptual view of the groundwater-surface water 

system, which may not always hold in reality, particularly during extreme 

stresses on the system such as occur during flood conditions. Although in 

principle, direction of flow of water may be inferred from head differences be

tween stream and aquifer, seepage meters or temperature profiles, in reality, 

groundwater flow paths near streams can be very complex, with for example 

depth-dependent opposing flow directions (e.g. Alden and Munster, 1997).

At Boxford, in addition to automatic logging of head data at particular loca

tions, there are also a set of in-stream boreholes which record temperature and
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conductivity at high frequency. Additionally, there was a flood event in sum

mer 2007 which provided an opportunity to improve understanding of the site 

hydrogeology not only under extreme conditions, but also under normal con

ditions. The objectives of this chapter are:

• to describe the site hydrology with particular reference to the flood event

• to show how high temporal resolution temperature and electrolytic con

ductivity (EC) data may be used to make inferences about flow pathways 

in instances where head data are of limited use

• to produce a conceptual model of the site hydrogeology

4 .2  S tu d y  site and  g eolog ical settin g

Figure 4.1 shows borehole cross-sections and a plan view of the boreholes at 

Boxford as well as site topography. The site topography is asymmetric (Fig

ure 4.1, panel (D)); on the north bank of the river, there is a moderately steep 

hill, whereas on the south bank of the river, the land is flat and a mixture of 

marshy ground and sparsely spread trees. It will be argued that the topogra

phy plays an important role in the development of the hydrogeology. In most 

cases, boreholes are nested with multiple screens at single locations (Figure 4.1, 

Table 4.1), in which case the smallest number indicates the deepest screened 

section at that location (e.g. the screened section for PL26I1 is deeper than that 

for PL26I2 which is deeper than that for PL26I3). Chalk boreholes are PL26G, 

PL26I, PL26H and PL26F. PL26D and PL26E are set partly in Chalk and partly 

in gravels, as they are closer to the stream. Note that the screened intervals 

for PL26E1 and PL26F are similar in terms of elevation. PL26A is set partly 

in Chalk and partly in sand. Other boreholes are set in sand or gravel. In all 

cases, pressures are logged using TROLL pressure loggers with measurements 

logged once per hour. The PL26 prefix refers to the LOCAR site at Boxford 

(PL26, Pang and Lamboum site 26 (see Binley, 2005)). For the rest of this chap

ter, the PL26 prefix will be dropped and boreholes will be referred to using a
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single letter or single letter with a number indicating the relative vertical posi

tion within that particular borehole.

There are three in-stream boreholes, R, S and T with screens set at depths 

approximately 0.5m, 2m and 3m below the streambed respectively (Figure 4.1, 

panel (C)). For each, the screen interval covers a depth of 0.2m. Additionally, 

there is a stilling well (U) and two bankside piezometers (P and Q) drilled to 

shallow depth (Table 4.1). Each of these (except Q) contains one Diver pressure 

logger, automatically logging pressure, temperature and electrolytic conduc

tivity (EC) at 15 minute intervals.

EC depends partly on the concentration of ions in solution, the valence of 

the ions and the temperature of the medium. EC values therefore need to be 

corrected for temperature to allow comparison over time, either according to 

manufacturers' instructions or using pre-calculated correction factors (Radtke 

et a l, 2008).

With regard to the river at Boxford, the succession of deposits is shown in 

Figure 4.2. A layer of peat or soil about 1 metre thick sits on top of gravels 

about 4 metres thick, which sit on Chalk. Peat of about 1 metre in thickness 

is widespread across the low-lying southern part of the site (Musgrave, 2006). 

In some instances, sand is found in place of gravels. For example, moving 

eastwards from C (Figure 4.1, panel (A)), the thickness of the gravels thins out 

until they are replaced at A by sand. A key question about the streambed 

lithology at Boxford is whether there is any layer separating the gravels and 

the Chalk. Drilling records indicate the possible existence of putty chalk at the 

base of boreholes P and Q, which may act as a low permeability seal between 

the streambed and the aquifer.

4.3 In v estig atio n s at the stu d y  site

Over the period shown from June 2007 to August 2007, the most prominent 

hydrological characteristic is the abrupt increase in stream stage at Boxford of 

more than half a metre in the morning of the 20th July 2007 and the abrupt
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Figure 4.1: Plan view of boreholes at Boxford with borehole cross-sections
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Table 4.1: Boxford research site installation information (source: Allen et al., 

2010)_____________________________________________________________________________________

Borehole ID Installation type Year completed0 Response zone 

(m bgl unless indicated)

Lithology

A1 Piezometer 2002 13 .2-25 .0  " Chalk

A2 Piezometer 2002 wt -1 .7 8 Sand

Cl Piezometer 2002 1 1 .4 -2 5 Chalk

C2 Piezometer 2002 wt -  4.8 Gravel

D1 Piezometer 2002 10.7-25.35 Chalk

D2 Piezometer 2002 wt -  3.8 Gravel

El Piezometer 2002 11.15-25.2 Chalk

E2 Piezometer 2002 wt -  4.7 Gravel

F Borehole 2002 1 10.86-34.0 Chalk

G1 Piezometer 2002 50.5 - 100.06 Chalk

G2 Piezometer 2002 27.63-4 8 .5 6 Chalk

G3 Annulus 2002 1 8 -2 6 .5 Chalk

HI Piezometer 2002 25.03-30.0 Chalk

H2 Piezometer 2002 20.0 -  24.0 Chalk

H3 Annulus 2002 2 .2 -1 9 .0 Chalk

11 Piezometer 2002 39.4 -  52.3 Chalk

12 Piezometer 2002 30 .0 -35 .0 Chalk

13 Annulus 2002 15.0-29 .0 Chalk

P Piezometer 2007 1.6-3 .3 6 Gravel/sand

Q Piezometer 2007 1 .4 -2 .5 6 Sandy gravel

R Piezometer 2007 0.4 -  0.6e Gravel

S Piezometer 2007 1.4 -  1.6C Gravel

T Piezometer 2007 2.4 -  2.6C Gravel

X Piezometer 2008 6 .3 -9 .7 Chalk

a Completion year only. Year begun information not available, 

b Metres below ground level, c Metres below river bed
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Figure 4.2: Electrical resistivity model from the cross-borehole survey at Box- 

ford, D to E (source: Crook et al.r 2008)
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increases in groundwater heads (Figures 4.3, 4.4 and 4.5). This came about 

as a consequence of the very high rainfall that much of southern Britain ex

perienced on the 19th/20th July as result of a slow moving subtropical storm 

(Marsh and Hannaford, 2007). On that day, the rain gauge at Chieveley (ap

proximately 5km to the North East of the site) recorded 89mm rainfall over a 

12 hour period (ibid.).

4.3.1 Chalk borehole response

The general pattern of Chalk borehole response is shown in Figures 4.3 and 4.4 

for the period June 2007 to August 2007. The trend in head is for highest head 

furthest away from the river at G with head decreasing as one moves closer 

to the river and continuing to decrease as one moves to the south bank of the 

river to F. Dip measurements (not shown) suggest that heads in Dl, on the 

north bank, are higher than those in El, on the south bank. Prior to the flood 

event, the fact that lower heads are recorded in Dl than in E l can be explained 

by artesian behaviour of Dl. Post-flood event, the fact that Dl heads continue 

to be lower is unexplained.

Comparing G2 and 13, prior to the flood, the head in G2 exceeds that in 13 

by a stable 0.24 metres (Figure 4.6, panel (A)) giving a head gradient between 

the two of 0.3%. After the flood, the difference rises to 0.32m, which is an 

increase of 33% in the hydraulic gradient. At the onset of the flood, there is 

a small but noticeable reduction in the head difference between boreholes G2 

and 13 from about 0.24m to 0.2m (Figure 4.6, panel (A)). This could either be 

because infiltration reaches 13 before reaching G2, or because there is lateral 

transmission of the head signal away from the river towards 13 and G2, which 

would also mean that 13 was first affected.

Comparing II and 13 (Figure 4.6, panel (B)), prior to the flood, the head in 

II, the deeper borehole, exceeds that in 13 by between 0 and 0.02 metres. After 

the flood there is a very small increase in the differential to 0.02 or 0.03 metres. 

The top of the response zone for II is 39.4 metres below ground level and the
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Figure 4.4: Head measurements for boreholes in the Chalk for late July 2007
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Time of day

Figure 4.5: Relationship between stream stage and borehole head

Date

Figure 4.6: Flead difference between (A) G2 and 13 and (B) II and 13
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Date Date

Figure 4.7: Head difference between (A) F and E l and (B) E2 and E l

bottom of the response zone for 13 is 29 metres, below ground level. This gives 

a maximum possible head gradient of 0.3%, assuming a head difference of 0.03 

metres and a vertical distance of 10 metres (top of response zone II minus 

base of response zone for 13) and a minimum possible head gradient of 0.05%, 

assuming a head difference of 0.02 metres and a vertical distance of 37 metres 

(top of response zone 13 minus base of response zone for II). If the permeability 

in the vertical is of a similar magnitude to permeability in the horizontal, then 

this suggests that it is possible that significant upward flow occurs. These head 

differences would be consistent with the idea that prior to the flood event, 

flow is lateral and subsequent to the flood event, there is a small increase in 

upward flow. This makes sense from the point of view that groundwater flows, 

including those at the elevation of the water table, would increase after the 

flood event. If groundwater flows at the elevation of the water table increase, 

then that water which flows out would have to be replaced by some source. 

Therefore, one would expect that there would be a small increase in upward 

flow to sustain the increase in lateral flow at the elevation of the water table.

Comparing E l and F, prior to the flood, Figure 4.7 (panel (A)) shows that 

the hydraulic head in F is typically about 0.4 metres less than that in E l. Given 

a distance between the two of 37 metres, this equates to a hydraulic gradient of 

1% which is about three times greater than that between I and G. Both E l and F 

are set in Chalk with the tops of their response zones set at 11.15 metres below 

ground level and 10.86 metres below ground level respectively. Therefore, any
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difference in response to the onset of the flood cannot be ascribed to the fact 

that the infiltrating water has further to travel before it reaches the water table, 

although differences could be ascribed to differences in permeability of the 

overlying substrate. Figure 4.7 (panel (B)) suggests that this might be the case, 

that there may be a stratum of low permeability that separates the gravels, in 

this case in E2, and the chalk in El.

Figure 4.5 shows the head responses of F and El and E2 and the stream 

stage. The behaviour of F suggests that there is a good connection with the 

stream, whereas the behaviour of El is similar to that of other Chalk borehole 

responses, despite the fact that E is less than 5 metres from the stream whereas 

F is about 50 metres from the stream in the wood on the south side of the river. 

Prior to the flood, the head in F is very close to that of the stream whereas after 

the flood, they diverge and the behaviour in F is partway between that of the 

stream and that of the Chalk as represented by El.

4.3.2 In-stream borehole response

The head responses of in-stream boreholes and the two shallow bankside bore

holes, P and Q, are shown in Figure 4.8, along with the stream stage and rain

fall. Apart from Q, head values are very close to one another; the mean head 

for T is 91.26m and that for R is 91.27m. As noted by Allen et al.(2010), the head 

in Q consistently exceeds that in all of P,R,S,T and the stream by about 20 cm 

prior to the flood and by between 25 and 30cm after the flood, suggesting a 

hydraulic connection with the underlying Chalk (Allen et a l, 2010). The excep

tion is for about 1 hour at the peak of the flood, where the head in Q drops very 

slightly below that recorded by the stream Diver. Results for temperature and 

conductivity are presented as time series in Figures 4.9 to 4.12. Within those 

figures, periods of particular interest are labelled 1 to 6.

Temperature in R and the stilling well show much greater variability than 

that recorded in the other piezometers (Figure 4.9). Temperature in boreholes P 

(mean 10.8°C) and T (mean 10.83°C) very closely match one another, suggest-

88



CMO)

CO
O)

O  CD
o  ^<  O) 
£
TJ(Ü ' 
^  CT>

CM

O)

'nil'"
rainfall

■ stream
□  p
n R
□ S
□ T
□ Q

I I I "  i I' 'I 1 II

'Vvv"VV*V”>'f'1'v'

O
"CM

_o'T

O
"CD

Ooo

oo

q
5>

o
-CM

i—r
c c c c
U 3 3 D
LD 00 ■ O O

n— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i i
E; £  ^  £  E : " 5 " 5 " 5 " 5 ' 5 " 5 " 5 " 5 " 5 " 5  d >o ) D > D ) D )

E
£

Ic
ro
q:

Figure 4.8: Piezometer and stream hydrographs and rainfall for 5th June to 

14th August 2007 at Boxford

ing that the water has the same origin. Mean temperature in Q (mean 11.77°C) 

exceeds that recorded in any other location, apart from the stilling well (mean 

12.37°C). As water levels in Q suggest a connection with the underlying Chalk 

(Allen et al.r 2010), the higher temperature is unexpected, especially compared 

to that in P, since both P and Q are screened at similar intervals and at similar 

depths below the surface.

The stream shows a diurnal variation in temperature. The behaviour of R is 

complex. Prior to the flood event, it is relatively constant with time, although 

less so than T. Approximately 5 hours prior to the very rapid rise in stream 

stage, immediately at the beginning of period 3 (Figure 4.10), there is a small 

but distinct increase in temperature from 11.84°C to about 12.2°C, a rise of 

about 0.3°C. The rise takes place between 0315 and 0700 on the morning of 

the 20th July. The pressure recorded by the logger, however, does not begin to 

change until 0930. This is true of the stilling well also; the pressure recorded
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Figure 4.9: Temperature records for 5th June to 14th August 2007

on the stilling well logger is relatively stable throughout the early hours of the 

morning and shows no sign of beginning to change until after 1000. Therefore, 

the temperature logged by R begins to change six hours before the flood event 

begins to become hydraulically apparent.

The stream water EC is spiky (Figure 4.11), punctuated by sudden de

creases in EC. It is likely that this is explained by runoff; EC values of the 

rain water measured in the northern part of the Lambourn catchment are rel

atively very low (e.g. 0.0034 mScirC1) (Neal et ah, 2004b). Notwithstanding 

EC in R, stream water EC is lower than streambed water EC. Stream water EC 

after the flood is much less variable than that before it. Before the flood, EC in 

R (pre-flood mean 0.602 mScm-1 ) is always the same as or higher than that in 

S (pre-flood mean 0.599 mScm-1 ). T (pre-flood mean 0.622 m Scm ^1) records 

the highest EC, which suggests that it is more groundwater dominated. EC in 

P (mean 0.609 mScm ]) is extremely variable (Figure 4.11), but the variability 

cannot be explained as a result of variations in temperature as temperature in
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Table 4.2: Temperature and EC readings in R on 20th July 2007

Time Temperature (°C) EC (mScm

03:15:00 11.84 0.611

03:30:00 11.86 0.610

03:45:00 11.9 0.610

04:00:00 11.88 0.610

04:15:00 11.84 0.612

04:30:00 11.86 0.612

04:45:00 11.92 0.612

05:00:00 12.01 0.610

05:15:00 12.1 0.598

05:30:00 12.11 0.595

05:45:00 12.11 0.592

06:00:00 12.17 0.588

06:15:00 12.17 0.582

06:30:00 12.17 0.576

06:45:00 12.17 0.572

07:00:00 12.2 0.566

07:15:00 12.22 0.564

07:30:00 12.2 0.560

07:45:00 12.18 0.564

08:00:00 12.2 0.566

08:15:00 12.17 0.565

08:30:00 12.2 0.560

08:45:00 12.2 0.556

09:00:00 12.22 0.552

09:15:00 12.22 0.551

09:30:00 12.26 0.549
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Figure 4.10: Temperature data observed in the various stream channel and 

bankside piezometers for 18th July to 14th August 2007
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Figure 4.11: Conductivity records for 5th June to 14th August 2007

P is constant (Figure 4.10). It is instructive to split the conductivity series in 

particular into a number of periods.

• Period 1 (Figure 4.11) There is a rise in the EC recorded in R. This co

incides with prolonged reduction in stream water EC, which coincides 

with a prolonged spell of wet weather between 18th and 30th June 2007.

• Period 2 (Figure 4.11) As with period 1, there is a rise in the EC in R above 

that in S, again associated with reductions in stream water EC.

• Period 3 (Figure 4.12) There is a decline in the EC in R at the beginning of 

period 3 from a value of 0.612 m Scm "1 at 0430 to 0.566 mScm-1 at 0700 , 

which coincides with the increase in temperature (Table 2).

• Period 4 (Figure 4.12) EC in T is increasing during this period and is in

creasing in S for the first part of the period. After a small decrease in EC
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Figure 4.12: Conductivity data observed in the various stream channel and 

bankside piezometers for 18th July to 14th August 2007

just prior to period 4, EC in T returns to its pre-flood level at the end of 

period 4. Additionally, EC readings in T and S converge during period 4.

• Period 5 (Figure 4.12) There is an abrupt rise in EC recorded in R at the 

beginning of this period from between 0.540 and 0.545 to between 0.600 

and 0.604 m Scm ^1. At the end of period 5, EC in R returns again to the 

starting value of between 0.540 and 0.545 mScm 1.

4.4 Discussion

The discussion that follows is split into four parts. First, the implications of 

the data from the in-stream boreholes will be considered with particular refer

ence to temperature and conductivity. Subsequent to that, the response of the 

Chalk boreholes will be discussed to demonstrate how that data adds to the
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understanding of the site hydrogeology. Thirdly, there is a short comment on 

baseflow index for the river Lamboum. The discussion ends with a presen

tation of a suggested conceptual model for the site. Most of the discussion is 

taken up with an analysis of the temperature and conductivity data obtained 

from the in-stream boreholes.

It was stated above that the head difference between T and R is very small. 

There are two possible wholly disparate reasons for this.

1. There is no vertical head difference observed between T and R because 

the riverbed and riverbed gravels are separated from the underlying Chalk. 

R and T are in hydraulic equilibrium.

2. There is a head difference and a corresponding flow, but because the per

meability is so high, head differences are not detectable by the instru

mentation.

The temperature and EC data taken together can provide much insight into 

which of these is more likely.

For the piezometers below the streambed (T, S and R), the elevation of the 

screened interval is not mirrored by the general trend in EC; if water flowed 

routinely upward through the streambed into the stream, then it would be 

expected that EC in T would exceed EC in S, which would exceed EC in R. 

Mean EC values recorded in T and P are very close, as are mean temperatures, 

suggesting that the water for both is of the same origin. If the riverbed was 

hydraulically separated from the underlying Chalk aquifer, then it might be 

expected that the mean EC in T would be equal to that of the stream water. 

Given that T EC exceeds stream water EC, therefore, T water may either be the 

result of upward seepage of groundwater or the lower observed EC in T is the 

result of in-situ processes, for example differing water/rock interactions at the 

lower depth. For the first half of period 6 (Figure 4.12), EC in P matches that in 

S and its variability is much reduced compared to its typical behaviour. This 

observation suppresses the temptation to disregard the EC behaviour of P as 

instrument defect, and likely points to something particular about P.
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Prior to period 1, EC in R and S very closely match one another (Figure 

4.11). The prolonged spell of wet weather associated with period 1 is associ

ated with an increase in EC in R, but not in S, such that EC in R exceeds that 

in S. This suggests that there is a hydraulic link between R and the higher EC 

bankside or near-bankside groundwater. During the same period, EC in S re

mains unchanged, suggesting that the flow pathway, if present, occurs in a 

relatively limited upper layer of the streambed gravels. This interpretation is 

consistent with the small but distinct increase in temperature of about 0.3°C 

recorded in R immediately at the beginning of period 3 (table 2, Figure 4.10). It 

is postulated that a rain-driven increase in groundwater head in near-bankside 

groundwater resulted in rapid displacement of shallow groundwater into the 

upper layers of the streambed. It is worth noting that the temperature recorded 

in Q (bankside borehole) is initially higher than that in R just prior to period 3 

(Figure 4.10). Although a temperature of 12°C (i.e. that recorded in piezome

ter Q) would not be sufficient to account for the rise seen in R, nevertheless it 

demonstrates that it is possible to have a water source on the bank where the 

temperature is higher than that in the stream at this point in time. It is un

likely that this rise in temperature in R is a result of direct entry of rain into the 

borehole as prior to the flood event, the temperature in R is very stable, even 

though there had been other rain events prior to this one. It is also unlikely 

that scouring has occurred, as the temperature response occurs well before the 

increase in stream stage. Therefore, scouring would only occur if there was an 

increase in stream velocity which would be associated with a corresponding 

increase in stream stage. In any case, scouring would be expected to cause the 

stream temperature and R temperature to converge, when the temperature in 

R suddenly increases, whereas that in the stream continues to fall. It is, how

ever, possible that downward flow induced by a sudden change in water level 

either from rainfall or due to barometric effects, has brought steam water into 

the underlying sediments. In view of the large hydraulic conductivity in the 

stream sediments, such a marked increase in flow could be induced by a rela

tively small vertical head gradient. Again, there is no corresponding change in
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the behaviour of S.

In period 4 (Figure 4.12), the EC readings in T and S converge, suggesting 

that the source of water is the same for both. If there were downward flow 

from R through S to T, the EC in S would be expected to fall given that the wa

ter origin would be the stream in that case. Therefore, the origin of the water 

in S is more likely to be from T, so there is upward flow. This is supported by 

temperature data (Figure 4.10), which shows a cooling of the temperature in 

T, which suggests groundwater input from the underlying chalk. The temper

ature data for T in period 4 (Figure 4.10) shows a fall in the mean value for a 

period of approximately 3 days beginning about two days after the flood pe

riod. Given that the temperature of the surface water is considerably higher 

than the recorded temperature in T, this behaviour seems likely to be the result 

of groundwater input. For comparison, Figure 4.13 shows temperature pro

files taken from the river Tern in Shropshire, UK, in summer 2005, showing 

that typically stream temperatures exceed those of groundwater.

Assuming a head difference of 0.6 m between the Chalk (represented by 

borehole E, not shown) and T, if there were a low-permeability layer, possi

bly 'putty' chalk, separating the two, then a two-day pore water travel time 

would suggest a hydraulic conductivity value of approximately 10~7 metres 

per second (assumed porosity 30%, assumed thickness 0.1m)

In period 5 (Figure 4.12), the EC recorded in R appears to be possibly unreli

able. There are a number of reasons, however, why it is likely that the readings 

are correct. Firstly, the EC readings of all R, S and T converge at this point. If 

one were to make an assumption that the instrumentation was faulty, it would 

be very difficult to explain why that particular value should be recorded; any 

value could be recorded. It is not reasonable, therefore, to assume that the in

strument is faulty and the fact that the three readings converge suggests that 

for this period, there is upward flow through the streambed sediments. A sec

ond reason for believing the instrument reading is that the value recorded at 

the beginning of the period is the same as that recorded at the end of the period 

(that is, between 0.540 and 0.545 mScm-1). If the instrumentation was faulty,
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Figure 4.13: Temperatures from the stream, and below the streambed, recorded 

at two locations ((a) and (b)) on the river Tern, UK (source : Keery et al., 2007)
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an explanation would have to be provided as to why this is the case. Thirdly, 

the temperature response recorded in R for this period (period 5, Figure 4.10) 

shows a sudden change in that it becomes immediately damped relative to the 

stream suggesting a suddenly proportionally smaller input of stream water. In 

other words, the temperature data also suggest a sudden change in subsur

face flow behaviour. If the EC reading is correct, therefore, it appears that flow 

pathways can be switched on and off extremely rapidly. Although the transi

tion is not completely binary (there is a transition period at the end of period 5 

lasting approximately 8 hours, where the EC is about 0.57 mScm-1), this tran

sition period is exactly coincident with the sudden drop in stream water EC 

at the end of period 5. Without this interruption, the transition could be near- 

immediate. It must be the case that one pathway is replaced by another. That 

is, if it were the case that at the end of period 5, upward flow simply stopped, 

then EC in R would be expected to remain constant or to exhibit behaviour that 

suggests mixing with stream water. Given that it falls almost instantaneously, 

it suggests reinstatement of the previous flow path. The lower EC level in R for 

period 6 could be explained by the fact that, if the water origin is groundwater 

that has flowed laterally at water table level and if that water has reached the 

water table relatively quickly, possibly through fractures, then the residence 

time would have been lower, with the consequence that dissolution of rock 

into that water would be reduced. It is important to bear in mind that the EC 

associated with R prior to the flood event is higher than that in S, that rainfall 

events are associated with higher EC readings. That is, either flow paths to R 

for period 1 are different to those for period 6 or markedly different EC values 

are explained by different residence times.

With regard to the Chalk borehole response, the most informative relation

ships are those between El, E2 and F. As stated above, the behaviour of F 

is much closer to the behaviour of stream stage than is the behaviour of El 

to stream stage, even though El is much closer to the stream. A lag plot of 

the three piezometers El, E2 and F displaying the head difference for each 

piezometer between head at a particular time and head at the previous time
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is shown in Figure 4.14. It suggests that the response in El lags the response 

in F, so F responds first to the rise in stream stage. Although it is necessary to 

be circumspect as both F and El both begin to respond at 0600 (Figure 4.14) 

which is one hour after the response in E2, nevertheless Figure 4.14 does sug

gest weakly that F is responding more rapidly to the change in stream stage. 

It has been demonstrated (Winter, 1999) that where there are breaks in slope 

in the water table, then there is upward flow on the down-gradient side of the 

break-in-slope (Figure 4.15). At Boxford, the break in slope that occurs at the 

stream - water table interface allied to the asymmetrical nature of the topog

raphy could produce such an upwelling. Given that the substrate is chalk, if 

such upwelling occurs routinely then over time increased dissolution of that 

pathway would be expected to occur as explained previously. This is why the 

topography at Boxford may be having a powerful effect on the hydrogeology. 

Again, however, it is necessary to be circumspect, since just because there is 

good reason to believe that F is well connected with the stream, that does not 

mean that F is well connected with El. However, it is unequivocally the case 

that after the flood the head in F is sustained above the level in the stream 

and the maintenance of this relatively high head in F after the flood must be 

sustained by a general Chalk head. But it is possible that flow to F after the 

flood peak is not from the north (that is, El) but possibly from the west, that is 

upstream. There is not enough data to resolve this.

A final point of the discussion is the value of the conductivity in the stream. 

Mean stream conductivity is 0.560 mScm“1 and mean EC in T 0.620 mScm-1. 

A value for rainfall EC was given as 0.0034 mScm-1 for August 2002 (Neal et 

a l, 2004b). If stream water is 96% groundwater as suggested by the baseflow 

index then according to a conservative two-part mixing model, streamwater 

EC should be 0.595 mScm-1 . According to this reasoning, the measured mean 

stream conductivity of 0.560 mScm-1 suggests a baseflow index of 90%, as

suming that the EC value in T is representative of Lamboum Chalk ground- 

water. Alternatively, if the baseflow index of 0.96 is correct, then the mean 

EC value in T of 0.620 mScm-1 is higher than might be expected. This might
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Figure 4.14: Lag plots for selected boreholes beginning at midnight on 20th 

July 2007

Figure 4.15: Numerical simulation of groundwater flow in a vertical section 

near breaks-in-slope of the water table (source: Winter, 1999)
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suggest long residence times around T, which would support the idea of rela

tively very slow flowing groundwater at that depth beneath the stream. Neal 

et al. (2004a) gives for the years 2002 to 2004 mean EC values for streamwater 

for the Lamboum of 0.576 mScm-1 and mean values of 0.558,0.577 and 0.593 

mScm-1 at East Shefford, Boxford and Shaw respectively, so increasing in a 

downstream direction. The value of 0.577 mScm-1 is closer to what might be 

expected given a baseflow index of 0.96.

In response to the first two hypotheses regarding the cause of the minimal 

head difference between T and R, the answer is that the riverbed is locally sep

arated from the underlying Chalk aquifer, but that groundwater does enter 

the stream through the bank. Given a near-perennial upward head gradient 

between Chalk and stream, the fact that there is no general trend of decreas

ing EC from T through S and R to the stream, suggests that the riverbed is 

separated from the underlying aquifer by a layer, which, it has been argued 

above, is of low permeability. The relationship between EC in R and EC in S 

is key, particularly period 6, since period 6 is a period of increased head dif

ference between Chalk and stream, yet EC in R is markedly less than that in S.

If typically there was upward flow through the bed of the stream, it would be 

expected that the EC values in R and S would be much closer, as is the case in 

period 5. A conceptual model of the site is shown in Figure 4.16.

4.5  C o n clu sio n

Knowledge of the direction of flow between an aquifer and its associated streams 

is useful particularly for understanding links between aquatic ecology and hy

drology. However, using head differences as a means of inferring direction of 

movement of water can be difficult, particularly where these are comparable 

with the errors associated with their measurement. This is the case, not only 

where distances over which the measurements are made are likely to be small, 

but also where streambeds are highly permeable. Therefore, other ways of 

investigating these systems are necessary.
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Figure 4.16: Conceptual model of hydrogeology of Boxford site
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In this case study of a chalk stream, high frequency automatic logging of 

both temperature and conductivity has been shown to be very useful in pro

viding insights into the behaviour of the system. Although the overall be

haviour of the site is very intricate, and also exhibits sudden step changes in 

behaviour, nevertheless some conclusions can be drawn. For example, it is 

argued that temperature and conductivity provide strong evidence of the ex

istence of a low permeability layer between the streambed gravels and the un

derlying Chalk aquifer. Therefore, water movement between the stream and 

the aquifer will be limited as a result, although the limitation will depend on 

the spatial extent of such a low permeability layer. It is also not clear whether 

these processes are generally present along the length of the stream channel or 

arise just at this point because of unusual geomorphology.

Although there may be difficulties with resolution of data, it is the case 

that high frequency automatic logging can provide useful insights that are not 

provided by spot measurements, partly because signals may happen in short 

time frames, but also because patterns can emerge with a large number of data 

points that are not evident from discrete sampling. Nevertheless, understand

ing of this site and these sorts of processes is still incomplete and the data is 

subject to multiple interpretations; it is possible that the above data indicates 

an initial period of bank storage followed by a protracted recession period, but 

further analysis should provide further insights.

4.6  S u m m ary

Modelling stream aquifer interaction in Chalk catchments is vital for water 

resource evaluation, aquatic ecology and flooding. Groundwater models gen

erally assume a simplified representation of the river bed and underlying sed

iments in order to compute the hydrological exchange between stream and 

aquifer. However, this assumption may not be valid during extreme events. 

During the floods of July 2007 that affected parts of southern England an op

portunity arose to study the detailed response of a section of the River Lam-
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bourn and adjacent Chalk aquifer at Westbrook Farm, Berkshire, UK. This in

volved high frequency (15 minute) logged water levels, temperature and elec

trolytic conductivity (EC) in the river, piezometer arrays in the underlying 

gravels and at a set of Chalk boreholes adjacent to the river. Owing to the high 

hydraulic conductivities, interpretation of relative piezometric levels proved 

inconclusive, whereas the combination of temperature and EC suggest that dif

ferent pathways are activated, producing depth-dependent linkages between 

streambed and aquifer. The study, therefore, demonstrates the usefulness of 

these data in making inferences about flow paths and hydrostratigraphy in 

cases where very highly permeable streambed sediments prohibit the making 

of such inferences from observations of hydraulic head differences.
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Chapter 5

Regional model description and 

sensitivity analysis

5.1 In tro d u ction

The previous chapter presented a conceptual hydrogeological model of the 

Boxford study site on the river Lamboum together with a description of a 

flood event in the summer of 2007. If that conceptual understanding were 

to be tested, then one way in which this might be done would be through the 

use of a numerical groundwater model. There are a number of motivations for 

this. One is to add to the understanding of stream-aquifer interactions and a 

second is to test the capabilities of groundwater models in the simulation of 

events occurring at short timescales.

Timescale is often the issue that is considered central to the problem of 

modelling interactions between stream and aquifer, because the rate of change 

of groundwater levels tends to be slower than that of streamwater levels, so 

while the timestep of interest for groundwater modelling, particularly from the 

point of view of water resources, tends to be of the order of weeks or months, 

for river modelling it might be days or hours, which creates a practical prob

lem with regard to implementation of computer-based simulations. However, 

there are at least two other issues which are of at least equal importance as the
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time step issue. One is precision and the other is data availability and param

eterization. The presentation of the streamflow hydrograph in the last chapter 

showed an increase in stream stage of about half of one metre as a result of 

the extreme rainfall event. Whereas for stream stage that increase may be a 

significant change relative to what is normal, for groundwater level it may be 

less significant; a groundwater model whose borehole hydrographs accurately 

reproduce field data to within ±1  metre might be considered to be a good 

performing model, but for a river set within that groundwater framework the 

reproduction of stream stage to within ±1  metre is more likely to be consid

ered unacceptable. The second issue is data availability and parameterization. 

A regional groundwater model for water resources is often calibrated against 

field hydrographs at locations that can be separated by relatively large dis

tances and using aquifer parameters obtained from field tests that apply at a 

relatively large scale. If one is interested in short timescale stream responses, 

then it is possible that local scale aquifer characteristics and local scale infiltra

tion patterns and quantities are significant to the stream response.

In this chapter, the Boxford site is considered in its catchment and regional 

context. An existing regional groundwater model is described and assessed 

with particular regard to its capacity to simulate the behaviour of the river 

Lambourn. A sensitivity analysis is carried out to determine those parameters 

in the model which have the largest effect on streamflow.

5.2 M eth o d o lo g y

An important part of constructing a numerical groundwater model is the speci

fication of boundaries. Boundaries normally take one of two forms, either spec

ified head (Dirichlet) or specified flux (Neumann), although head-dependent 

flow boundary conditions (Cauchy) are also possible. Specified head bound

aries are derived often from surface water bodies such as lakes or rivers. In 

the context of a groundwater system, if the variation in water level in the sur

face water body can be considered to be negligible relative to the variation in
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Figure 5.1: Map of Boxford model domain with indications of boundary values 

supplied by regional model

groundwater level, then a constant value of potential can be assigned at the 

location of that surface water body within the groundwater model. Alterna

tively, if the water level within that surface water body were known to vary 

predictably on a seasonal basis, then those known seasonal values could in 

principle be used as boundary conditions within the model at different times 

of year.

In this instance, boundary conditions are supplied by a parent regional 

model, using telescopic mesh refinement (TMR), which means that values at 

the boundaries of the smaller scale model are provided by model output from 

the larger scale model. TMR is discussed by Leake and Claar (1999). An initial 

domain for the small scale model is shown in Figure 5.1 with that same domain 

shown in the regional context in Figure 5.2. As shown in Figure 5.1, boundary 

conditions supplied by the parent model are head values at each model node 

on the boundary of the model domain and flow values in the far north west 

corner of the model domain. Leake and Clair (1999, p.5) state 'The TMR pro

cedure uses flow and (or) head from a regional model to define boundary con

ditions for a local model.' In the local model described here, head boundary 

conditions are used. If it were the case that both a head boundary condition 

and a gradient were passed from the regional model to the local model, then 

not only would the heads at the boundary be exogenously determined, but
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Figure 5.2: Map of regional model domain with Boxford model domain and 

river Lambourn catchment boundary

also the heads at neighbouring nodes would also be determined by the gradi

ent. Given that the winter source of the river Lambourn is several kilometres 

upstream at Lynch Wood, it is apparent that the specified inflow in the north 

west corner of the model domain will act as a strong control on flows at Box- 

ford. Therefore, it is necessary to examine the behaviour of the regional scale 

model with particular reference to the river Lambourn.

5.3 Regional model description

The regional model described here is that created by the British Geological 

Survey (BGS) with the intent of examining proposed new abstractions at Gate- 

hampton by Thames Water (Jackson et al., 2006a; Jackson et al., 2006b), using 

the finite difference groundwater modelling code ZOOMQ3D (Jackson, 2001; 

Jackson and Spink, 2004). As part of the NERC FREE programme, the model 

resolution was increased around the Pang and Lambourn. A diagram of the 

mesh is shown in Figure 5.3 with coarsest mesh spacing of 2km and first order 

refinement to 500 metres in the area around the rivers Pang and Lambourn. 

Throughout this thesis, a large number of executions of the regional model
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Figure 5.3: Map of model domain showing grid mesh, river nodes and Lam- 

bourn topographic catchment

will be referred to, where each execution has a particular configuration. Each 

execution is referred to with the prefix 'Run' followed by a number. The orig

inal execution of the regional model from the point of view of this thesis is 

Run5, which was executed without modification by the author. Run5 was pro

vided by BGS. The model description here describes Run5.

5.3.1 Boundaries

All boundary nodes are set as zero flux boundaries. The northern part of the 

study area is defined by the Chalk outcrop; the southern part is more difficult 

to define, but was defined according to a flow line based on observed ground- 

water heads (Jackson et a l ,  2006a). The eastern boundary is the interfluve be

tween the river Wye that runs through High Wycombe and the river Colne 

further to the east. The western end of the model domain is the high ground 

of the upper Kennet valley.
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layer (Run5)

5.3.2 Model layering

The model is divided into three layers. As pointed out in chapter 2, transmis

sivity in Chalk often varies as a function of depth. For the Berkshire downs, 

a map of the saturated thickness of thickness of each layer is shown in Fig

ures 5.4 and 5.5. The saturated thickness of the top layer varies according to 

the movement of the water table, so both minimum and maximum saturated 

thicknesses as computed by the model are shown. A negative thickness indi

cates that the modelled water table falls below the base of the top layer at at 

least one node.
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Maximum saturated thickness of the top layer is greatest along the south 

east boundary of the model with maximum saturated thicknesses of more 

than 100m. For the Marlborough and Berkshire downs north of the river Ken- 

net, that is the western part of the model domain, typical maximum saturated 

thicknesses of the top layer are 20 metres and typical minimum thicknesses are 

between 5 and 10 metres. For layer 2, thicknesses range between 2.2 and 140 

metres and for layer 3, between 9 and 122 metres.

5.3.3 Aquifer parameters

Maps for the parameterization of saturated hydraulic conductivity are shown 

in Figures 5.6 and 5.7 and those for the parameterization of storativity in Fig

ures 5.8 and 5.9. Aquifer parameters vary both according to elevation and ac

cording to lateral position. Hydraulic conductivity decreases with increasing 

depth below the surface, so that hydraulic conductivity for layer three is less 

than that for layer two which is typically less than that for layer one (Figure 

5.6). A similar depth dependent relationship exists for storativity. With regard 

to lateral variations, transmissivity, and therefore hydraulic conductivity, and 

storativity are assigned on a zonal basis, with zones broadly representing hy

drogeological features. For example, Figure 5.7 (Layer 01 and Layer 02) clearly 

shows the outline of the river Pang, just to the east of the Lamboum, identi

fied by lighter shading indicating higher hydraulic conductivity in that area. 

Equally, for storativity, the rivers Kennet, Lamboum and Pang are all evident 

as areas of high storativity (Figure 5.9, layer 01). The regional model therefore 

attempts to replicate the known hydrogeological features of Chalk catchments.

5.3.4 Recharge

In the Berkshire downs model used here, the recharge input is modelled using 

ZOODRM (ZOOM object-oriented distributed recharge model, Mansour and 

Hughes, 2004). ZOODRM has the capacity to implement different recharge al

gorithms at each node in the model. These methods are the SMD approach,
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Table 5.1: Summary statistics for hydraulic conductivity and storativity (Run5)
Layer Min. 1st Qu. Median Mean 3rd Qu. Max.

Hydraulic conductivity 

(metres per day) 

Mesh spacing 2000m

LayerOl 1.6200 7.709 16.77 44.470 52.240 748.500

Layer02 0.4834 2.402 3.78 9.516 8.693 134.700

Layer03 0.8098 1.000 1.00 1.028 1.000 1.874

Mesh spacing 500m

LayerOl 1.6010 7.066 17.92 43.490 51.440 748.500

Layer02 0.4108 2.258 4.53 10.370 9.792 174.100

Layer03 0.8006 1.000 1.00 1.009 1.000 1.986

Storativity (dimensionless) 

Mesh spacing 2000m

LayerOl 0.008 0.01 0.02 0.02548 0.03 0.10

Layer02 0.008 0.01 0.01 0.01228 0.01 0.03

Layer03 0.010 0.01 0.01 0.01000 0.01 0.01

Mesh spacing 500m

LayerOl 0.01 0.01 0.015 0.02580 0.03 0.10

Layer02 0.01 0.01 0.010 0.01277 0.01 0.03

Layer03 0.01 0.01 0.010 0.01000 0.01 0.01
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Table 5.2: Modelled and data-derived baseflows for the river Lamboum at 

Shaw and the river Kennet at Theale (Run5)_________________________

Theale Shaw

Mean data-derived baseflow (megalitres per day) 753 148

Mean modelled baseflow (megalitres per day) 733 110

Modelled flow as percentage of observed flow 97% 74%

wetting threshold method for semi-arid regions, urban recharge method, a 

method for irrigated areas and the FAO method. In the groundwater model 

described here, the SMD approach is used. Rushton et al. (1989) also used 

this approach, with 15% of the effective precipitation by-passing the soil zone. 

The mean modelled recharge for the Lamboum catchment as input into the 

regional model is 277mm per annum, which is close to the value of 281mm per 

annum specified by Wheater et al. (2006a) and also 280mm per annum specified 

by Brettell (1971).

5.4  R egion al m o d el o u tp u t from  o rig in al m od el co n 

figuration

5.4.1 Baseflow

Borehole and gauging station locations are shown in Figure 5.10. Outputs from 

regional model Run5 are shown as baseflow hydrographs in Figures 5.11 and 

5.12. At Theale, the principal gauging station for the river Kennet, the model 

represents baseflow well (Figure 5.11), although there is a tendency to underes

timate peak flows. For the Lamboum, however, modelled baseflow at Shaw is 

74% of observed (Table 5.2). Additionally, the model also does not capture the 

fact that in the real system at lower flows on the Lamboum, flow is sustained 

(Figure 5.12).
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Hydrograph at Theale. mean monthly flows

Figure 5.11: Modelled (Run5) and data-derived baseflow hydrographs at 

Theale
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Hydrograph at Shaw, mean monthly flows

Figure 5.12: Modelled (Run5) and data-derived baseflow hydrographs at Shaw 

5.4.2 Borehole hydrographs

Two borehole hydrographs are presented, one in Figure 5.13, for which the 

model underestimates the observed head behaviour by between 10 and 30 me

tres, and Figure 5.14, for which model performance is good.

It is helpful to attempt to characterize entire model performance into a sin

gle figure. To this end, therefore, the borehole hydrographs shown in Figures 

5.13 and 5.14, can be summarized as a single boxplot, whereby the boxplot 

for any single borehole shows the frequency distribution of all head values 

recorded in the borehole hydrograph, but with the time dimension omitted. 

For example, Figure 5.13 can be expressed as a time series of differences be

tween observed and modelled head (Figure 5.15), which in turn can be sum

marized as a frequency plot (Figure 5.16), which in turn can be summarized 

as a boxplot. Boxplots can summarize the difference between observed and 

simulated heads, as in Figure 5.16 or the borehole hydrograph itself, whether 

observed or simulated, as in Figure 5.17.

All boxplots are created by the R function boxplot(), where the upper limits 

for each box are defined as the upper and lower hinge, where hinge is very 

close to quartile. The central bar in the box is the median. As an example of 

the difference between hinge and quartile, for the set of numbers {1,2,3,4,5,6,7},
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Kingston Hill Barn

Figure 5.13: Modelled (Run5) and observed borehole hydrographs

Prebendal Farm

Figure 5.14: Modelled (Run5) and observed borehole hydrographs
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Kingston Hill Barn

Figure 5.15: Amount by which observed head exceeds modelled (Run5) head

Kingston Hill Barn

Figure 5.16: Frequency density plot of amount by which observed head ex

ceeds modelled (Run5) head for Kingston Hill Barn

Kingston Hill Barn

Figure 5.17: Frequency density plot for time series borehole hydrograph at 

Kingston Hill Barn (Run5)

123



Figure 5.18: Modelled (Run5) and observed borehole hydrographs for 

Kingston Hill Barn showing showing effect of data infilling

the lower and upper quartiles are 2.5 and 5.5 respectively as are the lower and 

upper hinges. However, for the set of numbers {1,2,3,4,5,6}, the lower and 

upper quartiles are 2.25 and 4.75, whereas the lower and upper hinges are 2 

and 5. When the number of observations in the distribution is odd, hinges 

and quartiles have the same value. When the number of observations in the 

distribution, n, is divisible by two but not by four, then the lower hinge is 

the median value of the subset of observations whose value is less than the 

median value for the whole distribution and the upper hinge is the median of 

the corresponding upper subset. So, for example, for {1,2,3,4,5,6}, the median 

is 3.5 and the lower subset is therefore {1,2,3} with median 2 which is the lower 

hinge. The top and bottom whisker are defined by reference to the difference 

in value between upper and lower hinges (the hinge range), where the upper 

whisker is that value which is greater than the value of the upper hinge by no 

more than 1.5 times the hinge range and where the lower whisker is that value 

which is less than the value of the upper hinge by no more than 1.5 times the 

hinge range. Any values outside the upper and lower whiskers are denoted as 

circles.

Boxplots displaying distributions of residuals are derived by obtaining the

124



Figure 5.19: Amount by which observed head exceeds lagged modelled (Run5) 

head

arithmetic difference between observed and modelled head at each point in 

time, using the type of borehole hydrograph shown in Figure 5.13 for each 

borehole. For any given borehole hydrograph, there are four factors affecting 

the difference between any single pair of observed and simulated heads: Bias, 

amplitude, phase and local variation. Examining the behaviour of Kingston 

FFill Barn in Figure 5.13, there is a clear bias; the unadjusted median and un

adjusted mean heads for the observed values (mean 133.1 mAOD) are greater 

than those of the simulated values (mean 114.4 mAOD). The unadjusted me

dian and mean take no account of representativeness of the time series; it is 

possible that certain months are over-represented within the time series, which 

would introduce seasonal bias into the estimate of mean and median. To ad

just for this, therefore, and to enable the analysis of possible phase difference, 

simple infilling has been conducted in this case to give a time series with val

ues at seven day intervals. Infilling was done by linear interpolation between 

observed data points. For modelled data, because the regional model is driven 

by monthly recharge data with model output recorded on a month-oriented 

timeframe, modelled output was also reconstructed to give a time series with 

values recorded at seven day intervals. Therefore, for both observed and mod-
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Brlghtwalton Common

Figure 5.20: Modelled (Run5) and observed borehole hydrographs

elled data, infilling was required to give datasets with regular seven-day time 

steps. Observed and infilled time series are shown in Figure 5.18, with adjusted 

mean of 133.0 mAOD for observed head and adjusted mean of 114.4 mAOD for 

simulated head. An analysis of phase difference is shown in Figure 5.19, which 

suggests a phase difference of 28 days. That is, the modelled system responds 

later in time than the observed system, with, for example, peaks in the mod

elled hydrograph time series tending to occur later than those in the observed 

time series. However, even given consideration of phase difference, Figure 5.19 

suggests that at least for this borehole, bias is the main determinant of differ

ence between observed and simulated heads. With regard to amplitude, for 

Kingston Hill Barn, the range of values for observed heads is between 123.2 

and 146.4 mAOD and for simulated heads is between 106.1 and 128.4 mAOD, 

giving ranges of 23.2 and 22.3 m respectively. For Brightwalton Common (Fig

ure 5.20), however, differences between paired observations of observed and 

simulated heads come about largely because of differences in amplitude be

tween the observed data and the simulated data. There is also an additional 

aspect of amplitude in general which is that because the range of head val

ues recorded in interfluve boreholes is generally greater than that recorded 

in valleys, for any given proportional difference, arithmetic differences be-
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tween observed and simulated heads in interfluve boreholes will be greater 

than those in valley boreholes; a 10% head increase in a borehole logging 100m 

head would give a head of HOmAOD whereas the same proportional increase 

in a borehole logging 150m head would result in a head of 165mAOD. Calcu

lating arithmetic differences therefore exaggerates the disparity for interfluve 

boreholes. The final factor determining differences between paired values is 

local variation. For example, for Kingston Hill Bam (Figure 5.13), in January 

1997 field values fail to peak according to a normal seasonal groundwater cy

cle, whereas simulated heads show a normal seasonal high in winter 2007, 

albeit less pronounced than usual.

A series of these boxplots are shown in Figures 5.21 and 5.22. The order of 

boreholes is the same for each boxplot. Figure 5.21 summarizes the behaviour 

for each borehole of both observed data and simulated data and Figure 5.22 

summarizes for each borehole the behaviour of the difference between ob

served and simulated heads. Therefore, the issues and problems relating to 

phase and amplitude discussed above are relevant for Figure 5.22 whereas Fig

ure 5.21 is free of consideration of these issues, with regard to phase difference 

because the time dimension is not considered in Figure 5.21 and with regard to 

amplitude because differences in amplitude are apparent. The boreholes could 

be grouped in various ways, for example, distance from river channel, depth 

of unsaturated zone, latitude and longitude, but the grouping here, for which a 

map is shown in Figure 5.23, is loosely based on catchment position as follows:

• Set 1. Prebendal Farm, East Leaze Farm, Baydon Hole, Faarn Combe, 

Membury House, Inholmes, Marsh Benham. Those boreholes that run 

along the southern boundary of the Lamboum topographic catchment.

• Set 2. Blowing Stone Cottage, Kingston Hill Bam, Greendown Farm, Lon- 

gacre, Stancombe Farm. Those boreholes that are located in the northern 

part of the topographic catchment.

• Set 3. Downs Stables, Angeldown Farm, Letcombe Bowers Farm, Lat- 

tin Down. A second set located in the northern part of the topographic
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catchment.

• Set 4. Knollend Down, Upper Farm, Brightwalton Common, Catmore 

Farm, Gibbet Cottages, Hailey Cottage. Those boreholes located on the 

Lambourn and Pang topographic catchment boundary.

• Set 5. Woolley, Brightwalton Holt, Oak Ash, Peasemore, Chapel Farm, 

Chapel Wood, Downend Cottage. Those boreholes located midway be

tween the Lamboum and Pang.

• Set 6. Hilton Hotel, Whitehouse, Long Lane, Highwood Farm. Those 

boreholes located southeast of the Winterbourne stream.

• Set 7. Henley Farm, Much More, Northfield Farm, Garden House, Oakhanger 

Park, Orpenham Farm, Great Shefford, Bradley Wood, 14 Park Lane, 

Winterbourne Manor, Pit King Farm, Bagnor Manor. The group of ten 

boreholes closest to Boxford and miscellaneously, Henley Farm and Much 

More.

Model results for setl are good (Figure 5.22). Model results for set2 are not 

good; except for Longacre, the model underestimates in all cases. This might 

be expected given that set2 are those boreholes highest in the catchment with 

deep unsaturated zones. But this is also the case with setl; in fact, Prebendal 

Farm (mean observed head 141 mAOD, s.d. 5.3 metres) and Stancombe Farm 

(mean observed head 141.1 mAOD, s.d. 5.1 metres) display similar field be

haviour. The two boreholes that are most extreme with regard to the disparity 

with observed behaviour are Kingston Hill Bam and Greendown Farm. It is 

difficult to explain the behaviour of Greendown Farm. It has been tentatively 

suggested (Browne, 2006) that the presence of a dry valley close to Greendown 

Farm would account for a smaller degree of variation in recorded head values. 

Although this is true, the distribution of head values in Greendown Farm is 

positively skewed (Figure 5.24), whereas it would be expected that the pres

ence of a dry valley or river channel would result in a negatively skewed dis

tribution, as is the case for Great Shefford, Much More and Pit King Farm. This
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Figure 5.21: Distribution of heads for boreholes in or around Lambourn catch

ment. Boxplots are summaries for the type of figure shown in Figure 5.17. Grey 

boxplots refer to field observations. Black boxplots refer to simulated borehole 

hydrographs.

129



o
8
|t

Figure 5.22: Distribution of amounts by which observed heads exceed mod

elled heads for boreholes in or around Lambourn catchment. Boxplots are 

summaries for the type of figure shown in Figure 5.16.
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Figure 5.23: Map of locations of observation boreholes according to set number
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is because the presence of a high permeability layer would limit the extent to 

which the water table could rise, since once the water table had reached that 

level, efficient drainage would rapidly convey water away. It is interesting 

to note that Faam Combe, although high up the valley, demonstrates similar 

behaviour in this respect as Great Shefford, Much More and Pit King Farm, 

and suggests that there is some high permeability feature located at the upper 

range of the Faam Combe head distributions. Combe or coomb means a short 

valley or deep hollow, especially in Chalk areas (Farlex Free Dictionary), so it 

might be expected that there is enhanced permeability here as a result of disso

lution. Given its name, this also might be expected of Stancombe Farm, whose 

head distribution is also negatively skewed, albeit much less markedly.

It might seem that the field behaviour of Greendown Farm is similar to that 

of 14 Park Lane, in that both are positively skewed with a relatively narrow 

range of observed heads. The head distribution for 14 Park Lane is positively 

skewed, possibly because at low groundwater levels, the head in 14 Park Lane 

is controlled by the nearby presence of the stream, which acts as a lower limit to 

groundwater levels in 14 Park Lane, provided that the stream is flowing. How

ever, the difference between 14 Park Lane and Greendown Farm is position 

within the catchment. It is seems very unlikely that the head at Greendown 

Farm is controlled by the presence of a nearby permanently flowing surface or 

subsurface stream. If that were the case, then it would mean that the area in the 

immediate vicinity of Greendown Farm were disconnected from the rest of the 

catchment. If it is hydraulically connected with reasonable permeability, then a 

permanent river would not be permanent, since the water would be conveyed 

to the rest of the catchment, and the borehole behaviour at Greendown Farm 

would be closer to that at Faam Combe. It seems difficult to explain even in 

terms of perching, as if that were the case then one would expect the borehole 

to dry up periodically. A possible explanation is that the lower values of head 

recorded at Greendown Farm are associated with very low permeability strata, 

with the result that once head levels decline to a sufficiently low level, at that 

point in time lateral movement of water becomes very limited as a result of
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low permeability. Even so, the behaviour of Greendown Farm is somewhat 

enigmatic.

With regard to understanding the nature of the Lamboum groundwater 

catchment, Kingston Hill Bam seems to be important, since the observed val

ues perhaps suggest that the groundwater divide is much further north than 

is suggested by the modelled values. Effectively, the location of Kingston Hill 

Bam perhaps acts as an anchor on the position of the groundwater divide. It 

is possible that the nature of the shape of the groundwater topography is not 

in this case a smoothed transformation of the surface topography. But possi

bly in this case, anisotropy is important in the groundwater flow system; that 

is, the dip in the geology has resulted in flow almost exclusively in an east

erly or southeasterly direction, and that therefore, lateral permeability of the 

subsurface to the north and west of Kingston Hill Bam is very low.

One other point of notable interest is as follows. Figure 5.21 shows that 

boreholes Catmore Farm, Gibbet Cottages, Hailey Cottage (set 4) and Wool- 

ley, Brightwalton Holt and Oak Ash (set 5) exhibit very similar hydrograph 

behaviours, suggesting that the water table here is particularly flat. This is 

especially the case when comparing Woolley and Hailey Cottage, which are 

approximately 5 kilometres apart. The model does not reflect this; the simu

lated head at Woolley is notably greater than that at Hailey Cottage.

5.4.3 Flow accretion

A flow accretion profile based on model output is shown in Figure 5.25. The 

flow accretion profile demonstrates the influence of dry valleys and the Win

terbourne stream with those river nodes between which significant inflow into 

the river occurs shown in Figure 5.26. Significant inflow occurs between river 

nodes 332 and 333 and river nodes 314 and 315, with somewhat smaller, al

beit significant, inflow between nodes 337 and 338. The model does not, how

ever, reproduce the bourne behaviour of the stream, since at both low and high 

flows, the source moves little from that point shown in Figure 5.26. This has
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Figure 5.24: Skewness of distributions derived from borehole hydrographs 

(field data) for the Lambourn catchment

133



Figure 5.25: Mean flow accretion profile for river Lamboum (model output 

Run5)

implications, particularly from the point of view of groundwater flooding, as 

groundwater flooding is simply streams flowing where normally they do not, 

and also from the point of view of whether the model can be said to be describ

ing a Chalk catchment, since bourne behaviour is a key characteristic thereof.

5.5  S en sitiv ity  an alysis

Given the underestimation of baseflow at Shaw, a sensitivity analysis was car

ried out to understand what might be done to improve the water balance for 

the river Lambourn. Sensitivity involved considering the following factors: 

Bed permeability of the rivers Kennet, Lamboum and Pang, river width of the 

river Kennet, Lambourn and Pang, recharge, and scarp slope spring discharge. 

Table 5.3 summarizes those changes that were made as part of the sensitivity 

analysis and a short explanation of each follows.

• Bed permeability

In ZOOMQ3D, exchange between river and aquifer is specified as fol

lows:

(a) Influent river
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Figure 5.26: Locations of high inflows to river Lambourn (circled nodes) and 

modelled bourne appearance of river Lambourn (marked as " x "). River node 

numbers between which substantial flow accretion occurs are shown as dark 

grey numbers.

(b) Effluent river

Qz =  ^ . W . L . ( h a - h z) (5.1)

Qz =  ^ - . W . L . ( h a - h z) (5.2)

where:

Q2 is the flow rate (m3 day-1 ) from the aquifer to the river

K f is the vertical hydraulic conductivity of the river bed (m3 day-1 ) un

der effluent conditions

Kl is the vertical hydraulic conductivity of the river bed (m3 day-1 ) un

der influent conditions 

B is the thickness of the river bed (m.)

W is the width of the river bed (m.)

L is the length of the river reach (m.) 

hfl is the head in the aquifer (m.)
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Figure 5.27: Map showing nodes at which recharge values were changed to 

examine sensitivity of model to recharge

h2 is the river stage (m.)

Bed permeability parameters are K~ and K*. These were varied for the 

rivers Kennet, Lambourn and Pang.

• recharge

Recharge was changed both for the Lambourn alone and for the model as 

a whole. For the model as a whole, it is necessary only to change a single 

number in the recharge input file, the first line in the file. To change 

the time-variant recharge input, all values at each input time step within 

the initial time-variant recharge file at nodes enclosed by the polygon 

that defines the surface topographic catchment of the river Lambourn 

were multiplied by a constant factor, specified for that particular model 

run. Model nodes where recharge was changed are shown in Figure 5.27. 

In other words, for each model run examining the effect of increasing 

the recharge in the Lambourn topographic catchment area, a new time- 

variant recharge file was created.

• scarp slope spring discharge
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Figure 5.28: Map showing model nodes at which scarp slope springs are des

ignated

The discharges of the scarp slope springs are not well-quantified. In the 

model, spring discharges are specified using a head dependent leakage 

mechanism shown in equation 5.3. At each node, two values for conduc

tance must be specified, one for influent and one for effluent conditions. 

If the conductance is set to zero under influent conditions, then there will 

be no inflow when the head in the aquifer falls below the elevation of the 

leakage node. To examine the effect of reducing the value of conductance 

under effluent conditions, conductance values were changed from 10000 

day-1 in Run6 to 10-4 day-1 in Run30.

Qz — Cz.A.{ha — Zi) (5.3)

where:

Q2 is the leakage rate (m3 day-1 )

C2 is the vertical conductance (day-1 ) 

A is the area of the grid node (m3)
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ha is the head in the aquifer (m.)

z i  is the elevation of the leakage node (m.)

• river parameters of neighbouring streams

Because Chalk transmissivities can be high, it is possible that altering the 

bed permeabilities and river geometries of neighbouring streams, in this 

case the rivers Kennet and Pang, as specified in equations 5.1 and 5.2 

may have an effect on the discharge of river Lambourn. Geometries for 

all river nodes in Run5 were a fixed width of 1 metre and a fixed stage 

of 1 metre. Therefore, the effect of changing these geometries was also 

investigated.

• storativity

Effects of sensitivity to storativity are shown in Runs 302 to 310. All 

values for storativity at model nodes within the Lamboum topographic 

catchment for each layer were successively doubled (Runs 307 to 310) or 

successively halved (Rims 305 to 302) from initial values defined in Run6. 

Values for storativity in Run302 are 1/16 of those in Run6 and values for 

storativity in Run310 are 16 times those in Run6. Run306 values were 

unchanged from Run6.

• hydraulic conductivity

Effects of sensitivity to hydraulic conductivity are shown in Runs 341 to 

349. As with storativity, all values for hydraulic conductivity at model 

nodes within the Lambourn topographic catchment for each layer were 

successively doubled (Runs 346 to 349) or successively halved (Runs 344 

to 341) from initial values defined in Run6. Values for hydraulic con

ductivity in Run341 are 1/16 of those in Run6 and values for hydraulic 

conductivity in Run349 are 16 times those in Run6. Run345 values were 

unchanged from Run6.
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Table 5.3: Summary of changes made compared to a baseline case (Run6) to 
assess sensitivity of model output to selected changes

Run number Description of changes
Run6 Increase width of Lam boum  river nodes in Run5 from 1 metre to 

10 metres
Run7 Increase streambed K by factor of 10 in Lam boum  catchment
Run8 Decrease streambed K by factor of 10 in Lam boum  catchment
R unl2 Decrease streambed K by factor of 100 in Lam boum  catchment
Runl3 Decrease streambed K by factor of 1000 in Lam boum  catchment
Run93 Increase recharge by 10% in entire model domain
Runl4 Increase recharge by 10% in region of Lam boum  topographic 

catchment only
Runl5 Increase recharge by 20% in region of Lam boum  topographic 

catchment only
Runl6 Increase recharge by 30% in region of Lam boum  topographic 

catchment only
Runl7 Increase recharge by 40% in region of Lam boum  topographic 

catchment only
R u n ll Reduce leakage factor of springs on scarp slope north of Lam 

boum  catchment
Run29 Monitor output of springs on scarp slope, otherwise exactly the 

same as Runl8
Run30 Further reduce leakage factor of springs on scarp slope north of 

Lam boum  catchment
Run24 Lam boum  is 10 metres wide Increase widths of Pang and Kennet 

to 10 metres
Run25 Lam boum  is 10 metres wide Pang is 10 metres wide. Kennet is 

10m wide Streambed K for Lambourn is reduced by factor of 100
Run26 Lam boum  is 10 metres wide Pang is 10 metres wide. Kennet is 

10m wide Streambed K for Lam boum  and Pang is reduced by 
factor of 100

Run27 Lam boum  is 10 metres wide Pang is 10 metres wide. Kennet is 
10m wide Streambed K for Lam boum  and Pang and Kennet is 
reduced by factor of 100

Run28 Lam boum  is 10 metres wide Pang is 10 metres wide. Kennet is 
10m wide Streambed K for Lam boum  is reduced by 100 and Pang 
and Kennet by factor of 10

Run37 Increase recharge in region of Lam boum  topographic catchment 
by 26% and reduce streambed K for Lam boum  and Pang by fac
tor of 100; Kennet K unchanged

Run38 As Run37, but increase recharge in region of Lam boum  topo
graphic catchment by 60% from Run6
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Table 5.4: Sensitivity to aquifer parameters (storativity and hydraulic conduc 

tivity) of modelled baseflows for the river Lamboum at Shaw

Run number Description of changes

Run302

Run303

Run304

Run305

Run306

Run307

Run308

Run309

Run310

Run341

Run342

Run343

Run344

Run345

Run346

Run347

Run348

Run349

Multiply storativity values from Run6 by 1/16  

Multiply storativity values from Run6 by 1 /8  

Multiply storativity values from Run6 by 1 /4  

Multiply storativity values from Run6 by 1 /2  

Multiply storativity values from Run6 by 1 

Multiply storativity values from Run6 by 2 

Multiply storativity values from Run6 by 4 

Multiply storativity values from Run6 by 8 

Multiply storativity values from Run6 by 16 

Multiply hydraulic conductivity values from Run6 by 1/16  

Multiply hydraulic conductivity values from Run6 by 1/8  

Multiply hydraulic conductivity values from Run6 by 1 /4  

Multiply hydraulic conductivity values from Run6 by 1 /2  

Multiply hydraulic conductivity values from Run6 by 1 

Multiply hydraulic conductivity values from Run6 by 2 

Multiply hydraulic conductivity values from Run6 by 4 

Multiply hydraulic conductivity values from Run6 by 8 

Multiply hydraulic conductivity values from Run6 by 16
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Figure 5.29: Amount by which data-derived baseflow exceeds simulated base-

flow for the Lambourn at Shaw by run number
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Results of the model response to various changes are shown in Figure 5.29, 

which shows the distribution, akin to Figure 5.22, of the differences at each 

time step between data-derived and modelled baseflow at Shaw for each model 

run. The base case is Run6, with which all subsequent runs are compared. 

Therefore, along the bottom axis, the boxplot for Run6 is repeated to facilitate 

comparison with other changes. The general observation is that apart from 

Run38, median data-derived baseflow exceeds modelled baseflow in all cases, 

even in the case (Runl7) where recharge in the Lamboum is increased by 40%. 

Groups of comparisons are discussed in the following paragraphs.

Runs 7 ,8,12 and 13 show the effects of changes in streambed permeability. 

Of these, only Run7 involved increasing streambed permeability and shows 

little difference from Run6, even though streambed permeability is increased 

by a factor of 10 compared to Run6. This is because discharge to the stream is 

limited by the transmissivity of the aquifer; further increasing the permeability 

of the streambed would also therefore have no effect if the aquifer transmissiv

ity remains unchanged.

Runs 93,14,15,16, and 17 show the effects of increasing recharge. A com

parison of Run93 and Runl4 shows that there was little difference between in

creasing recharge in the entire model domain by 10% and increasing recharge 

only in the Lamboum catchment by 10%. Runs 15 to 17 show the results of 

successive arithmetic increases in recharge of 10%. That is, Runl7 shows the 

effect of increasing recharge in the Lamboum catchment by 40% over the base 

case. It was found that an increase in the Lamboum catchment of 26% (Run22, 

not shown) was sufficient to cause mean modelled baseflow at Shaw to match 

mean data-derived baseflow, although even given an increase in recharge of 

40%, median modelled baseflow was still less than data-derived baseflow (Fig

ure 5.29). Proportions by which peak baseflow value increase as a result of 

augmenting recharge exceed the aggregate increase in recharge.

Runs 11, 29 and 30 show effects of reducing the discharges of scarp slope 

springs. Even where spring discharges were stopped completely (Run30), it 

had little effect on river discharge at Shaw.
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Figure 5.30: Effect of successive recharge increases within the Lamboum sur

face topographic catchment on mean baseflow at Shaw

Runs 24, 25, 26, 27 and 28 show combined effects of changing other river 

parameters in neighbouring rivers. Changing river widths had little effect, but 

changing relative streambed permeabilities of the Kennet and Lamboum had 

quite a marked effect (Run27). It is not especially surprising that changing the 

permeability in one affects flow in the other, but it is worth noting that the 

effect can be quite pronounced.

Runs 37 and 38 show the effects of both reducing bed permeability in the 

Lambourn and increasing recharge in the Lamboum. In both cases, streambed 

permeability is reduced by a factor of 100 below the base case (Run6). Run37 

shows the effect of increasing recharge in the Lambourn by 26% and Run38 

by 60%. It was found that an increase of 60% was required to cause mean 

modelled baseflow at Shaw to match mean observed baseflow.

Runs 302 to 310 show the effect of successive doubling of storativity at all 

nodes within the topographic Lamboum catchment for each layer. The ef

fect on baseflows of reducing storativity is to increase the incidence of higher 

baseflows, and that of increasing storativity to increase the incidence of lower 

baseflows. At low storativity, median flow is much less than mean flow, mean

ing that low flows predominate (Table 5.5). Mean baseflows are also affected 

with lower storativities resulting in higher mean baseflows. This is significant 

from the point of view of steady state modelling, since it is assumed in the
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Table 5.5: Summary flow statistics (megalitres per day) for Runs 302 to 310 for

the river Lamboum at Shaw

Run number Min. 1st Qu. Median Mean 3rd Qu. Max.

Run302 7.415 21.92 51.71 120.9 171 817.9

Run303 7.782 25.52 57.3 119.2 169.2 778.2

Run304 8.758 31.69 65.6 117.1 165.6 655.5

Run305 11.06 41.63 77.35 114.9 160.3 581.8

Run306 16.34 54.65 88.98 113 153.1 489.8'

Run307 25.48 66.67 96.52 111.8 143.5 384

Run308 37.58 77.48 100.8 110.8 136 305.2

Run309 50.77 85.78 103.1 109.9 129.4 399.2

Run310 62.38 91.57 104.3 109.7 123.5 528

long-term that changes in storativity do not affect mean flows. For perme

able catchments, therefore, this is not necessarily the case. The reason may be 

that, because changes in storativity alter the head distribution, the streamwa- 

ter baseflow catchment area may also be changed. Here, the decrease in mean 

baseflow from Run302 through to Run310 is just over 10 megalitres per day, 

which is about 10% of modelled discharge, which is not negligible.

Runs 341 to 349 show the effect of changes to hydraulic conductivity. Run348 

(mean baseflow 159 megalitres day-1 (Table 5.6)) with hydraulic conductivity 

values eight times those in Run6 was closest to data-derived baseflows. The 

response of baseflow to changes in hydraulic conductivity is unexpected in 

that there is a minimum mean baseflow for Run343, such that both decreases 

and increases in hydraulic conductivity cause an increase in mean baseflow. 

This may be because of some anomaly, possibly to do with mass balance ac

counting. With regard to assessing the groundwater model performance for 

the river Lamboum, all of Runs 345 to 349 (Figure 5.29) exhibit similar inter

quartile ranges of about 100 megalitres per day; in particular, Runs 345 to 347 

differ mostly in their central tendency, so that none can be clearly disregarded.
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Table 5.6: Summary flow statistics (megalitres per day) for Runs 341 to 349 for

the river Lamboum at Shaw

Run number Min. 1st Qu. Median Mean 3rd Qu. Max.

Run341 30.89 68.23 96.22 109.5 140 318.5

Run342 26.1 61.52 91.3 108.3 141 359.9

Run343 20.78 55.61 87.85 107.3 141.7 407.4

Run344 16.94 53.39 86.63 108.6 145.2 443.8

Run345 16.34 54.65 88.98 113 153.1 489.8

Run346 22.06 61.02 97.88 121.9 160.5 522.5

Run347 34.05 74.93 110.8 137.2 178.2 565.3

Run348 54.24 104.6 133 159.7 193.4 585.1

Run349 80.14 131.6 168.7 190.6 231.2 922.1

5.6 D iscu ssio n

In their discussion of telescopic mesh refinement (TMR), Leake and Claar (ibid., 

p.3) state:

'If model calibration is poor or validity of model results is uncertain 

in the area of interest, then the local model most likely will incor

porate misrepresentation of the hydrologic system. A number of 

specific problems might render a regional model of little value in 

development of boundary conditions for a local model. Such prob

lems in the area of interest in the regional model include incorrect 

direction of movement of ground water, gradients that are too steep 

or too flat, inappropriate aquifer properties, heads that are too high 

or too low, and inappropriate model layering. All of these prob

lems can result in similar problems in the local model constructed 

from the regional-model data sets. To overcome these problems, 

improvement of the regional model in the area of interest may be 

required before constructing a local model.'
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This is not a surprising statement, but it is worth stating explicitly. This 

chapter began with a presentation of the idea of how one might model the 

hydrological processes at Boxford and introduced the idea of TMR as a way of 

undertaking this. This led to a presentation of the BGS regional model for the 

Marlborough Downs and south west Chilterns, with particular regard to the 

river Lamboum.

Overall, the water balance for the regional model is good, particularly in 

that it reproduces well the baseflow hydrograph at Theale on the river Ken- 

net. The model performance for the river Lamboum and the Lamboum catch

ment, however, is not so good; mean modelled baseflow at Shaw is 74% of 

mean baseflow estimated from gauging station data. Additionally, modelled 

baseflow shows more variability than data-derived baseflow; the extremes are 

more pronounced. Also, modelled groundwater levels in the northern part of 

the Lamboum catchment are markedly lower than observed groundwater lev

els. There are a number of possibilities as to why this might be the case and a 

sensitivity analysis was carried out to aid understanding of possible causes.

The sensitivity analysis considered spring discharge in the northern part 

of the catchment, river bed permeabilities and river geometries and recharge. 

The sensitivity analysis did not consider anisotropy. It was found that recharge 

and transmissivity are the factors most likely to be the culprits for the disparity 

between model and observations, although surprisingly mean baseflows are 

also moderately sensitive to changes in storativity.

It is possible that various combinations of other changes could be made to 

improve the water balance, but it seems to be contrived. For example, there 

is no reason to believe that bed permeabilities of the river Lambourn and the 

river Kennet differ and it is known that there is a spring line on the scarp slope, 

so to configure such a set up for the sake of improving water balance does not 

seem justified, unless there is other evidence to suggest that it is justified. In 

addition to water balance, a second issue is hydrograph spikiness. Although 

reducing bed permeability in the Lamboum reduced hydrograph spikiness, 

this might also have been achieved by making changes to the parameterization
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Figure 5.31: Correlation results from linear regressions between MORECS EP 

moving averages and monthly catchment discharges for the period April 1978 

to February 2001 (after Grapes, 2004)

of storativity. Alternatively, Grapes (2004) analysed the correlation between 

monthly catchment discharge and MORECS effective precipitation and sug

gested that a five-month moving average of effective precipitation was most 

suitable for model input as recharge (Figure 5.31).

It is worth characterizing possible reasons for mismatch between modelled 

and observed behaviour for the Lambourn. The first is that the model under

estimates recharge. This may well be the case. However, although increasing 

the recharge to effect parity between modelled and data-derived mean base- 

flows improves the global water balance for the Lambourn, it does not im

prove model performance as it causes extremes to become more pronounced 

(see Figure 5.29, Runl6 compared to Run6). A large part of the difference be

tween model and field streamflow behaviour is the model's poor representa

tion of recession behaviour; that is, in reality the Lambourn catchment seems 

to be able to maintain higher low flow rates than the model suggests, suggest

ing that the aquifer holds back the release of water from storage. An identical 

pattern of behaviour has been observed for the river Mimram in Hertfordshire, 

UK (Paul Hulme, personal communication), which is also a Chalk stream.

A second possible reason is the existence of groundwater inflow into the 

Lambourn through karstic conduits. This seems rather unlikely; karst is found
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in the lower parts of the catchment (Dennis Peach, personal communication), 

so although in principle it is possible that there might be karstic inflow that 

would account for the higher streamflows observed at Shaw, such karstic in

flow would do nothing to explain the underestimate of groundwater levels in 

the northern part of the catchment.

There is an implicit assumption in the preceding analysis that the mismatch 

between observed and data-derived streamflows for the river Lambourn within 

its regional context is one of model configuration. It may be the case, however, 

that the original conceptual model does not adequately capture the hydrogeol

ogy. An additional difficulty is that, for the Lamboum, not only do groundwa

ter flows within the catchment depend on parameters within the catchment, 

but also on parameters outside of the catchment. That is, the position of the 

groundwater divide is determined by parameters either side of that ground- 

water divide, in this case, transmissivities and recharge inputs in the neigh

bouring Kennet and Pang catchments. Therefore, it will be the case that by 

changing transmissivities in the area around the Kennet and Pang, the posi

tion of the groundwater divide for the Lamboum will be affected.

Finally, there is a question of whether the regional model in the area around 

the Lamboum could be conditioned using local scale information from chap

ter 4. The regional groundwater model uses a linear head-dependent leak

age mechanism to compute the exchange of water between the stream and the 

aquifer, as outlined on page 135. Amongst other things, this requires a specifi

cation of hydraulic conductivity (K) for the river bed and a riverbed thickness 

(B). Because discharge into the river increases with increasing K, but with de

creasing B, higher values of K can be offset by higher values of B and lower 

values of K offset by lower values of B. Song et al. (2007), examining the hy

draulic conductivity of streambed sediments in the uppermost metre of the 

streambed, found that streambed conductivity in the upper sediment layer of 

that uppermost metre was much higher than that in the lower sediment layer. 

This shows that the conceptualization of the streambed as a homogeneous unit 

with a single value for hydraulic conductivity may not be appropriate. The
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analysis of site scale data suggested that there might be a layer of low perme

ability between the streambed sediments and the underlying aquifer. Addi

tionally, site scale data not only suggested that exchange between stream and 

aquifer occurred laterally rather than vertically, but the question of whether 

there is a layering effect with regard to hydraulic conductivity is not easily an

swered. It is also the case that the site-scale data may only be relevant to that 

part of the river, which within the regional model is represented by one river 

node of approximately one hundred nodes for the river Lambourn. That site 

may not be representative of the river. It is possible, however, that the ques

tion of whether the groundwater model can be conditioned by site scale data is 

the wrong question. The standard model of stream-aquifer interactions is that 

the linkage is through the streambed. The site scale data at Boxford suggests 

that lateral movement is quantitatively more significant. It is possible that for 

Chalk streams the default pathway is through the stream banks rather than 

the streambed and that exchange is largely controlled by aquifer permeability, 

rather than the permeability of the streambed.

5.7  S u m m ary

The study site at Boxford discussed in the previous chapter was assessed in its 

catchment and regional context. With regard to attempting to understand the 

behaviour of the site in the framework of a numerical model, particularly given 

that the site of interest is situated in a Chalk catchment with low hydraulic 

gradients and very little surface drainage, the regional context provides a pos

sible framework whereby regional groundwater conditions act as controls or 

boundary conditions on site scale processes. If this approach is necessary, then 

it is necessary to examine the understanding of the catchment and regional 

scales in their own numerical model. In this regard, the regional model does 

not reproduce the behaviour of the river Lamboum to a level which would be 

sufficient to provide suitable controls for the site scale model. The sensitivity 

analysis carried out did not suggest unequivocally that there is any clear factor
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that would account for the underprediction by the model of baseflow in the 

Lamboum catchment, only that transmissivity and recharge were both likely 

candidates. It did, however, also show that storage effects can also have small 

but not insignificant impacts on mean streamflow. Although it seems likely 

that a number of factors in conjunction would act together to result in the un

derprediction of flow, the next chapter will focus on exploring the impacts of 

transmissivity and recharge.
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Chapter 6

Regional model calibration

6.1 In tro d u ction

Development of a groundwater model should be an iterative cyclical process, 

for which the initial stages would be, firstly, the development of a conceptual 

model, that is, an understanding of the groundwater system based on aspects 

such as geology and observed groundwater heads, and secondly the develop

ment of model structure. Model structure development includes consideration 

of mesh spacing of model nodes and a choice concerning the spatial structure 

of aquifer parameters. In most groundwater models, the description of spatial 

variability takes either a blocked or a geostatistical (random field) approach 

(McLaughlin and Townley, 1996). For the blocked or zonation approach, the 

model is divided into zones that are considered to be homogeneous with re

spect to a particular aquifer property, so that, for each zone, constant values 

for a particular aquifer property (e.g. hydraulic conductivity, specific yield) are 

assigned at each node in that zone. For example, Grubbs and Crandall (2005), 

modelling the Upper Floridan aquifer, divided the aquifer into 17 transmissiv

ity zones with two of those zones, although non-contiguous, nevertheless con

sidered to have equal transmissivities. The difficulty with the zonation method 

is that division of the aquifer into zones is often subjective (Tsai et a l, 2003) and 

if the number of zones and pattern of zonation is far from the true one, then
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the resultant parameterization will be incorrect (ibid.; Anderson and Woess- 

ner (1992) and references therein). Indeed, Grubbs and Crandall (ibid.) report 

an iterative approach to zonation as initial delineation did not produce good 

results. There is no clear dividing line between development of a conceptual 

model and identification of model structure.

Sensitivity analysis from the previous chapter showed that the two dom

inant controls on stream discharge for the catchment are recharge and trans

missivity. Modelled baseflow at Shaw underestimates data-derived baseflow 

at Shaw. Although the original regional model was calibrated, it was calibrated 

using a set of 217 boreholes that were located throughout the model domain. 

Because the focus of interest here is the river Lamboum, the regional model 

was therefore recalibrated, but only within those areas and using only data 

from those boreholes which lie within the Lamboum catchment; parameters 

elsewhere were unchanged. Defining which boreholes lie within the catchment 

is straightforward since the topographic catchment boundary can be used as a 

means of making the definition reproducible. However, there is no clear way 

in which to define subsurface areas that can be considered to affect the hydro- 

geological regime of the Lambourn.

Recalibration was attempted using Monte Carlo sampling, using both the 

zonation approach and also a random field approach. There were two reasons 

for using two approaches. The first was to see whether the conclusions drawn 

from calibration were dependent on the method used and the second was to 

see which of the methods if either is more suitable for use in a Chalk catch

ment. For each approach, both steady state and time-variant scenarios were 

implemented.

RMSE values are calculated using boreholes shown in Figure 6.1. RMSE 

values calculated using all the 45 boreholes shown in Figure 6.1 are hereafter 

referred to as RMSE45. RMSE values calculated using those 10 boreholes re

ferred to in Figure 6.1 as 'Observation boreholes group2', that is those bore

holes designated by an upward pointing solid black triangle, are hereafter re

ferred to as RMSEjo- RMSE values are calculated for steady state simulations

152



ooo
ID
CO

OOO
E §
0z
Ii- O
on oO m 
Z  h-

oooor-

/ o
\\ 1

► ♦  o

1:K■ i\
\ '

\o '

A

■ Observation boreholes group 1
4  Observation boreholes group2
o Observation boreholes other
+• Model river node

—  Recharge area 1
• Lamboum topographic catchment boundary

~r

, O

420000 425000 430000 435000 440000
EASTING (m)

445000 450000

Figure 6.1: Map of locations of boreholes used in calibration of regional model 

only.

The objectives of this chapter are:

• to examine to what extent it is possible to improve the calibration of the 

original regional model with particular regard to the river Lambourn

• to compare different conceptualizations of the Lambourn catchment in 

order to ascertain which might be more appropriate

• to test the effect of different recharge configurations in order to ascertain 

whether recharge is underestimated
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Figure 6.2: Map showing zones and zone numbers for which transmissivity 

values were changed

6.2 Transmissivity modelling using a zonation ap

proach

6 .2.1 Stead y state

Transmissivities for the one-layer steady state regional model were configured 

on a zonal basis, so that the transmissivity for any one zone for any one simu

lation is homogeneous across that zone. The zones are shown in Figure 6.2. For 

each steady state simulation, the transmissivity of each zone is varied within 

pre-set limits, to give a single steady state head value for each of the boreholes 

shown in Figure 6.1. For each zone, a new value of transmissivity for that zone 

was calculated by selecting a value from a composite rectangular distribution 

as shown in Figure 6.3, whose mean value is equal to a seed value for that zone, 

and whose lower and upper limits were respectively set as 1 /k  and k times the 

mean value, where k was set to a value of five. Thus, the probability of se
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lecting a transmissivity value less than the mean is k times greater than that of 

selecting a transmissivity value greater than the mean. The original rationale 

for this approach was to ensure that the mean transmissivity of the sampled 

values would be equal to the seed value for that zone; if transmissivity values 

were sampled from a uniform rectangular distribution with lower and upper 

limits of 1/k  and k times the mean, then such a sampling scheme would nec

essarily cause the aggregate transmissivity of the catchment to increase. The 

choice of k is not rigorous, but was chosen so that upper and lower limits of 

transmissivity values for each zone would contain those values normally seen 

in the Lamboum, for which transmissivity values typically vary between 50 to 

2500 m2day-1 (Owen and Robinson, 1978). On this basis, however, the upper 

limit for zone 9 (965 m2day-1) is possibly lower than that required and the 

lower limit for zone 30 (335 m2day-1) probably higher than that required.

An example of the transmissivity field that is generated is shown in Figure 

6.4. Note that the representation of the spatial distribution of transmissivity 

in Figure 6.4 is not entirely appropriate since a number of discrete zones each 

with a single value of transmissivity are, through the use of contours, implicitly 

represented as a continuous field. However, the figure demonstrates the gen

eral shape'of the transmissivity structure by, for example, indicating the pres

ence of rivers. Also, it can be compared with subsequent figures that depict the 

transmissivity field obtained from different transmissivity conceptualizations.

Seed values for each zone are shown in table 6.1. Seed values were the 

same as those used for the original calibration of the BGS regional model. For 

each steady state simulation, the input values, that is, the transmissivity value 

for each zone, and output values, that is, a single steady state head value for 

each borehole and a steady state baseflow at the gauging station at Shaw, were 

recorded. Considering only those boreholes shown in Figure 6.1, where steady 

state simulations resulted in a negative steady state head, that simulation was 

discarded for two reasons; firstly, steady state simulations do not necessar

ily converge to a stable head value in which case an output value of -999 is 

recorded and secondly, although negative heads are possible, since it means
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Table 6.1: Seed values used in generation of zonal transmissivity values for 

each zone

Zone Seed transmissivity value (m2 day *)

Zone 7 452

Zone 8 308

Zone 9 193

Zone 14 7188

Zone 19 429

Zone 23 293

Zone 24 273

Zone 26 459

Zone 27 468

Zone 29 724

Zone 30 1676

Zone 32 156

Zone 33 589

Zone 34 556

Zone 35 1048

Zone 36 1582

that the head value is less than ordnance datum, given that the minimum 

recorded piezometric head for any borehole shown in Figure 6.1 is greater than 

70 metres, a negative head value was considered to be indicative of a discard

able simulation. Approximately 7% of the simulations fell into this category.

Steady state simulations are rated according to goodness of fit using both 

heads and flows are used. For the steady state simulations, the RMSE is de

fined as:
s  \2

RMSE =
n

where x$s,i is the steady state head for borehole i and x is the mean head for
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borehole i obtained from field data. Note therefore that the RMSE is calculated 

using only head values. Given that there are 45 boreholes, the steady state 

RMSE value is calculated using 45 pairs of values.

The purpose of the steady state simulation is to generate, via inverse mod

elling, values of transmissivity for input into the time-variant model. Because 

the time-variant model is three-layered with each layer varying in thickness at 

each node, it is necessary to convert values for transmissivity into values of hy

draulic conductivity. This was done using an algorithm provided by the British 

Geological Survey (Jackson et ah, 2006b) from the original regional model, that 

partitions transmissivity in such a way that the top layer is most transmissive, 

the middle layer less so and the bottom layer, the least transmissive. For the 

entire model domain, hydraulic conductivity for the lower layer is assigned a 

value of 1 mday-1 . For the dry valleys and river valleys (zones 7,8,9 and 33 to 

36) and for zones 23,24,26,27 (the lower Lambourn), the transmissivity of the 

top two layers is calculated by subtracting the transmissivity of the third layer 

(that is the thickness of the third layer times the hydraulic conductivity) from 

the total transmissivity. The resultant transmissivity is partitioned between 

the top two layers by assigning 75% of that resultant transmissivity to the top 

layer. For zones 14, 19, 29,30 and 32, interfluve areas where transmissivity is 

expected to be lower, the rules are more complex, but hydraulic conductivity 

is parameterised in such a way that it increases with increase in elevation, so 

that the upper layer is assigned the highest permeability.

Figure 6.5 shows a scatter plot of the results of 46494 (about 50000) steady 

state simulations, with RMSE45 values plotted against the steady state simu

lated flow at the principal gauging station for the river Lamboum located at 

Shaw. There are two points to note. The first is that associated with those sim

ulations where fit is best with regard to head, that is, those simulations with 

an RMSE45 value of less than 5.4 metres, there is a wide spread of flows. The 

second is that the majority of flow values fall below the mean data-derived 

baseflow of 148 megalitres per day for the Lamboum at Shaw.
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Figure 6.3: Distribution used for sampling transmissivity values

Figure 6.4: Contour map of transmissivities (m2 day 1) generated from seed 

transmissivity values used in zone-based calibration
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Table 6.2: Summary performance measures for best twenty steady state simu

lations ranked by RMSE45 (Group 1) and best twenty steady state simulations 

where steady state flow at Shaw exceeds 140 megalitres per day (Group 2)
Group 1 Group 2

RMSE

(metres)

Flow

(megalitres per day)

RMSE

(metres)

Flow

(megalitres per day)

4.81 111.5 5.19 143.7

4.75 118.7 5.31 142.2

4.81 104.7 5.30 146.1

4.75 109.0 5.51 140.4

4.81 109.2 5.50 143.1

4.84 110.5 5.53 145.4

4.84 103.7 5.60 141.6

4.91 107.0 5.37 141.1

4.81 118.8 5.77 144.3

4.91 109.3 5.37 141.1

4.96 114.6 5.54 144.0

4.89 105.7 5.55 146.8

4.96 108.2 5.48 142.8

4.83 116.2 5.45 142.2

4.80 111.8 5.46 141.0

4.90 124.4 5.44 140.5

5.08 111.2 5.68 145.9

4.99 115.3 5.71 149.6

4.92 122.5 5.91 141.2

4.88 116.8 5.56 141.6
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Figure 6.5: RMSE45 values for steady state head against steady state flow for 

zone-based calibration

6.2.2 Time-variant implementation of steady state derived trans

missivities

From the set of steady state simulations shown in Figure 6.5, the best twenty 

as ranked according to RMSE45 were run on a time-variant basis, hereafter re

ferred to as the standard flow group. Additional to those, a subset of steady 

state simulations was selected based on the criterion that steady state flow at 

Shaw was at least 140 megalitres per day. From this subset, the best twenty 

steady state simulations were run on a time-variant basis, hereafter referred to 

as the high flow group. The two groups had no common members; none of the 

high flow group had steady state RMSE45 values low enough to be part of the 

standard flow group. Time-variant implementations of these two groups are 

summarized in Figure 6 .6  and Figure 6.7. Figure 6 .6  shows the distributions 

of transmissivities by zone for each group. For the high flow group, the most 

notable characteristic is that zones 34 and 35, the dry valleys in the upper Lam-
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Figure 6.6: Distributions of logio transmissivities (m2 day-1) by zone for best 

steady state simulations (A) and best steady state simulations where baseflow 

at Shaw is greater than 140 megalitres per day (B)

bourn and the Winterbourne valley, tended to be associated with typical values 

of transmissivity of about 5000 m2day-1, significantly in excess of transmissiv

ities for zone 7, the lower Lamboum valley, which is associated with very high 

transmissivities in the field (Vin Robinson, pers. comm.). Transmissivities in 

zones 14,19 and 33 tend to be lower for the high flow group than for the stan

dard flow group. Modelled streamflows are summarized in Figure 6.7. Of 

these, two time-variant simulations, Runl31 and Runl08, are shown in greater 

detail in Figure 6.8, for which mean baseflow at Shaw is 113.1 megalitres per 

day, and Figure 6.9, for which mean baseflow at Shaw is 144.5 megalitres per 

day, still less than the data-derived figure, based on gauging station data, of 

148 megalitres per day. The point about these two figures is that the similar

ities are greater than the differences. That is, although the flows in the river 

associated with each, differ by about 30 megalitres per day, the head patterns 

are similar. In particular, the model underpredicts head in the northern part 

of the catchment around Blowing Stone Cottage and Kingston Hill Bam (see 

Figure 6.10 for locations), by about 20 metres. It is possible to see a differ

ence between the two simulations around Peasemore and Chapel Farm, where
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Run number

Figure 6.7: Amount by which data-derived baseflow exceeds modelled base- 

flow for the Lamboum at Shaw for best steady state simulations (A) and best 

steady state simulations where baseflow at Shaw is greater than 140 megalitres 

per day (B)

Runl08 underpredicts head, which is likely to be as a result of high transmis

sivities assigned to zones 34 and 35 and also around Prebendal Farm, where 

Runl08 overpredicts head. Overall, however, it is difficult to conclude that one 

simulation is better than the other, given that neither is especially good. The 

response to this issue is to investigate whether improvements can be made to 

the assignment of transmissivities or whether improvements can be made to 

the assignment of recharge.

With regard to transmissivity, for each zone, RMSE45 values can be plotted 

against transmissivity values assigned to that zone in order to attempt to iden

tify the optimal transmissivity value for that zone, where optimal means that 

value of transmissivity for that zone which is associated with the lowest value 

of RMSE45, for the given steady state recharge configuration. An example is 

shown in Figure 6.11, which suggests that, for zone 19, the value of transmis

sivity which is optimal using RMSE45 as the criteria, is in the region of 200 

m2day-1 . Another way in which this can be presented is shown in Figure 6.12, 

which plots for each steady state simulation the amount by which the mean 

observed head exceeds the steady state head for the borehole in question. For 

example, Figure 6.12 shows that for Prebendal Farm, which is located in zone 

19, where zone 19 has transmissivity values less than 200 m2day-1, simulated

162



Table 6.3: Steady state single layer transmissivity values (m2 day 1) for Runs 

108 and 131 by zone __________________________

Zone Runl08 Runl31

Zone 7 2702 709

Zone 8 351 982

Zone 9 1340 128

Zone 14 1656 3842

Zone 19 104 239

Zone 23 601 558

Zone 24 247 240

Zone 26 1650 1734

Zone 27 585 669

Zone 29 1122 728

Zone 30 385 1161

Zone 32 121 138

Zone 33 462 4749

Zone 34 6114 970

Zone 35 8200 808

Zone 36 1077 2258
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Figure 6 .8 : Amount by which observed heads exceed simulated heads for bore

holes in Lambourn catchment for time-variant simulation (Runl31)
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Figure 6.9: Amount by which observed heads exceed simulated heads for bore

holes in Lambourn catchment for time-variant simulation (Runl08)
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Figure 6.10: Map of model nodes and borehole observation points
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steady state head exceeds mean observed head and for steady state simula

tions in which zone 19 has transmissivity values in excess of 400 m2day_1, 

mean observed head exceeds simulated steady state head. The optimal value 

of transmissivity is that value where there is no difference between simulated 

steady state head and mean observed head. The optimal value of 200 m2day_1 

is more easily identified if the data is presented in the form of Figure 6.12 rather 

than in the form of Figure 6.11.

Figure 6.12 also shows those steady state simulations for which RMSE45 
has the lowest values, identified by the dark grey circles, and those steady 

state simulations for which RMSEio has the lowest values, identified by the 

downward pointing black triangles. The figure shows that RMSEio is far less 

sensitive to transmissivity values assigned to zone 19 than RMSE45, as the best 

steady state simulations ranked by RMSE10 are associated with a wide range 

of transmissivity values assigned to zone 19, whereas the best steady state sim

ulations ranked by RMSE45 are associated with transmissivity values clustered 

around 200 m2day-1. Equally, there is no bias in the head difference associ

ated with the best RMSEio simulations; head differences are spread reasonably 

evenly around zero. This is not the case, however, for Chapel Wood (Figure 

6.13) or Gibbet Cottages (Figure 6.14), where there is a pronounced bias in the 

mean head difference of the best steady state simulations when ranked accord

ing to RMSEio- This information can be summarized as a distribution of the 

differences between mean observed head and steady state head for the popu

lation subset of steady state simulations, where the subset is selected according 

to ranking by RMSE. The population subset differs according to whether it is 

filtered by RMSE45 or RMSEio. These distributions are shown in Figures 6.15 

and 6.16, the latter showing those boreholes referred to as group 1 in Figure 6.1. 

If it were the case that all aspects of the model were perfectly configured, then 

ranking by RMSEio should not give results different to those given by rank

ing according to RMSE45 and one would expect results similar to those shown 

in Figure 6.15. However, for all boreholes in Figure 6.16, the effect of ranking 

according to RMSEio is to select those simulations where steady state head is
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significantly less than mean observed head. This might suggest that for best 

ranked RMSE4 5  there is insufficient water reaching boreholes in group 1, and 

that by ranking according to RMSE1 0 , this water deficit can be compensated for 

by drawing water away from those boreholes. If this is the case, then it might 

suggest that recharge is incorrectly specified, more particularly that recharge 

is underestimated. This leads to consideration of testing the effect of varying 

the recharge.

To test this, therefore, a set of steady state simulations were executed identi

cal with those shown in Figure 6.12, but with the steady state recharge input for 

the Lamboum topographic catchment increased by 25%, which is the amount 

by which recharge was increased in the original sensitivity analysis in order 

that modelled baseflow at Shaw matched data-derived baseflow at Shaw. Out

side the Lamboum topographic catchment, steady state recharge input was 

unchanged. The effect of this increase in recharge is shown in Figure 6.17; in

creasing the recharge by an amount that is required to satisfy the streamflow 

shortfall in the original regional model configuration (Run5) does not dramat

ically improve the fit in terms of head. A second sensitivity test was therefore 

executed whereby recharge was changed but only in the recharge area 1 (Fig

ure 6.1). Doubling the steady state recharge input in this area produced out

put shown in Figure 6.18. For the scenario in which recharge is doubled, the 

median values of the distributions of head differences where steady state sim

ulations are ranked according to RMSEjo are closer to those ranked according 

to RMSE4 5  than is the case in Figure 6.17. As a working hypothesis, this can be 

taken to indicate firstly that the recharge is underestimated and secondly that 

the underestimation of recharge is not equal in all areas.
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Figure 6.11: RMSE45 values against transmissivity values for zone 19

Prebendal Farm, zone 19

Figure 6.12: Amount by which mean observed head exceeds steady state head 

as a function of zonal transmissivity for Prebendal Farm in zone 19
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Chapel Wood, zone 35

Transmissivity (metres squared per day)

Figure 6.13: Amount by which mean observed head exceeds steady state head 

as a function of zonal transmissivity for Chapel Wood in zone 35

Gibbet Cottages, zone 30
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Figure 6.14: Amount by which mean observed head exceeds steady state head 

as a function of zonal transmissivity for Gibbet Cottages in zone 30
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Figure 6.15: Distribution of amounts by which mean observed heads exceed 

steady state heads for best steady state simulations ranked by two separately 

calculated measures of RMSE. Grey boxplots are distributions where ranking 

is by RMSE45. Black boxplots are distributions where ranking is by RMSEiq.

Figure 6.16: Distribution of amounts by which mean observed heads exceed 

steady state heads for best steady state simulations ranked by two separately 

calculated measures of RMSE. Grey boxplots are distributions where ranking 

is by RMSE45. Black boxplots are distributions where ranking is by RMSEio-
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Figure 6.17: Distribution of amounts by which mean observed heads exceed 

steady state heads for best steady state simulations ranked by two separately 

calculated measures of RMSE. Grey boxplots are distributions where ranking 

is by RMSE45. Black boxplots are distributions where ranking is by RMSEjo-

Figure 6.18: Distribution of amounts by which mean observed heads exceed 

steady state heads for best steady state simulations ranked by two separately 

calculated measures of RMSE. Grey boxplots are distributions where ranking 

is by RMSE45. Black boxplots are distributions where ranking is by RMSEjq-

171



6.3 T ran sm issiv ity  m o d ellin g  u sin g  in terp olated  trans  

m issiv ity  field

A second tranche of simulations were carried out whereby transmissivity val

ues for the domain were interpolated from transmissivity values specified at 

point locations. Ideally, for the sake of comparison with zonation, the domain 

for which values are interpolated would correspond to the group of zones 

shown in Figure 6.2, that is the domain shown in Figure 6.19. However, the 

domain shown in Figure 6.20 is more conducive to spatial interpolation, be

cause of the presence of small peripheral peninsulas shown in Figure 6.2. New 

transmissivity values assigned to point locations were assigned according to 

the same method used for assigning new transmissivity values to zones, that 

is, according to the distribution shown in Figure 6.3 with k set equal to five. To 

interpolate between points, the logarithm of the sampled transmissivity value 

at each sampling point was calculated. Then, transmissivity values at loca

tions other than the sampling points were calculated by linear interpolation of 

the log-transformed values of those transmissivities selected at each sampling 

point. Subsequent to interpolation, the interpolated values for the entire do

main shown in Figure 6.20 were then raised to the power that was the base of 

the original log transform.

Three sets of interpolated transmissivity field conceptualizations were com

parisons are undertaken:

1. a configuration in which the sampling locations are the borehole loca

tions for the forty five boreholes used in measuring goodness of fit of the 

model

2. a configuration in which the sampling locations are chosen according to 

a rationale outlined below

3. a configuration in which the sampling locations are identical with those 

in case 2, but seed values are based on field data
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There are two particular limitations with the simulations generated from 

configuration 1; one is that they are strongly dominated by boundary point 

values, and the second is that many points are redundant. This gives rise to a 

tendency to reduce the overall variability since the more sampling points there 

are in any given area, the more that the transmissivity for that area will tend 

to a value that is some sort of average of the seed values for those points. This 

is just simple probability; with one six-sided die, the probability of rolling a 

six is relatively high, but with one hundred dice the probability of rolling one 

hundred sixes is negligible. Therefore, as few sampling points are needed as 

are necessary to represent the hydrogeology.

Consequently, a sampling scheme was adopted that would fulfil a number 

of criteria. The first criterion is that sampling points need to be added in order 

to mitigate against the effect of constant boundary point values. This means 

that sampling points need to be added close to the boundary. A second is that 

points are needed to represent known hydrogeological features, which in this 

case is dry valleys. A third is that where there are observations the number 

of sampling points in these areas should be increased because the resolution 

in such areas is better. The fourth is that geographical coverage should be 

complete; that is, if after fulfilling the above conditions, there are still large ar

eas without sampling points, then some sampling points should be included. 

Following this rationale, the sampling points chosen are those shown in Fig

ure 6.21. For each configuration, example transmissivity fields generated are 

shown in Figures 6.22,6.23 and 6.24.

6.3.1 Results

For configurations 1 and 2, scatter plots for steady state simulations are shown 

in Figure 6.25. In both cases, there is a small range of RMSE45 associated with 

a relatively large range of steady state flows. In both cases, also, steady state 

flows are relatively low. Configurations 1 and 2 used different sampling points, 

but with seed values assigned in the same way, from the original seed value
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Figure 6.19: Boundary map of zones for which transmissivity values were 

changed
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Figure 6.20: Map of region within which transmissivity values were changed 

in points-based calibrations with seed values for transmissivity (m2 day^1) for 

Configuration 1
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Figure 6.21: Map of sampling points for configurations 2 and 3

Figure 6.22: Example map of transmissivity (m2 day field generated using 

configuration 1
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Figure 6.23: Example map of transmissivity (m2 day *) field generated using 

configuration 2

Figure 6.24: Example map of transmissivity (m2 day 1) field generated using 

configuration 3
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Figure 6.25: Scatter plot of steady state RMSE45 against steady state flow (A) 

using borehole locations as sampling points with no attempt to control for 

boundary effects (Configuration 1) (B) controlling for boundary effects (Con

figuration 2 )
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Figure 6.26: Seed transmissivity (m2 day *) values for Configuration 2
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Figure 6.28: Scatter plot of steady state RMSE45 against steady state flow where 

seed values are loosely based on the transmissivity model proposed by Owen 

and Robinson (1978) (Configuration 3)
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Run number

Figure 6.29: Distributions of amounts by which data-derived baseflow exceeds 

modelled baseflow for the Lamboum at Shaw for time-variant simulations 

based on Owen and Robinson (1978) conceptualization of transmissivity
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Figure 6.30: Amount by which observed heads exceed simulated heads for 

boreholes in Lambourn catchment for time-variant simulation (Runl214 and 

Runl219)
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Figure 6.31: Amount by which observed heads exceed simulated heads for 

boreholes in Lambourn catchment for time-variant simulation (Runl210 and 

Runl208)

181



Table 6.4: RMSE45 values and baseflows for twenty best steady state simula

tions for configuration 3

RMSE(m) Baseflow (megalitres per day)

4.52 135.2

4.52 132.3

4.53 120.3

4.55 141.6

4.58 130.3

4.60 124.2

4.60 115.9

4.63 131.0

4.65 126.6

4.65 122.5

4.67 126.3

4.67 124.7

4.67 118.2

4.68 119.2

4.68 123.2

4.69 125.2

4.69 130.3

4.71 121.7

4.71 129.6

4.71 112.0
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used in the zone based calibration. The fact that the two figures are similar 

demonstrates the sensitivity of the result to the seed values used. Configura

tions 1 and 2 are not considered further. For configuration 3, a scatter plot is 

shown in Figure 6.28, for which the best twenty simulations ranked according 

to RMSE value had RMSE values between 4.52 and 4.71 metres (Table 6.4) and 

baseflows between 112.0 and 141.6 megalitres per day.

As with the zonation approach, the best twenty simulations ranked accord

ing to RMSE45 were implemented on a time-variant basis, for which patterns 

of flow residuals are shown in Figure 6.29. For a selection of these twenty 

time-variant simulations, patterns for the head residuals are shown in Figure 

6.30 and Figure 6.31. In all four cases, the patterns exhibited are broadly the 

same, with modelled heads overpredicting observed around Prebendal Farm 

in the northwest of the Lamboum catchment and around Stancombe Farm in 

the northeast, and with modelled heads underpredicting observed heads in the 

far north of the Lambourn catchment around Kingston Hill Bam. This pattern 

was evident in all twenty time-variant simulations. The fact that the pattern 

of borehole head residuals is broadly the same for all realizations shown here 

suggests that the calibration mechanism is not very good; not enough variabil

ity is introduced. This will partly be a function of the number of sampling 

points, as stated before, with an increased number of sampling points reduc

ing the variability, and partly a function of seed values at each sampling point. 

However, using the justification for the choice of sampling points used above, 

it would be difficult to reduce the number of sampling points. Therefore, the 

calibration mechanism is not very effective in this context, unless seed values 

are also changed either manually or automatically as part of the calibration 

process, even though the conceptual model seems to be better than the zona

tion model. It is also worth noting that the pattern of head residuals for the 

six boreholes Blowing Stone Cottages, Kingston Hill Bam, Greendown Farm, 

Longacre, Stancombe Farm and Downs Stables is broadly the same, although 

in the interpolated transmissivity model realizations, modelled heads are gen

erally higher than is the case with the zonation model. The implication of this
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is that, whereas for Runl08 and Runl31, the pattern of residuals for those six 

boreholes is similar to the extent that one is tempted to increase the recharge 

input in order to increase modelled heads, the comparison with the interpo

lated conceptualization suggests that this conclusion would be premature and 

that there may be other reasons for the poor performance of the model in the 

northern part of the Lamboum catchment.

6.3.2 Sensitivity of changes in recharge

Those tests of sensitivity to recharge that were applied to the zonal transmissiv

ity configuration were also applied to configuration 3 of the interpolated trans

missivity field set. Figure 6.32 corresponds to Figure 6.16, which both show no 

changes to recharge, and Figure 6.33 corresponds to Figure 6.17, which both 

show the effect of doubling the steady state recharge input, but in recharge 

area 1 only. For the interpolated transmissivity field, medians of distributions 

of head differences are similar for both RMSEio and RMSE45 (Figure 6.32). 

However, doubling the recharge in recharge area 1 results in a deterioration 

of model performance (Figure 6.33).

6.4  D iscu ssio n

The original regional model used a zonation approach as its conceptualiza

tion of transmissivity for the purposes of calibration. Because modelled stream 

flows in the Lamboum in the original model underestimate data-derived stream- 

flows, an attempt has been made in this chapter to recalibrate the original 

model, but using only Lamboum boreholes within the objective function, but 

using a zonation approach. Separately, a random field or point-based transmis

sivity model was also used, partly to see whether that approach is more appro

priate and partly as a counterexample to ensure that any conclusions drawn 

are not dependent on the conceptualization used. An attempt was made also 

to address the question as to whether flows in the Lamboum are low because
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Figure 6.32: Distribution of amounts by which mean observed heads exceed 

steady state heads for best steady state simulations ranked by two separately 

calculated measures of RMSE. Grey boxplots are distributions where ranking 

is by RMSE45. Black boxplots are distributions where ranking is by RMSEiq-

Figure 6.33: Distribution of amounts by which mean observed heads exceed 

steady state heads for best steady state simulations ranked by two separately 

calculated measures of RMSE. Grey boxplots are distributions where ranking 

is by RMSE45. Black boxplots are distributions where ranking is by RMSEio-
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Figure 6.34: Amount by which data-derived baseflow exceeds modelled base- 

flow for the month of September

Figure 6.35: Amount by which data-derived baseflow exceeds modelled base- 

flow for the month of March
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of low recharge, rather than because of incorrectly specified transmissivity.

Goodness of fit was measured for head through the use of RMSE for 45 

boreholes (RMSE45) in or around the Lamboum catchment. The use of the 

RMSE45 should result in a tendency to select those simulations where the fit on 

interfluve boreholes is best, since by minimizing the squared error, RMSE45 de

selects those simulations where the difference between modelled steady state 

head and observed mean time-variant head is large. It might be questioned 

whether RMSE45 is the best measure of fit. However, the implication of that 

question would be that there might be some other measure of fit which would 

result in better model selection. This means that, given the same set of steady 

state simulations, if some other measure of fit were more appropriate, then 

that measure of fit would have resulted in the selection of a better subset of 

those simulations. Nevertheless, in those time-variant simulations presented 

above, it is still the interfluve boreholes that show the largest arithmetic differ

ences from the observed values. That is, even though RMSE45 preferentially 

deselects simulations which perform poorly in the interfluves, still it is the in

terfluve boreholes that demonstrate the poorest performance.

For the zonation approach, two time-variant simulations were singled out 

for comparison, Runl31 and Runl08, with mean modelled baseflows at Shaw 

of 113.1 and 144.5 megalitres per day respectively and steady state RMSE4 5  

values of 4.89m and 5.77m respectively. From the steady state simulations, for 

the standard flow group, that is those twenty steady state simulations with 

the lowest steady state RMSE4 5  values, RMSE4 5  values ranged between 4.75m 

and 5.08m, whereas for the high flow group, RMSE4 5  values ranged between 

5.19m and 5.91m. Both mean and median of each group differed by just over 

0.6m. This might suggest that the modelled recharge input is lower than the 

field recharge, since the best fitting configurations according to RMSE are as

sociated with lower flows; improving the model fit in terms of stream flows re

quires a worsening of fit in terms of heads. More than this, residual head com

parisons (Figures 6 . 8  and 6.9) both highlight poor performance of the model 

in the north of the catchment, where the model underestimates piezometric
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head. This is further reason to believe that the modelled recharge input is too 

low; if recharge were increased in the northern part of the Lamboum using 

the aquifer parameters of Runl31, then both heads and flows would improve. 

The comparison of RMSE4 5  and RMSE1 0  for steady state simulations using the 

zonation approach also led one to the conclusion that recharge is underesti

mated in particular parts of the catchment; blanket increases in recharge for the 

entire catchment by an amount that is sufficient to satisfy model fit in terms of 

stream flows were not sufficient to eliminate the disparity between head differ

ence distributions based on RMSE4 5  and those based on RMSE1 0  (Figure 6.17). 

All these together would apparently strongly suggest firstly that recharge to 

the Lambourn catchment is underestimated and secondly that any adjustment 

of recharge input made would need to be spatially specific.

Conversely, however, when a different conceptualization of the Lambourn 

is used, in this case that broadly based on Owen and Robinson (1978), it is 

found that for the five boreholes Angeldown Farm to Upper Farm, the model 

either reasonably reproduces the median head or overpredicts (Figure 6.30). 

The best steady state simulation ranked by RMSE4 5  (Table 6.4) is associated 

with a steady state baseflow of 135.2 megalitres per day; there is less conflict 

between model fit in terms of head and model fit in terms of flow in that there is 

less of an incentive to filter simulations according to flow, as is the case with the 

zonation approach. Lastly, when the set of steady state simulations based on 

the Owen and Robinson conceptualization are analysed according to RMSE4 5  

and RMSE1 0 , there is no clear difference between the medians of the head dif

ference distributions for the base recharge case (Figure 6.32) and when steady 

state recharge is doubled in recharge area 1 , the model performance deterio

rates significantly when comparing medians of head difference distributions 

(Figure 6.33). Therefore, all three lines of reasoning that might lead one to 

believe that recharge is underestimated given a zone-based conceptualization 

are unequivocally quashed if a different conceptualization is used. If a conclu

sion that recharge is underestimated is to be robust, then either the evidence 

must be independent of aquifer conceptualization used or at least one must
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have confidence in the conceptualization. The conclusion is that, although the 

recharge may be incorrect, head discrepancies between model output and field 

data cannot be used as evidence that it is incorrect; a line of reasoning that the 

recharge is incorrect based on groundwater heads is flawed.

With regard to which conceptualization of the Lamboum is more appropri

ate or more accurate, a comparison of streamflow hydrographs are shown for 

low flows (Figure 6.34) and high flows (Figure 6.35). With particular regard 

to low flows, there is no clear difference between Runl208 and Runl08, which 

suggests that the failure of the model to reproduce the buffering of stream flow 

' seen in the real system lies elsewhere, possibly in the specification of specific 

yield or in the specification of recharge or in the partitioning of transmissivity 

between layers. However, given that both the minimum steady state RMSE 

value is lower than that for the zonation approach and stream baseflows tend 

to be higher, it seems reasonable to believe that the Owen and Robinson con

ceptualization is better. The transmissivity map is more aesthetically appealing 

and the idea that the Lamboum catchment, with the exception of the Palaeo

gene in the south east of the catchment, is hydrogeologically divided into 

identifiable zones with clear boundaries between zones in what is open Chalk 

grassland seems to be unrealistic. Moreover, high modelled stream flows using 

the zonation approach were only achieved by implementing unrealistic trans

missivities in certain parts of the catchment. An objection could be made that 

because the RMSE biases against extreme values as a result of squaring the 

residuals, Runl219 shows a better fit according to minimum RMSE only be

cause poorly fitting borehole hydrographs are more balanced in terms of the 

distribution around zero head difference (Figure 6.30) than is the case, for ex

ample, for Runl31 (Figure 6.8). Therefore, it is possible that the fit is better not 

because the conceptualization is better, but it is better just by chance. In other 

words, the choice of conceptualization depends on subjective judgement, and 

this is probably inevitable.

An additional caveat needs to be made about the efficacy of the calibration 

mechanism. For the points-based transmissivity approach for configurations 1
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and 2, scatter plots for steady state simulations are shown in Figure 6.25. For 

these two sets of simulations, for each sampling point the seed value was set 

equal to the seed value assigned to the zone within the zonation approach in 

which that sampling point is located. Therefore, for configurations 1 and 2 

the seed values are the same as those used in the zonation approach. For con

figurations 1 and 2, the sampling point locations differ, but the rationale for 

determination of seed values is the same. For configurations 2 and 3, the sam

pling point locations are the same, but the rationale for determination of seed 

values differs, in that the rationale for configuration 3 is broadly based on the 

transmissivity conceptualization outlined by Owen and Robinson (1978). The 

fact that the scatter plots in Figure 6.25 show similar properties to one another, 

but configuration 2 (Figure 6.25, panel (B)) differs considerably from Figure 

6.28 suggests that it is the seed values, rather than the location of the sampling 

points, which exert the stronger control on the results. Even though the sam

pling locations in configuration 2 are the same as those in configuration 3, the 

calibration mechanism fails to find the set of transmissivities found in configu

ration 3. This leads to the conclusion that the calibration mechanism is flawed, 

since there is no means within the mechanism to change the seed values, even 

though the choice of seed values is fundamental. A better mechanism might be 

to generate a set of n steady state simulations, then from that set take the trans

missivity values associated with the steady state simulation with the lowest 

RMSE value and use those transmissivity values as new seed values for a new 

set of n steady state simulations. This process would be repeated some num

ber of times, possibly until some criterion of acceptability was reached or until 

there was no substantive difference between successive sets of simulations.

The final point to note is that all scatter plots of RMSE45 against steady state 

baseflow have relatively flat bases; a large range of flows is associated with a 

small range of RMSE45 values. The RMSE calculation based on a comparison 

of simulated and observed heads is not a good measure of fit or rather is a 

partial measure of fit. A contention is made here that the reason for this arises 

from the hydrogeology. Firstly, there is no clear divide between the Lamboum
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groundwater catchment and the regional groundwater system; the Lamboum 

groundwater system is not at all an isolated system. Secondly, Chalk catch

ments which are permeable tend to be associated with low hydraulic gradients. 

Therefore, when calibrating, small changes in head at any particular location 

that arise as a result of adjustments to transmissivity can give rise to large 

changes in the catchment area. This is illustrated schematically in Figure 6.36. 

During the calibration process, because transmissivities are being changed, for 

a steep water table, for any given change in head, x> the position of the ground- 

water divide moves only a small amount AB. However, for a relatively flat wa

ter table such as those often found in Chalk catchments, for the same change Xt 

the position of the groundwater divide moves much further by a distance CD. 

The position of the groundwater divide is very sensitive to small changes in 

X. If the calibration mechanism seeks to minimize the difference between sim

ulated and observed heads, because the system being examined is one with 

mobile groundwater divides and a flat water table, such a calibration mecha

nism will necessarily result in a small range in acceptable RMSE values that is 

associated with a wide range of flows, because small changes in the goodness 

of fit criteria will result in large changes in the groundwater catchment area 

and therefore the flow in the river. Therefore, the dotty plots such as those 

shown in Figures 6.5, 6.25 and 6.28 will always have a flat base. This prob

lem is particular to groundwater catchments where the groundwater divide is 

mobile and where the water table is flat.

6.5  S u m m ary

This chapter sought to examine the reasons for the underprediction of stream- 

flow in the river Lamboum in the original regional model and to improve upon 

the original model configuration. Broadly, for transmissivity, two conceptu

alizations were considered, one that was zone-based in accordance with the 

original model with transmissivity assigned by zones and a second that was 

point-based with transmissivity assigned to points, and transmissivity else-

191



A B

Figure 6.36: Schematic illustration of effect of water table slope on position of 

groundwater divide during calibration
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where assigned by interpolation between points. Whereas for the original re

gional model, all boreholes in the entire model domain were used in the cal

culation of the objective function, in the recalibration discussed in this chapter, 

only boreholes within the Lambourn catchment were used.

Using a zonation approach, the recalibration did not produce results (Runl31) 

much dissimilar to the original model configuration (Run5). Only by impos

ing an additional restriction on flow output could modelled flows be improved 

(Runl08). However, in order to achieve this, some apparently unrealistic trans

missivity values needed to be implemented. This led to the idea that recharge 

values were underestimated, and this conclusion seemed to be confirmed by 

sensitivity of head differences to local changes in recharge.

However, when the point-based transmissivity model was introduced, both 

flows and heads were improved (Runl219), without the need for adjustments 

to recharge. This demonstrated that inferences about recharge need to be care

fully justified, and are dependent on the conceptual model used, as well as the 

calibration mechanism.

Overall, in terms of suitability for the river Lambourn, the point-based 

transmissivity conceptualization was judged to be better, although even in this 

case, it is still based on subjective judgement.
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Chapter 7

Assessment of steady state 

modelling

7.1 In tro d u ction

It is common practice as part of the calibration process in groundwater mod

elling to calibrate groundwater models in steady state mode (e.g. He et al., 

2008; Jones et a l, 2008; Hojberg and Refsgaard, 2005; D'Agnese et a l,  1999; 

Toews and Allen, 2009). Steady state simulations may be undertaken either to 

provide initial conditions for transient simulations or to run transient simula

tions without adjustment of steady-state derived aquifer parameters or as end 

product models in their own right, such as in the assessment of the effects of 

climate change on water resources (e.g. Woldeamlak et a l, 2007) and for par

ticle tracking to map the groundwater flow system (e.g. Vissers and van der 

Perk, 2008). Runtimes for transient simulations are high and may require simu

lation run -times two or three orders of magnitude greater than those required 

by steady state simulations. Additionally, parameterization for transient mod

els is more complex than for steady state models. Together, these provide a 

motivation for undertaking steady state simulations. Equally, however, there 

are a number of drawbacks with steady state simulations, including the inabil

ity to incorporate parameters related to storage, and an implicit assumption
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that groundwater divides are fixed in time. Therefore, there is a question as to 

what extent steady state simulations may be useful as precursors to or proxies 

for transient models, particularly in those Chalk regional groundwater sys

tems which are characterized by large seasonal variation in the elevation of the 

water table.

Sonnenborg et al. (2003) assessed the possibility of using automated steady 

state calibration procedures to justify parameters used in transient distributed 

hydrological models. Particularly, they examined the effect of different con

ceptualizations of the steady state systems on the resulting parameterization 

used in the transient simulations and concluded that steady state simulations 

were a useful tool in the calibration process. In their work, they compared 

both simulated steady state output and simulated time-variant output with 

field data and acknowledged that '...the problem is analyzed for a real catch

ment, where errors in data, conceptualization and modelling may affect the 

relationship between the steady-state and the transient model' (ibid., p.190). 

Therefore, it would be useful to undertake a comparison between steady state 

and time-variant simulations using a synthetic test case, which is the approach 

used here. Three comparisons are undertaken:

• a comparison of the one layer regional model non in steady state mode 

with the three layer regional model run in time-variant mode

• a comparison of a performance measure of the three layer time-variant 

model using different transmissivity configurations with the correspond

ing performance measure of the steady state model using a test case 

model

• a comparison of a performance measure of the three layer time-variant 

model using different transmissivity configurations with the correspond

ing performance measure of the steady state model using field data

The first test examines whether steady state simulations are useful indica

tors of time-variant simulations by ascertaining whether the relationship be
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tween the single value steady state head at any model node is a useful in

dicator of a single value representative head at that same node for the time- 

variant simulation. This is the fundamental test since the use of a steady state 

model to determine aquifer parameters for a transient model is carried out by 

comparing steady state heads with a representative value of head obtained 

from borehole hydrograph time series. This representative value may be the 

mean or median or any single measure that can be considered representative 

of the borehole hydrograph for that node. In other words, the test seeks to 

examine whether there is a good correlation between steady state head and a 

central measure of time-variant head. The second test compares time-variant 

and steady state realizations against already existing model output (Run24), 

a description of which is summarized in Figure 7.1 and baseflow hydrograph 

is shown in Figure 7.2 for which median and mean baseflows are 88.7 (1.03 

m3s-1) and 111.5 (1.29 m3s-1) megalitres per day respectively. Run24 uses 

the same recharge configuration as those time-variant simulations presented 

in the results below. The time-variant simulations in the results below differ 

only in their specifications of hydraulic conductivity, both horizontal and ver

tical. More than this, the zonation (Figure 7.3) is common for Run24 and all the 

simulations discussed below.

7.2  M eth o d o lo g y

The set of paired steady state and time-variant simulations were generated us

ing the zones described in the previous chapter. For ease of reference, the figure 

is reproduced here (Figure 7.3). It would also have been possible to generate 

the set of paired steady state and time-variant simulations using the points- 

based transmissivity approach, and given the conclusion in the previous chap

ter that this conceptualization was preferable, perhaps this framework would 

have been preferable. However, the comparison of conceptualizations pre

sented in the previous chapter was carried out after the work presented in 

this chapter. Therefore, the zonation approach was used for the comparison
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Figure 7.1: Distribution of heads for boreholes for a calibrated Chalk model
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Figure 7.2: Modelled baseflow hydrograph at Shaw for Run24
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Figure 7.4: Map of model nodes and borehole observation points

between steady state and time-variant simulations.

For each steady state simulation, the transmissivity of each zone is var

ied within pre-set limits, as described in the previous chapter, to give a single 

steady state head value for each of the boreholes shown in Figure 7.4. Although 

the comparisons do not involve field data, for ease of reference, boreholes will 

be referred to using their field names. On this basis, 5000 time-variant model 

configurations were created. Other model parameters were unchanged from 

the original setup described in chapter 5. As before, where steady state simu

lations resulted in a negative steady state head, that simulation was discarded. 

These 5000 model configurations were then run on a time-variant basis. Again, 

output was filtered so that for any one borehole at any one time step, if the out

put head was negative then that data point was discarded.

In comparing the 5000 steady state and corresponding time-variant simu

lations with the test case, both heads and flows are used. For heads, goodness 

of fit is quantified using root mean square error (RMSE) defined as:

RMSE = U  (*i,i ~  x 2 ,iï
n

where Xi/( and x2// are corresponding data points, each from one data set, and
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n is the number of pairs. For the time-variant comparison, each pair of data 

points, x^i and X2 is taken, for any particular borehole, at one point in the 

borehole hydrograph time series, with one of the pair taken from the time- 

variant simulation in question and the other from the test case time series 

(Run24). Each borehole hydrograph is a time series consisting of 1581 data 

points. Given that there are 45 boreholes, the time-variant RMSE value is calcu

lated using 71145 pairs of values. Therefore RMSE for time-variant simulations 

is

responding head value for the test case, k is the number of data points in the 

borehole hydrograph time series and n is the number of boreholes. For the 

steady state simulations, the RMSE is defined as:

where xss,i is the steady state head for borehole i and x is a central tendency 

measure of head for borehole i obtained from the test case. Given that there 

are 45 boreholes, the steady state RMSE value is calculated using 45 pairs of 

values.

7.3 R esu lts

7.3.1 Results: comparison of one layer steady state with three 

layer time-variant simulations

Following the above method, the results are presented in Figures 7.5 through 

7.8. Note that these figures do not bear any relation to the test case simula

tion; they show for each member of the paired set of steady state and time- 

variant simulations how the steady state head and mean time-variant head

where *?'/" is the simulated head for borehole i at time step j, x f?  is the cor-
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are related. Because the calculation of RMSE for any one steady state simu

lation uses as its value for comparison a measure of central tendency from a 

borehole hydrograph time series, be that mean or median or geometric mean 

or any other single valued reasonable measure, there is an implicit assump

tion that the steady state head for any particular borehole correlates with the 

mean or median time-variant head for that borehole. The question is whether 

this is the case. Therefore, the results depict the relationship between any one 

steady state simulation and its corresponding time-variant simulation. Gen

eral observations are as follows. The relationship between steady state head 

and time-variant head is linear with positive gradient in most cases. Signif

icant exceptions are Longacre, where there seems to be a point of inflection 

in the centre of the distribution, and those boreholes that are close to a river 

node (e.g. Henley Farm, Northfield Farm (Figure 7.7)). It is a general rule 

that the range of values associated with steady state heads for any one bore

hole is greater than the range of values of mean time-variant head. This can 

be seen clearly for example with Prebendal Farm (Figure 7.5), where the range 

of steady state head values is from 120 to 190mAOD, but that for the mean 

time-variant head is from 130 to 155mAOD. For Prebendal Farm, using steady 

state head as a predictor of mean time-variant head, lower values of mean 

time-variant head are under-predicted and higher values are over-predicted. 

However, there is no general pattern in this regard; for example, steady state 

head for Blowing Stone Cottage is an underpredictor for mean time-variant 

head. Occasionally, steady state head is a very good predictor of mean time- 

variant head, as for those boreholes between the Lamboum and the Kennet 

(Membury House, Inholmes (Figure 7.5) and Garden House, Oakhanger Park, 

Orpenham Farm (Figure 7.8)).

However, the most striking and most significant aspect of the figures is the 

existence of two populations (sometimes three populations, for example in the 

case of Woolley (Figure 7.6)) in many of the boreholes, particularly evident in, 

for example, Long Lane (Figure 7.7), with one population where steady state 

head is a very good predictor of mean time-variant head, and a second where
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steady state head over predicts mean time-variant head. There are two ques

tions that spring from this result. Since the focus of interest is partly on the 

usefulness of steady state simulations as guides to time-variant simulations, 

the first question is whether, if the paired set of steady state and time-variant 

simulations is restricted to those where steady state simulations have the low

est RMSE, the resultant plots show a more predictable relationship. The results 

for this comparison are shown in Figure 7.9 and show that restricting the size 

of the paired data set does not act as a filter to separate the two populations. 

Therefore, a steady state simulation with a low value of RMSE is no guaran

tee of a good time-variant simulation. The second question is whether the 

two populations are common across all boreholes or whether each borehole is 

unique. To realize this comparison, it is necessary to take one borehole and 

filter out that group of simulations where the match between steady state head 

and mean time-variant heads is poor, and apply that filter to all boreholes. 

Taking Long Lane as the blueprint borehole and filtering that set of simula

tions which lie below the line of unit slope and zero intercept, it can be seen 

that there is no common population (Figure 7.10) ; although Long Lane has 

a single linear relationship between steady state and mean time-variant head, 

the existence of two populations is clear for East Leaze Farm, Baydon Hole and 

Brightwalton Common.

For river flows, the results are presented in Figure 7.11 which shows the 

relationship between mean time-variant baseflow and steady state baseflow 

and median time-variant baseflow and steady state baseflow. At low flows, 

steady state flow tends to be an underpredictor of mean time-variant baseflow 

and at high flows tends to overpredict mean time-variant baseflow, although 

the relationship is close to linear with unit slope and zero intercept. Steady 

state baseflow almost always exceeds median time-variant baseflow. This is 

to be expected, as the distribution of flows for any given hydrograph will be 

right-skewed as a result of a lower flow limit of zero, with a long tail to the 

right as a result of high flows from extreme events.

20 2



Steady state head 
(metres)

Steady state head 
(metres)

Steady state head 
(metres)

Figure 7.5: T im e-variant m ean p iezom etric heads p lotted against correspond

ing steady state head
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Figure 7.6: T im e-variant m ean piezom etric heads plotted  against correspond

ing steady state head

204



c  tu 
.2 t

<u
E1=

EP

Peasemore

95 100 105 110 115 120

Steady state head 
(metres)

Steady state head 
(metres)

Steady state head 
(metres)
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Figure 7.8: Time-variant mean piezometric heads plotted against correspond

ing steady state head
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Figure 7.10: Time-variant mean piezometric heads plotted against correspond

ing steady state head restricted to those simulations where one borehole (Long 

Lane) shows a good fit between steady state head and mean time-variant head
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Figure 7.11: Time-variant mean and median baseflow against corresponding 

steady state baseflow

7.3.2 Results: measures of goodness of fit

Given the results above, one is lead to the issue of how the existence of two 

populations impinges on goodness of fit criteria and on time-variant model 

selection based on steady state simulations. To address these two questions, 

RMSE values for both time-variant and steady state simulations are calculated 

according to the procedure outlined in the methodology above. Figure 7.12 

shows a plot of the relationship between RMSE values for time-variant sim

ulations (RMSEtv) and RMSE values for steady state simulations (RMSEgg), 

where RMSE is calculated by comparison with the test case. Figure 7.13 shows 

the same set of simulations with RMSE values calculated using the same ref

erence data set, namely Run24, but additionally shows baseflow data. General 

observations are as follows. The range of RMSE values for steady state sim

ulations is broader than that for TV simulations, as would be expected from 

inspection of Figures 7.5 through 7.8. There is a weak relationship (R2 = 0.53) 

that appears to be linear between increasing RMSEss and increasing RM SEjy. 

The twenty best performing steady state simulations have RMSE values be

tween 2.12 and 2.64 metres and the twenty best performing time-variant sim
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ulations have RMSE values between 1.26 and 1.71 metres; to some extent this 

is noteworthy given that each RMSEjy is calculated using 71145 pairs of val

ues, which in itself would act to increase variability. However, this effect is 

more than offset by the time-variant regime and the implementation of layer

ing that is identical with test case layering. For the time-variant simulations, 

the two best simulations have RMSE values of 1.26 and 1.37 metres and as

sociated baseflows of 129 and 110 megalitres per day, where of those two the 

second is much closer to the test case in terms of baseflow, with the implica

tion that the best measure according to RMSE is not necessarily the best fitting 

model. For those twenty TV simulations that correspond to the best SS simu

lations, the range of RMSE values is between 1.26 and 4.41 metres, with three 

of those twenty also being members of the set of the twenty best TV simu

lations. Two illustrative simulations, one good and one less good with each 

representing one point in Figure 7.12 are shown in Figure 7.14, for which the 

pair (RMSEss, RMSEj-y) has values (1.37m, 4.21m), and Figure 7.15, for which 

the pair (RMSEss, RMSEjy) has values (20.47m, 3.93m). In both cases, there 

is a tendency for the steady state head value to exceed the mean head value 

from the test case and for the steady state head value to exceed its correspond

ing mean time-variant head value. This is what would be expected from the 

results shown in Figures 7.5 through 7.8.

Given that the purpose of a steady state simulation in this context is to act 

as a precursor to a time-variant simulation by providing information about 

transmissivity, and given that the steady state simulations are ranked accord

ing to their performance and those which perform best are selected to act as 

precursors to time-variant simulations, this leads to consideration of what ef

fect this has on the chances of choosing the best time-variant simulation. The 

ranking is shown in Figure 7.16. There is a relationship between the ranking 

of steady state simulations and the ranking of time-variant simulations, since 

the best fifty steady state simulations are associated with the best 2500 or so 

time-variant simulations, but this is a very weak relationship.

Figure 7.17 shows RMSE values for steady state simulations where steady
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state head values for each borehole are compared with the corresponding mean 

head value for that borehole using Run24. For the steady state simulations and 

for Run24, the zonation is identical. It might be expected therefore that a plot 

of RMSE against transmissivity for each steady state simulation for each zone, 

would identify the transmissivity value upon which hydraulic conductivity for 

Run24 values are based. This does not turn out to be the case; for all zones, the 

pattern is as it is for zones 8 and 26 . Of all the zones, only the transmissivity 

values for zones 19 and 32 are identifiable.

7.3.3 Results: comparison with field data

Rather than using a test case simulation in order to calculate RMSE values, 

RMSE values can be calculated using field data as the reference data. For 

RMSEss, the calculation corresponds directly with the calculation for the test 

case. For field data, however, borehole hydrographs differ in the number of 

data points that each hydrograph contains. For the Lamboum, the number of 

data points for each borehole ranges from 59 for Lattin Down to 1467 for Bay- 

don Hole. To calculate a single value RMSE for a time-variant simulation using 

field hydrographs requires some form of weighting. If no weighting were used 

then, using a two borehole case as an example, the RMSE might have the fol

lowing form:

where xSjtm and xobs are the simulated and observed heads for borehole 1 at 

timestep / and ys™ and y°^s are the simulated and observed heads for borehole 

2 at at timestep k. The difficulty with equation (1) is that if Ylj T,k, then 

equation (1) is approximated by:
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so that borehole 2 has negligible effect on the assessment of model fit. There

fore, the weighting carried out was of the following form:

RMSE =
E (*f -  s)2+ (g i)E (yf-yf8)2

N £; + g.E*
which equals:

RMSE =
\

E (*f ” -  8)2+ (g£) E (yT -  y? 8)2 
2 E ;

for the two borehole case. The drawback with this approach is that it assumes, 

particularly for the borehole with the smaller number of observations, that 

those observations are representative of the entire borehole hydrograph, as 

each [y|'m,y ^ s] is included times. But this was considered preferable to the 

use of equation (1). Specific details by which the weighting was implemented 

are as follows.

For each borehole, divide the number of data points into 1467, that is the 

largest number of data points in any of the time series, and take the integral 

part of the result. Replicate the time series by that integral part. Take the 

product of that integral part and the original number of data points to give a 

number less than or equal to 1467, which is then subtracted from 1467 to give 

a number n. Sample n data points from the original borehole hydrograph and 

append that to the replicated time series, to give an adjusted time series for 

that borehole, the length of which will be 1467. All hydrographs thus end up 

with the same number of data points. As an example, for Lattin Down, 1467 is 

divided by 59 to give 24.86, the integral part of which is 24. The hydrograph 

time series for Lattin Down is then replicated 24 times to give 1416 data points. 

1467 minus 1416 is 51, so 51 data points are sampled with replacement from the 

original Lattin Down hydrograph, and appended to the replicated time series 

of 1416 points to give a time series of 1467 points.
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Table 7.1: RMSE values and baseflows for twenty best time-variant simulations 

with field data as reference___________________ __________
RMSE(m) Baseflow (megalitres per day)

5.43 121.7

5.37 120.0

5.40 127.9

5.45 101.8

5.44 111.6

5.44 113.4

5.42 116.0

5.34 112.5

5.43 123.0

5.45 118.6

5.44 106.5

5.34 124.1

5.44 134.6

5.33 125.4

5.43 120.7

5.43 108.2

5.43 114.9
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Figure 7.12: Scatter plot of steady state generated RMSE and corresponding 

time-variant derived RMSE using Run24 as reference
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Figure 7.13: Scatter plot of time-variant and steady state RMSE values against 

time-variant and steady state baseflows using Run24 as reference
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Figure 7.14: Head differences between test case (Run24) and 'good' simulation 

(Run024004346a). Light grey crosses indicate the amount by which the mean 

head from Run24 for each borehole exceeds the steady state head value from 

the 'good' simulation. Boxplots are the distribution of the amounts by which 

time-variant heads (Run24) exceed time-variant heads for 'good' simulation.
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Figure 7.15: Head differences between test case (Run24) and 'poor' simulation 

(Run024003908a). Light grey crosses indicate the amount by which the mean 

head from Run24 for each borehole exceeds the steady state head value from 

the 'poor' simulation. Boxplots are the distribution of the amounts by which 

time-variant heads (Run24) exceed time-variant heads for 'poor' simulation.
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Figure 7.16: Fifty best steady state simulations ranked according to RMSE and 

the rank of the RMSE values for the corresponding time-variant simulation
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Figure 7.17: Steady state RMSE value against zonal transmissivity value for 

46494 steady state simulations with Run24 as a reference

7.4 Discussion

Before the discussion, a short overview of the process is presented. A rela

tively large number of one layer steady state simulations which differed from 

one another only in the configuration of transmissivity were run to produce 

steady state head values at selected model nodes and steady state flow at the 

node designated as catchment outlet. Each of these steady state simulations 

was then transformed into an equivalent three layer time-variant simulation by 

partitioning the transmissivity assigned in the steady state simulation between 

the three layers of the time-variant model. Because the time-variant model has 

three layers, each of which has a specified thickness at each node, the parti

tioning of transmissivity entails assigning values for hydraulic conductivity at 

each node for each layer. By this method, a number of time-variant simula

tions equal to the number of steady state simulations was generated, which set 

of time-variant simulations differed from one another only in their configura

tion of hydraulic conductivity. In this way, a set of 5000 paired simulations was
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time-variant derived RMSE using field data
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created. For each paired simulation, the steady state heads at selected model 

nodes were compared with the mean time-variant head at the same model 

nodes to examine the pattern of the relationship between steady state head 

and mean time-variant head. This was the first part of the comparison. Addi

tionally, measures of goodness of fit, in this case RMSE, can be calculated for 

each pair of simulations, one RMSE value for the steady state and a second for 

the time-variant. These values of RMSE were calculated both by comparison 

with a test case simulation and also by comparison with field data. It could be 

argued that the comparison between steady state and time-variant simulations 

should be between a suite of simulations running the three layer model in time- 

variant mode and the same suite, run in steady state mode, thus controlling for 

possible effects of the introduction of layering into the model. This is true, and 

ideally this comparison would also be made. However, the comparison be

tween one layer steady state and three layer time-variant is also valid, because 

the three layer steady model is slow running; the only benefit of running the 

model in steady state mode is that steady state simulations are fast, so there

fore there is no benefit in running the model in three layer steady state mode, 

except as a means of comparison with time-variant simulations. The purpose 

of running the model in one layer steady state mode is to generate, by inverse 

modelling, those configurations of transmissivity which best fit the data. The 

discussion that follows is split into three parts, the nature of the relationship 

between steady state heads and representative time-variant head, the use of 

steady state models to provide selection criteria for time-variant models and 

thirdly the implications of comparisons with a test case scenario as opposed to 

comparison with field data.

With regard to the nature of the relationship between steady state heads 

and representative time-variant heads, an aim of the above study was to ascer

tain whether steady state head was better correlated with measures other than 

the mean time-variant head, for example median time-variant head, than with 

than the mean time-variant head itself, for boreholes in particular hydrogeo

logical contexts. For example, for a borehole located near a stream, it is possi
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ble that the maximum head value will be constrained by the nearby presence 

of the stream, and therefore possibly the steady state head might not be well 

correlated with the mean time-variant head. It turns out that a much more 

significant issue is the appearance of two populations for any given model 

node, at least in the case presented here. This relationship, which seems to be 

chaotic in that it jumps between two regimes, may not hold in all calibration 

schemes and therefore it is of interest as to whether other calibration set-ups 

would result in the same behaviour. Specifically, because the conceptualiza

tion of aquifer transmissivity used in this chapter is zone-based, there will be 

discontinuities in transmissivity values at the boundaries between zones; it is 

possible that were a points-based transmissivity model to be used, as used in 

the previous chapter, the smoothness of the transmissivity field might mitigate 

those instances where steady state head overpredicts mean time-variant head. 

In fact, a comparison of Figure 6.5 (p.160) and Figure 6.28 (p.178) in chapter 6 

suggests this might be the case, since the range of steady state RMSE values 

associated with configuration 3 (Figure 6.28) is considerably smaller than that 

associated with the zone-based configuration (Figure 6.5). This is tentative, as 

the number of simulations on which Figure 6.5 is based is about five times the 

number of simulations on which Figure 6.28 is based. Nevertheless, it would 

be worth investigating further, as it does seem to be the case that the points- 

based transmissivity approach mitigates against the extremes.

The switching point between the two regimes is not well-defined, and can 

happen over a range of head values. This is similar to other types of switching 

point behaviour, for example the eutrophication of freshwater systems, where 

the discrete switch from non-eutrophic to eutrophic is associated with a con

tinuous range of phosphorous concentrations (e.g. Moss et ah, 1997). Although 

the switching point is not well-defined, nevertheless it occurs at higher steady 

state values. In other words, where the regime shows a poor fit between steady 

state head and mean time-variant head, it is because the steady state value for 

head is overpredicting the mean time-variant value for head. A possible reason 

for this is as follows. Because the model is set up to represent a Chalk system,
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which includes consideration of the fact that transmissivity decreases with in

creasing depth below the surface, as the water table rises, the top of the water 

table intersects with layers that are higher in transmissivity. Consequently, lat

eral flow increases and this limits the extent to which the water table can rise in 

a time-variant simulation. In the steady state setup, this layering of transmis

sivity is not present. It seems likely that the switching behaviour itself is also a 

result of the layering, since the layering acts as a switch; at the point where the 

simulated water rises above the base of a layer, a switch has taken place from 

one regime to another, from a layer of lower transmissivity to one of higher 

transmissivity. This could be tested, for example, by changing the layering so 

that the base of the top layer was colocated with the minimum head recorded 

at that node. If, then, steady state simulations were better correlated with time- 

variant simulations without any evidence of switching, then it would suggest 

that the layering was the cause of the switching. The fact that three populations 

are evident for Woolley (Figure 7.6) also suggests that the layering causes the 

switching, as a switch occurs as each of the three layers is activated. If this is 

the case, then an implication would be that layering should be constructed so 

that the base of the top layer was colocated with the minimum head recorded 

at that node. To some extent, this defeats the purpose of layering, which is to 

introduce transmissivity that varies with depth; if the piezometric head at any 

particular node is always greater than the elevation of the base of the top layer, 

then this reduces the effect of fluctuation of the water table on transmissivity 

and this is one characteristic that a Chalk groundwater model should be aim

ing to reproduce. Nevertheless, the test regarding the effect of layering on the 

manifestation of switching is still valid in principle.

With regard to whether steady state models can act as reasonable guides to 

time-variant simulations, the answer is equivocal. The fundamental question 

is whether the best steady state simulation selects the best time-variant simu

lation and the answer is that it does not (Figure 7.16). On the other hand, there 

is a correlation between RMSEss and RMSEjv  (Figure 7.12), although the cor

relation is not especially strong (R2 = 0.53). Again, however, the relationship
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between time-variant mean baseflow and the corresponding steady state base- 

flow (Figure 7.11) is good and, given that recharge inputs are not changed be

tween simulations, this can only be because of the way flows are redistributed 

within the model. Because the way flows are distributed within the model de

pends upon transmissivities, in some way the set of steady state simulations 

mirrors the set of time-variant simulations in the configuration of transmissiv

ity, even though heads at any particular location may not be well-correlated. 

The question becomes what is the probability of failing to pick the best time- 

variant simulation, having picked the best steady state simulation. Phrased 

alternatively, if one wants to pick the best time-variant simulation with a prob

ability of, for example, 0.95, how many of the best steady state simulations 

need to be run in time-variant mode to satisfy this condition? The calibration 

methodology becomes probabilistic. It is important to bear in mind that run

times for steady state simulations are three or four orders of magnitude lower 

than those for time-variant simulations, so it is not necessarily the case that 

steady state simulations have no merit.

Arguably most pertinent of the results, however, are the implications of 

comparisons with a test case scenario as opposed to comparison with field 

data. Because the steady state and time-variant simulations were compared 

with a test case for which zonation was identical, recharge was identical, lay

ering was identical, storage coefficients identical, the process described above 

is the act of calibrating a conceptual model which is perfect. The fact that the 

best time-variant RMSE value is 1.26m (Figure 7.12) therefore is a failure of the 

calibration procedure. In principle, an RMSE value of 0m is possible, given all 

other parameterizations are correct. This leads one to consider what is wrong 

with the model tested against field data, where the lowest time-variant RMSE 

value is 5.33m. This means that an error of 4.07m, that is more than 75% of 

the total error, is unaccounted for in the comparison with field data, and must 

be explained by other factors, be they recharge, layering, anisotropy incorrect 

delineation of zones, or the lack of zones, or incorrect layering etc.. This is not 

a new idea; it has been suggested that often conceptual model error is possi
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bly the most frequent source of error in groundwater modelling (Bredehoeft/ 

2004). Model calibration becomes an operational research issue, since a good 

question is how much time should be spent attempting to calibrate, when cali

bration for a given model setup is a relatively small portion of the total model 

mis-specification.

7.5 S u m m ary

This chapter has sought to examine the relationship between steady state sim

ulations that are used as precursors to time-variant simulations and the time- 

variant simulations that are derived therefrom. For each steady state simula

tion, a corresponding time-variant simulation was executed, whereby the time- 

variant simulation was configured to be as close to the steady state simulation 

as possible, but differing in the way the transmissivity specified in the steady 

state simulation was vertically partitioned in the time-variant simulation.

For any given model node, as a general rule, the relationship between steady 

state head and mean time-variant head has two regimes, one where the steady 

state head is a good predictor of mean time-variant head and a second where 

steady state head overpredicts mean time-variant head. There is no continu

ous gradation between the two regimes. The existence of these two regimes is 

not common across model nodes.

Both time-variant and steady state simulations were compared with a test 

case model run, whose configuration was known. Time-variant configurations 

performed better against the test case than did steady state simulations. How

ever, when comparing with field data, steady state simulations performed bet

ter than time-variant simulations.
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Chapter 8

Groundwater catchment area

8.1  In tro d u ctio n

In chapter 6, it was suggested that part of the difficulty associated with the cal

ibration of groundwater models in permeable catchments is that small changes 

in head gradient are associated with large changes in the groundwater catch

ment area for a stream and, as a result, large changes in streamflow within 

the stream. The sensitivity analysis in chapter 5 suggests that the two dom

inant controls on streamflow discharge are transmissivity and recharge; the 

mechanism by which recharge effects discharge is obvious and that by which 

transmissivity effects stream discharge is by altering flow paths so that the 

catchment area changes.

At this point, it would be useful to define what is meant by groundwater 

catchment area. Throughout this chapter, there will be two definitions used: 

groundwater catchment area by particle tracking and groundwater catchment 

area by characterization of the piezometric surface. Particle tracking can be 

used to delineate the capture zone of a water supply well (e.g. Vassolo et al., 

1998). The capture zone of a well can in principle be determined in the field 

by the use of tracers, but the practical restrictions of long residence times in 

most aquifers and also the need to input tracers at multiple locations make 

this approach rather infeasible (ibid.). Therefore, it is more common to deter
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mine the capture zone for a well via the construction of a groundwater model, 

which can then be used to track the movement of notional particles through 

the aquifer. Because of the uncertainty associated with aquifer characteriza

tion, approaches are more likely to be stochastic than deterministic (e.g. Vas- 

solo et a l, ibid.; Kunstmann and Kastens, 2006). Just as for wells, so particle 

tracking can be used to delineate the catchment area for a river. The second 

definition is to determine the catchment area according to the piezometric sur

face, in the same way that a surface water catchment area is determined by the 

topography of the land surface.

Groundwater catchment delineation according to the piezometric surface is 

the approach that is used in the assessment of recharge through water balance 

calculations. For example, Grapes (2004) delineates the groundwater catch

ment area of the river Lambourn, then compares that with the stream discharge 

at the principal gauging station at Shaw to calculate an average recharge flux 

for the catchment. Because the grid used in the regional model is regular and 

the grid resolution arguably sufficiently fine, the groundwater catchment may 

be delineated directly from the modelled head that is output at each model 

grid node. Corresponding delineation of the groundwater catchment area us

ing field data, however, is not necessarily straightforward. From field data, a 

groundwater divide could in principle be located precisely and its movement 

tracked, if there were a sufficiently large number of sampling points. How

ever, the network of observation boreholes for groundwater is normally irreg

ularly and sparsely spaced. Typically, the identification of a groundwater di

vide is based on the construction of a groundwater contour map, often drawn 

by hand. However, there is a serious failing with the use of hand drawn con

tour maps, which is that the interpolation method is not identified. This has 

a number of implications, firstly that the map cannot be reproduced, even by 

its creator and secondly that even within a single execution, different inter

polation algorithms are implicitly used at each point. A third problem is that 

because the method is not identified it is not possible to examine how sensitive 

the result is to changes in method. This is a particular problem in groundwater
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regimes with low hydraulic gradients.

In response to this, therefore, the regional Chalk groundwater model has 

been executed to produce head values at each node in the model at the end 

of each month for the entire simulation period. This grid can then be used to 

define the topography of the water table. A sample of nodes are then taken 

whose locations correspond to borehole locations within the Lamboum catch

ment and the head values for these nodes only are then extracted at the end 

of each month. A spatial interpolation scheme is then implemented using the 

head values at those nodes and the resultant interpolated gridded head field 

is then compared with direct output from the model simulations, in order to 

assess the accuracy of the interpolation scheme. Model output catchment area 

was compared with results obtained from particle tracking, in order to ascer

tain whether groundwater topography can be used as a proxy for stream base- 

flow source zone.

Two depictions of the groundwater catchment for the Lambourn are shown 

in Figure 8.1, from which groundwater catchment areas are estimated as 170km2 

for TGWS (the Thames Groundwater Scheme, Burt (ed.), 1978) and 219km2 for 

that taken from Clausen et al. (1994). Clausen et al. (1994) quote an area of 

210km2. Therefore, there is a discrepancy between the estimate based on Fig

ure 8.1 and that quoted by the authors. For TGWS, the area was not explicitly 

quantified by the authors; only the figure was shown. Other quoted values in

clude an area of about 200km2 (Oakes and Pontin, 1976) and 168km2 (Grapes, 

2004). There are three points to note. One is that they differ quite substantially. 

A second is that they are all fixed as constants. The third is that, not only do the 

magnitudes differ, but also the shapes differ (Figure 8.1); the TGWS depiction 

of the groundwater catchment includes a significant area in the eastern part 

that is not included in the depiction by Clausen et al. (1994). This leads to the 

questions of whether the groundwater catchment area can be considered fixed 

over time and what the areal extent of the catchment is. If the conclusion is 

that the groundwater catchment area varies significantly over time, then that 

would mean that a groundwater model of such a catchment that is not mod-
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Figure 8.1: Groundwater and surface water catchments for river Lambourn

elled as part of a regional groundwater framework is not especially useful.

The objectives of this chapter are:

• to examine the time-variant nature of the groundwater catchment area of 

the river Lambourn

• to ascertain whether assessment of the behaviour of the catchment area 

using field data can be used to constrain the model configuration

The chapter has the following structure. Firstly, for one particular model 

configuration (Runl31), the groundwater catchment area will be examined us

ing both particle tracking and piezometric surface approaches. Then, using the 

piezometric surface approach, time series of the groundwater catchment areas 

for the river Lambourn will be compared for a subset of model configurations 

described in chapter 6 . Next, for selected model configurations using a sample 

of model nodes, heads at those nodes will be used to generate an interpolated
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piezometric surface which is then compared with the piezometric surface ob

tained from complete model output in order to assess the effectiveness of the 

interpolation scheme. The catchment area of the Lamboum based on the in

terpolation of field data is then presented and compared with selected model 

configurations. Finally, consideration is given to a possible alternative way of 

delineating the catchment using transects.
\

8.2  C o m p ariso n  of assessm en ts of catch m en t areas  

fo r a sin gle  m o d el configuration

In this section, a comparison is made between groundwater catchment area as

sessment based on particle tracking and groundwater catchment area based on 

piezometric surface for model configuration Runl31. This model configuration 

was selected, originally because it was judged to be as good as any other; par

ticle tracking analysis was carried out prior to a comparison of different model 

conceptualizations. Had these been carried out first, then possibly, Runl208 or 

Runl219 might have been selected for particle tracking. However, the analysis 

is still worth presenting, because it demonstrates the usefulness of the piezo

metric surface approach.

To begin with, a simple presentation of contours using model output from 

Runl31 is shown in Figures 8.2 and 8.3 to demonstrate examples of seasonal 

high water table (March 1994) and seasonal low water table (September 1994). 

There is nothing remarkable about 1994, which is the reason for the choice; it 

is not preceded or followed by droughts or floods. What is possible to notice is 

the clear location of maximum head of just over 155 mAOD for seasonal high 

water located at NGR grid reference 426000, 180000 (Figure 8.2). Arguably, 

the location of this maximum head has shifted westwards in comparison to 

that for seasonal low water table (Figure 8.3). Apart from this, however, even 

though the head levels are clearly different, it would be difficult to delineate 

by hand a groundwater catchment based on the piezometric surface that was

2 30



Figure 8.2: Contour map of modelled piezometric levels (mAOD) around the 

river Lambourn for seasonal high water table (Runl31)
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Figure 8.3: Contour map of modelled piezometric levels (mAOD) around the 

river Lambourn for seasonal low water table (Runl31)
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reproducible using either of these two maps.

8.2.1 Particle tracking

8.2.1.1 Particle tracking methodology

Both forward particle tracking, from source to destination, and backward parti

cle tracking, from destination to source, are possible. Forward particle tracking 

is used here, as it is easier to implement. A disadvantage of the use of forward 

particle tracking is that there is a presumption that the source areas for the 

stream are a subset of the source areas tested. In other words, forward particle 

tracking assumes that, within the model, if all model nodes were tested as par

ticle source areas, there would be no nodes which act as source nodes to the 

river, that are not included in the set of nodes actually tested; the only way to 

ensure that no source nodes have been omitted would be to test all nodes in 

the model, not just those that would seem to be a sensible subset.

Because particle tracking, for any given model configuration, uses a ve

locity field that is generated by prior execution of the regional model for that 

model configuration, the particle tracking is effected by calculating the dis

tance moved by any single particle in any given time step. This uses the pore 

water velocity of the particle, rather than the Darcy velocity, and therefore this 

requires the specification of porosity. The regional groundwater model used 

here models the Chalk as an equivalent porous medium, but the Chalk itself is 

a fractured medium with porosity of the fractures typically thought to be 1% 

and porosity of the matrix typically thought to be between 20% and 45%. Addi

tionally porosity in Chalk varies as a function of depth with matrix porosities 

varying between 10% and 50% in the Winterbourne (Bloomfield et a l, 1995). 

This leads to an awkward choice that has to be made about the specification 

of porosity. Here, porosities of 1%, 10% and 50% were tested. For any partic

ular porosity, that value was specified for the entire model; porosity was not 

changed either in the vertical or in the horizontal. Additionally, a single com

parison was made between particle input at water table elevation and particle
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input at the base of the top layer of the three layer regional model. The pur

pose of assigning the base of the top layer as a starting location for particles 

was to see how the water at that elevation behaves, and whether what is con

sidered to be the catchment area also depends on elevation. Forward particle 

tracking was carried out using model configurations Runl08 and Riml31, but 

only results for Runl31 are shown.

8.2.1.2 Particle tracking results

Particle tracking results are shown in Figures 8.4, 8.5, 8.6 and 8.7. Particles 

were assigned to start at model nodes at the end of each month for every year 

for the period 1971 to 2003. Model nodes which were tested as particle start

ing locations are shown as one of light grey open circles, darker grey open 

squares and solid black circles. Particles assigned to starting locations indi

cated by open squares always discharged into the river Lamboum. Particles 

assigned to starting locations indicated by open circles never discharged to 

the river Lamboum. Particles assigned to starting locations indicated by solid 

black circles would discharge sometimes into the river Lambourn and some

times elsewhere. Therefore, the solid black circles represent the groundwater 

catchment area that is variable. Additionally, for Figures 8.6 and 8.7, the cen

tral gray solid area was not tested as Figures 8.4 and 8.5 had suggested that 

particles in this area always discharged to the Lamboum.

There are two regions that show the largest variability in catchment area 

(Figures 8.4 and 8.5). These are the northwest region between the Lamboum 

and the Aldboume to its west, and the eastern region between the Lamboum 

and the Pang to its east. It is well documented (e.g. Wheater et a l, 2006b) 

that the groundwater divide between the Lamboum and the Pang is mobile. 

However, there has been no suggestion that the northwest is a region of vari

able catchment area. Moreover, it is the northwestern part of the catchment 

that shows greatest variability in catchment area. With regard to the effect 

of starting elevation, particles with starting elevations at the level of the wa

ter table show greater variability in discharge destination (Figure 8.4) than do
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particles with starting locations at the base of the top model layer (Figure 8.5). 

Nevertheless, the pattern is broadly the same for both. There is an unusual fea

ture exhibited in Figure 8.4, where there is a contiguous block of model nodes 

centred around grid reference (440000,185000), which are starting nodes asso

ciated with variable discharge destination, but which are separated from those 

model nodes for which particles always discharge to the river Lamboum by a 

set of model nodes for which particles never discharge to the river Lamboum. 

It is possible that for this former group, there is downward flow before there 

is lateral flow, which might explain the discrepancy. It is also possible that the 

analysis is incorrect. This warrants verification either way.

The effect of increasing porosity is twofold. Firstly, particle velocity is re

duced with the result that fewer particles reach the river in the time over which 

the model is set to run. This is the reason for areas of white space, as its mean

ing is that the node in question has not been analysed because of incomplete 

destinations. Secondly, there seems to be less variability in groundwater catch

ment area. This is what would be expected, since the slower particles move, the 

less likely they are to be influenced by the annual cycle of changes in ground- 

water level; a particle that moves kilometres per day will be influenced only by 

the groundwater head gradients prevailing on that day, whereas a particle that 

moves millimetres per year will move according to the integrated groundwater 

conditions prevailing over the year. This is akin to a moving average. A mov

ing average has a smoothing effect and a high porosity has a smoothing effect 

on the extent of the groundwater catchment as delineated by particle tracking, 

because of the inverse relationship between particle velocity and porosity.

8.2.2 Delineation of groundwater catchment area using piezo

metric surface 

8.2.2.1 Methodology

Determination of a surface water catchment by the topography of the land sur

face requires the definition of an outlet point for the catchment. For a ground-
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Figure 8.4: Groundwater catchment area defined by forward particle tracking 

for Runl31 with 1% porosity and particle input at the elevation of the water 

table

236



Figure 8.5: Groundwater catchment area defined by forward particle tracking 

for Runl31 with 1% porosity and particle input at the base of the top model 

layer
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Figure 8 .6 : Groundwater catchment area defined by forward particle tracking 

for Runl31 with 10% porosity and particle input at the elevation of the water 

table
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table

239



OOO
LO
CO

OOOO
CO

CD o
?  S 
E £
ceO ooooh-

8omCD

Model river node .. . . . . . .

+ Outlet point river node ♦ ♦ ♦♦ ♦

4 +

; •. ;

++ + ♦
+ *

* + *
++ *

+ *
♦ ♦ ♦ I V  ♦ * ♦ ♦♦♦** ♦*

V t ♦ + ♦ ♦ ♦ ♦

♦♦****:
+++ ♦

♦♦♦♦♦♦***

* + * *

430000 440000 450000
EASTING (m)

460000

Figure 8 .8 : Outlet points used for delineation of groundwater catchment

water catchment, this is slightly problematic, especially given the permeable 

nature of the catchment, since the assignment of a fixed outlet point can re

sult in a volatile designation of catchment area, as the groundwater surface is 

mobile. To counteract this problem, the groundwater catchment area was de

fined using multiple outlet points as shown in Figure 8 .8 . For each time step 

and every model node, the head value at the end of the time step was out

put to produce a grid of head values. For each outlet point, the contributing 

model nodes were ascertained using a single direction flow algorithm that is 

implemented in the subcatch() function from the R library "topmodel". The 

catchment delineation was then ascertained by amalgamating any nodes that 

acted as contributing nodes to any outlet point at each time step, but avoiding 

double counting of contributing nodes. This enables the generation of a time 

series of the groundwater catchment area by month and year.
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8.2.1.2 Results

Mean catchment area by month for Runl31 is shown in Figure 8.9. There are 

two methods by which the mean area can be calculated. For method 1, for 

each model node, the mean head value is calculated for each month to give a 

mean piezometric surface for each month of the year. For method 2, the area is 

calculated for each month for the entire time series, from which mean areas are 

calculated by each month. Method 1 uses a mean monthly piezometric surface 

and method 2 uses a mean monthly area. The reason for the use of method 1 

is that the decision to include any given model node as part of the catchment 

area is binary; the model node is part of the contributing area or it is not. For 

method 2, whether any particular model node is part of the catchment area 

is probabilistic, since for any given month, sometimes that model node may 

be part of the catchment and sometimes not. Figure 8.9 shows that method 1 

underestimates the catchment area quite considerably, at least for this model 

configuration. Additionally, the apparently sinusoidal pattern characterized 

by method 2 seems intuitively more likely. Which method is correct depends 

on the purpose for which they are to be used in the same way that a harmonic 

mean and an arithmetic mean are both ways of representing the mean.

Figures 8.10 and 8.11 show the behaviour of the catchment on a monthly ba

sis, using method 1, because of the binary choice to include or exclude a model 

node. From these two figures, the main observation is that the behaviour of the 

catchment area is similar to that shown by particle tracking (Figure 8.5) with 

the northwestern part of the river Lamboum being the region of greatest vari

ability. Additionally, the behaviours of the west and east part of the catchment 

differ. The western part of the catchment exhibits greatest areal expansion in 

February, March and April (region 1, Figure 8.10). By May, the western part of 

the catchment (region 1) has shrunk quite considerably. However, the eastern 

part of the catchment (region 2, Figure 8.10) reaches its peak area in May. This 

behaviour is similar to the behaviour of the groundwater system in response 

to recharge pulses as discussed in the next section.
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Figure 8.10: Delineation of groundwater catchment area using piezometric sur

face for Runl31. Grey dots are nodes that are always contained within the 

groundwater catchment. Black dots are nodes that are occasionally contained 

within the groundwater catchment.
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8.2.2.3 Borehole hydrograph responses to recharge pulses

A simulation was carried out to examine water table response to recharge 

pulses. The initial rationale for this was to ascertain the time required for a 

recharge signal to be fully dissipated. This was originally undertaken to estab

lish for the regional model the length of time after which initial head values no 

longer had any effect. However, because the groundwater catchment area is 

partly dependent on the seasonal pattern of the recharge signal, which is itself 

a periodic recharge pulse, the results are presented here. The method is as fol

lows. For Runl31, the recharge input for the entire model domain for the year 

1978 was first doubled and then doubled again. To examine the effect of the 

pulse, for each borehole hydrograph from Runl31, head values from that sim

ulation were subtracted from those obtained from the corresponding borehole 

hydrograph values obtained from the recharge pulse simulations. Figure 8.12 

shows the types of responses that were obtained. Note that the figure shows 

head differences between different simulations, not heads themselves. Figure 

8.13 shows borehole locations for those boreholes shown in Figure 8.12.

Examining the response of boreholes around the river Pang (Woodend, 

Compton, Banterwick Bam), the effects of the pulse may take up to four years 

to be dissipated. This is simply for the area shown in Figure 8.12; boreholes 

east of the Pang possibly may also still be affected subsequent to that. Ad

ditional to that, four types of responses were observed. The first is that of 

an uninterrupted recession curve for Oakhanger Park and Blowing Stone Cot

tages. The second is that where there is an initial period of recession followed 

by a period where the head difference is sustained, exhibited by Banterwick 

Bam and Compton. The third is that for which the type of response depends 

on the magnitude of the recharge pulse; for Compton, Chapel Farm and Malt- 

house, doubled and quadrupled recharge responses converge in early 1978, 

but subsequently, the effect of the doubled recharge diminishes (or remains 

static for Compton), whereas that for quadrupled recharge shows a marked 

increase. The fourth type is that exhibited by Henley Farm and Woodend,
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which is initially a decline to unperturbed response in early 1978, then a surge 

in groundwater levels in late 1978 and early 1979, again a near-convergence to 

unperturbed levels, and a second smaller surge in late 1979. In fact, Henley 

Farm even exhibits a third surge in late 1980.

The type of the response would seem to be determined partly by closeness 

to a river, but also by distance between rivers. So, for example, Woodend dis

sipates quickly initially because the water is drained by the Pang; the initial 

response, a direct recharge response can be quickly dispersed. The subsequent 

response is a protracted groundwater response, where the head is determined 

by aquifer head. The difference between Oakhanger Park and Chapel Farm 

may partly be because of the distance to a nearby river and the distance be

tween rivers.

All the difference hydrographs can be considered to be of the same type, 

in that they all seem to be made up of an initial recharge response component 

and a subsequent groundwater flow component; the variation appears to come 

about as a result of the way in which these components are superimposed upon 

one another.

For the groundwater catchment area, the observation that the maximum 

catchment area occurs in May for region 2 (Figure 8.10) is consistent with the 

idea of a recharge pulse. For the Lamboum, because the principal direction 

of groundwater flow of the regional groundwater system is from west to east, 

the position of the catchment is shifted on a seasonal basis as a result of the 

direction of regional groundwater flow.

8.3 C o m p ariso n  of g ro u n d w ater catch m en t areas for  

d ifferen t m o d el configurations

Using the groundwater catchment area as defined by the piezometric surface, 

time series of the catchment area can be generated and different model con

figurations compared. Results are shown in Figures 8.14, 8.15, 8.16 and 8.17
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Figure 8.12: Sensitivity of borehole hydrograph recession to recharge pulses
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Figure 8.13: Location of those boreholes referred to in Figure 8.12

and in table 8.1. The primary observation is that variations in the area are very 

large with differences between minimum and maximum catchment areas of 

almost 100km2 or more for all model configurations (Table 8.1). Typical sea

sonal variation is more difficult to assess. For the points-based transmissivity 

model configurations (Figure 8.15, panel 2), as an example, for Runl208 for the 

year 1982, a minimum area of 146 km2 was computed for October and a maxi

mum area of 184 km2 for January, a difference of 35 km2. For the years 1993 to 

1996, years for which both modelled and observed streamflows were relatively 

higher, for the year 1994 a minimum area of 147 km2 was computed for October 

and a maximum area of 196 km2 for February, a difference of 48 km2. These fig

ures along with the corresponding figures for zone-based transmissivity mod

els are shown in Table 8.2, which shows that the points-based transmissivity 

model configuration tends to buffer the groundwater catchment area, as can 

be seen in Figure 8.16. Mean catchment areas for high stream baseflow model 

configurations (Runl04 and Runl08) are 162.7 and 154.2 km2 respectively, both 

of which are lower than any estimates in the reported literature.

Three other points to note are as follows. The first is that similar model 

configurations exhibit similar catchment area behaviour. For example, Runl24 

and Runl31 show similar behaviour to one another (Figure 8.14, panel 2) as do
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Runl08 and Runl04 (Figure 8.14, panel 3) and Runl208 and Runl219 (Figure 

8.15, panel 2). This suggests that the algorithm by which the area is calculated 

is robust. The second is that time series are strongly correlated. For example, 

for Runl08 and Runl31 (Figure 8.14, panel 1), the correlation is 0.96. The third 

point is that Runl4 through to Runl7 (Figure 8.15, panel 3) do not show much 

difference from one another. Figure 8.15 (panel 3) appears to show no vari

ation, but the variation can be seen in Figure 8.17. Runs 14 through 17 were 

tests to see how sensitive streamflow was to changes in recharge; Run 17 tested 

the effect increasing recharge by 40% above the base case at each time step for 

each model node in the Lamboum catchment. Therefore, the mean catchment 

area is not sensitive to blanket increases in recharge. Of course, the seasonal 

variation in catchment area comes about as a result of changes in the recharge 

signal. By contrast, Runl31 and Runl08 (Figure 8.14, panel 1) have noticeably 

different mean catchment areas.

Table 8.1: Summary statistics for modelled groundwater catchment area (km2)

Min 1st quartile Median Mean 3rd quartile Max

Run5 74.0 110.6 123.2 126.4 141.1 183.2

Runl4 78.8 112.8 128.2 130.4 144.8 185.2

Runl5 78.8 115.1 130.8 132.4 146.4 186.5

Runl6 80.0 117.9 134.2 134.2 149.0 187.2

Runl7 80.5 119.4 136.5 135.8 151.6 186.8

Runl04 105.2 138.2 160.8 162.7 180.9 223.8

Runl08 93.0 136.0 147.8 154.2 171.5 221.8

Runl24 83.5 117.2 130.5 133.2 149.5 185.2

Runl31 94.3 114.5 124.2 128.2 139.6 184.2

Runl208 110.2 137.8 147.0 151.5 164.2 208.2

Runl219 111.5 141.0 149.8 154.5 166.9 209.8
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Year

Figure 8.14: Time series of groundwater catchment area for river Lambourn 

based on regional model output of piezometric surface

Table 8.2: Typical seasonal variation in groundwater catchment area (km2)

Min Month Max Month Difference

1982 Runl08 132.0 Oct 198.0 Apr 66.0

Runl31 113.0 Oct 153.0 Apr 40.0

Runl208 146.0 Oct 184.0 Jan . 38.0

1994 Runl08 135.0 Oct 206.0 Mar 71.0

Runl31 114.0 O ct/N ov 163.0 Mar 49.0

Runl208 147.0 Oct 196.0 Feb 49.0
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Year

Figure 8.15: Time series of groundwater catchment area for river Lambourn 

based on regional model output of piezometric surface

Figure 8.16: Time series of groundwater catchment area for river Lambourn 

based on regional model output of piezometric surface
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Figure 8.17: Time series of groundwater catchment area for river Lambourn 

based on regional model output of piezometric surface

8.4 Assessment of spatial interpolation schemes

For delineation of the groundwater catchment using direct model output, the 

head is known at each model node at each time step specified by the modeller. 

Therefore, there is a regular grid structure with which there is an associated 

head field, which can be used to produce a map of the groundwater surface. 

For delineation of the groundwater catchment area using field data, there are 

two associated problems that do not feature in the computation of groundwa

ter catchment area using direct model output, which are firstly, that temporal 

coverage of field data is incomplete, so that borehole hydrograph time series 

may have gaps in the data and secondly, that spatial coverage is incomplete as 

piezometric head values are only sampled at a limited number of locations. In 

order to delineate the groundwater catchment area using field data, therefore, 

values at those grid locations which are not included in the set of sampling 

point locations, must be somehow estimated. One common way in which this 

is done is by use of some sort of spatial interpolation scheme.

A spatial interpolation scheme, of which there are many different types, 

takes a set of known values at known locations, referred to as control points, 

in order to estimate unknown values at other locations. Good reviews can be 

found in Li and Heap (2008) and Hengl (2009). Li and Heap (ibid.) compare 

over forty methods, which they categorize principally according to whether
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the method is geostatistical, non-geostatistical or a combination of the two. 

Other binary oppositions by which schemes are classified include whether the 

scheme is local or global, exact or inexact and gradual or abrupt. Examples of a 

global scheme would be trend surface analysis (e.g. Venables and Ripley, 1994) 

whereby a surface is fitted to the data points using some form of regression. 

In this way, the estimated value at any location depends on values at all con

trol points. In a local scheme, the estimated value at any point is determined 

partly by weighting of values at control points such that nearer control points 

have greater weight. With regard to the classification of exact versus inexact, 

in an exact interpolation scheme the values at the control points are preserved 

after implementation of the interpolation scheme. In an inexact interpolation 

scheme, the interpolation algorithm may produce an interpolated value at the 

control point that differs from the known value at the control point. An exam

ple of an abrupt interpolation scheme would be nearest neighbour, whereby an 

estimated value is set equal to the known value at the control point to which 

it is nearest. This has the result that all those locations which have a common 

nearest neighbour will have the same values. As soon as a location moves 

closer to a different control point, the estimated value then is set equal to the 

value at the new control point, which may be completely different. The result

ing surface is therefore likely to be characterized by sudden discontinuities, 

which is avoided by interpolation schemes that are gradual. For spatial in

terpolation of groundwater levels, the scheme should certainly be local and 

gradual; whether it is exact or inexact will depend on the confidence in the 

accuracy of the known values at the control points.

For spatial interpolation of groundwater levels, the scheme of choice tends 

to be kriging (e.g. Aboufirassi and Marino, 1993; Rivest et al., 2008; Kumar, 

2007; Gundogdu and Guney, 2007), all of whom use universal kriging, apart 

from Rivest et al. who use kriging with external drift. The single term 'lodg

ing' is slightly misleading, as it is not one, but a large family of methods that 

differ widely in their results. Originally developed by Matheron following on 

from work by Krige (Caruso and Quarta, 1998 and references therein), krig-
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ing examines the relationship between differences in control point values as a 

function of distance between control points in order to calculate weights that 

are applied to control point values to estimate unknown values. According 

to Li and Heap (ibid, and references therein), almost all spatial interpolation 

techniques can be expressed as

2(*o) = E  A»'z(*<)
z=1

where t  (*o) is the estimated value at location x q ,  i  ( * , )  is the known value 

at the control point x„ and A,- is the weight given to the control point, and 

n represents the number of control points used. Linear kriging is a way of 

estimating A,-. For both universal kriging and kriging with external drift, a 

general formula for the hydraulic head (Rivest et ah, ibid.) is:

h(x) =  m(x) +  Y(x)

where m(x) is the deterministic part, or drift, and Y(x) accounts for the ran

dom and spatially correlated fluctuations. In ordinary kriging, the drift is as

sumed constant. In other words, there is no trend component. In a regional 

groundwater model, given a regional head gradient, there is a significant trend 

component. For example, for the Berkshire downs the general trend is for head 

to decline from west to east. Before consideration of the spatial correlation of 

the fluctuations, the trend component has to defined and removed. Not only 

is there a trend component from west to east, but also there is a trend compo

nent from interfluve to river. All trend components should be removed before 

analysing the spatial correlation. Removal of trend is not necessarily a straight

forward process. A further requirement for ordinary kriging is that the vari

able of interest is normally distributed. For example, Walker and Loftis (1997, 

p.595) state 'an important aspect of the kriging estimator is that it is a weighted

mean....Means....are the minimum-squared-error unbiased estimator for the

expected value of a variable when it is normally distributed' (italics added). As 

pointed out by Armstrong and Boufassa (1998), many types of data are nei

ther normally distributed nor easily transformed to be normally distributed.
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Groundwater levels have been shown to be non-normally distributed in pre

vious chapters; for example the presence of a nearby stream limits the extent 

to which the water table can rise and therefore the resulting distribution is 

characterized by significant negative skewness. It has also been argued that 

the selection of a final theoretical variogram is necessarily a partially arbitrary 

operation (Gambolati and Volpi, 1979) and that 'any assumption concerning 

the existence of the main trend implies an additional component of arbitrari

ness which is not usually warranted on the basis of the available observation' 

(ibid., p.629). Despite its popularity, therefore, the implementation of a kriging 

algorithm is neither straightforward nor necessarily reliable.

An alternative to kriging is the use of thin plate splines (TPS). 'The TPS 

function minimises the surface curvature and imitates a steel sheet forced to 

pass through the data points' (Mitas and Mitasova, 1999, p.484). Whereas krig

ing is categorized as geostatistical (Li and Heap, ibid.), TPS are categorized 

as non-geostatistical. However, thin plate splines are closely related to krig

ing (Hutchinson,1995) and Caruso and Quarta (1998), referring to Matheron 

(1980), state that under certain conditions splines and kriging with linear drift 

are equivalent. With TPS, however, there is no need to specify the nature of the 

spatial structure (Hutchinson,1995). Splines are calibrated by a single smooth

ing parameter (Hutchinson, ibid.), normally referred to as A, the purpose of 

which is to relax the requirement for the interpolated surface to reproduce 

control point values, in cases where it is thought that there is some error as

sociated with control point values. In fact, one criticism of TPS is that they 

may produce a view of reality which is unrealistically smooth (Hengl, 2009), a 

criticism that does not apply to a permeable Chalk groundwater system as the 

phreatic surface is thought to be smooth. Additionally, it is a positive feature * 

of TPS that the default interpolated surface reproduces control point values. 

Although there are many examples in the literature of the implementation of 

TPS for climate variables (e.g. Hancock and Hutchinson (2006) and references 

therein), there seem to be few examples of the implementation of TPS for the 

interpolation of the water table surface. However, Lin and Anderson (2003 and
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references therein) report a test case in which TPS was found to be superior to 

the use of kriging in the interpolation of the water table surface and state that 

'this interpolator is efficient for a continuous smooth surface, which is usually 

the case for the water table' (Lin and Anderson, ibid., p.306).

Locations with fixed values are shown in Figure 8.18 as well as locations 

of boreholes. For springs and rivers, the boundary value consisted of eleva

tion of springs and, making an assumption that depth of water in the river 

channel is one metre, one metre above the elevation of the river bed for rivers. 

The spring boundary condition poses a particular problem as there are a large 

number of springs densely populated (Figure 8.19). This is due to the fact that 

they are located on the scarp slope of the catchment, and therefore the slope of 

the land surface is steep. In reality, springs may be switched on and off, but 

for interpolation purposes piezometric head values for springs are set as con

stants. Therefore, it is necessary to see how the interpolation results change in 

response to choosing low elevation, mid elevation and high elevation springs 

as boundary conditions.

The effect of the smoothing parameter was tested (results not shown) and 

it was found that specifying a smoothing parameter other than the default re

sulted in a poorer fit. Effects of changing the degree of the polynomial and 

choice of spring boundary conditions are shown in Figure 8.20. It can be seen 

that the best fit is for low elevations springs with polynomial degrees 2 and 

3 and mid elevation springs with polynomial of degree 2. However, given 

that the use of low elevation springs as boundary conditions means that the 

interpolation is less sensitive to the degree of polynomial used, low elevation 

springs were chosen as the spring boundary conditions. Two complete time 

series are shown in Figures 8.21 and 8.22. In both cases, the interpolated area 

underestimates the true area. The spline of degree 3 performs marginally bet

ter than that of degree 2 in that maximum areas tend to be slightly higher, 

noticeable particularly for the year 2000 onwards. However, because it is less 

susceptible to boundary conditions, then arguably a spline of degree 2 is to be 

preferred.
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Figure 8.18: Borehole locations and boundary condition locations for spatial 

interpolation schemes

The next question is whether thin plate spline interpolation underestimates 

the area for any given model configuration. If this is the case, then it can be 

used with more confidence when implemented using field data, knowing that 

there is a consistent bias in the results. Results for Runl208 are shown in 8.23, 

which shows that the interpolated area underestimates the area calculated di

rectly from model output. This does not demonstrate unequivocally that the 

used of TPS will always result in an underestimate of the area, but it is cause for 

increased confidence in the result, given that transmissivity configurations for 

Runl31 and Runl208 are wholly disparate. Additionally, the thin plate spline 

with polynomial degree 3 performs significantly better than the polynomial of 

degree 2 in terms of mean area, although the polynomial of degree 2 better 

captures the variability in catchment area.
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Figure 8.21: Time series of groundwater catchment area using Runl31 model 

configuration comparing direct model output and thin plate spline interpola

tion with degree two and high spring boundary conditions

Figure 8.22: Time series of groundwater catchment area using Runl31 model 

configuration comparing direct model output and thin plate spline interpola

tion with degree three and low spring boundary conditions
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Figure 8.23: Time series of groundwater catchment area using Runl208 model 

configuration comparing direct model output and thin plate spline interpola

tion

8.5 Comparison of area calculated from field data 

with area calculated from model data

The assessment of the performance of spatial interpolation in the previous sec

tion compared direct model output with output obtained from interpolation 

of heads using only a sample of available nodes. In this way, a constraint 

of incomplete spatial information was artificially imposed. The comparison, 

however, was carried out with no gaps in the time series. That is, for each 

node in the sample of nodes used for spatial interpolation, a head value was 

recorded at each time step in the model simulation. For field data, of course, 

there are often gaps in the borehole hydrograph time series. In order to con

struct a piezometric surface using field data, these gaps in the time series need 

to be addressed. This was done using the method set out in Upton and Jackson 

(2011). Reconstructed borehole hydrographs using this method were supplied 

by Kirsty Upton. The method is summarized as follows.

Principal component analysis and cluster analysis were used to catego-
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Figure 8.24: Amount by which observed heads exceed heads from recon

structed borehole hydrograph time series

Figure 8.25: Observed borehole hydrograph and reconstructed borehole hy

drograph for Blowing Stone Cottage
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rize borehole hydrograph time series. On this basis, each of the boreholes 

under consideration was classified as belonging to one of four groups. For 

each of these groups, each borehole hydrograph was standardized using mean 

and standard deviation and the standardized borehole hydrograph within the 

group with the most complete time series was selected to be representative of 

the group. For other members of the group, where data were missing at any 

particular time step, values were assigned directly from the standardized time 

series of the representative borehole. The resultant infilled time series was then 

re-transformed using mean and standard deviation to give a reconstructed 

borehole hydrograph. Differences between observed and reconstructed bore

hole hydrographs are shown in Figure 8.24. Note that the y-axis scale is be

tween -2 and +2 metres, as opposed to the scale of -40 to +40 metres for figures 

in previous chapters comparing the distributions of the differences between 

observed and simulated heads. Therefore, the method works well. An exam

ple of observed and reconstructed hydrographs is shown in Figure 8.25.

Figures 8.26, 8.27 and 8.28 and Table 8.3 show results of interpolation of 

the groundwater catchment area based on field data using thin plate splines 

for low spring boundary conditions, along with comparisons with two model 

conceptualizations. Clearly evident is the variability in catchment area with 

typical annual variations of between 30 and 40 km2 (Figure 8.28 and Table 8.3) 

with minimum and maximum areas of 109 and 176 km2 using a thin plate 

spline of degree 2 and 102 and 185 km2 (Table 8.3) using a thin plate spline 

of degree 3. Also evident are the prolonged reduced catchment areas in 1976, 

1992 and 1997, where the area did not vary according to its normal annual cy

cle. Mean catchment areas are 142 km2 and 152 km2 for splines of degree 2 and 

3 respectively for low spring conditions; the choice of spring boundary condi

tions is important with corresponding numbers of 132 and 164 km2 for middle 

spring boundary conditions. Catchment area based on field data exceeds that 

based on model output (Figure 8.27), although Runl208 with thin plate spline 

degree 3 tends to buffer against collapse of the groundwater catchment area in 

1992 (Figures 8.26 and 8.27).

261



Figure 8.26: Time series of catchment areas comparing field data and two catch

ment conceptualizations
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Figure 8.27: Time series of catchment areas comparing field data and two catch

ment conceptualizations
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Table 8.3: Annual maxima and minima of groundwater catchment area (km2) 

by interpolation of field data using thin plate splines (TPS) for low spring con

ditions_____________________________________________________________
TPS degree 2 TPS degree 3

Year Minimum Maximum Difference Minimum Maximum Difference

1975 127 155 28 141 167 27

1976 113 137 25 102 140 38

1977 135 164 29 149 173 24

1978 129 161 32 141 175 34

1979 132 167 35 147 177 31

1980 130 155 25 145 164 19

1981 145 159 13 149 167 18

1982 131 160 29 145 176 32

1983 123 157 34 138 167 29

1984 125 158 34 134 174 40

1985 138 157 20 149 169 20

1986 126 155 28 139 164 25

1987 131 158 28 140 170 30

1988 131 159 29 135 172 37

1989 119 146 27 116 166 49

1990 117 169 52 116 183 68

1991 119 136 17 120 133 13

1992 109 165 56 120 181 62

1993 136 163 27 151 184 33

1994 132 160 29 144 185 41

1995 130 176 46 144 183 39

1996 123 155 32 131 168 37

1997 117 136 19 115 138 23

1998 120 160 39 134 172 37

1999 130 162 32 140 182 42

2000 140 171 31 152 184 32

2001 129 165 36 142 180 38

2002 130 161 31 132 163 31
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Figure 8.28: Annual variation in catchment area according to interpolation of 

field data using thin plate splines

8.6 Delineation of groundwater catchment area by 

transect

One other way in which the catchment might be delineated is by examination 

of the behaviour of individual transects. An example will be used to illustrate 

this approach; the purpose of the example is mainly to demonstrate the pos

sibility, so no attempt will be made to calculate the area. However, because 

one of the main areas of interest is the northwestern part of the Lambourn to

pographic catchment, a transect from that part of the catchment is considered. 

The transect is shown in Figure 8.29, along with those boreholes from which 

data were taken. The data used is field data, not model output. Mean monthly 

heads are shown in Figure 8.30. Even the mean monthly head behaviour of 

just these seven borehole hydrograph time series shows some interesting com

plexities. Firstly, there is a noticeable phase difference, particularly for Ash

bury Hill, for which maximum head occurs in February, after which there is 

a quite rapid decline to a minimum in October. This compares with Maddle 

Farm (Chalk) where head continues to rise until April, and where a marked 

decline only occurs between May and June. For the other boreholes, particu

larly Upper Lambourn (Upper Greensand, abbreviated to UGS) and Maddle 

Farm (UGS) there seems to be a lagged response to Maddle Farm (Chalk).
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This would suggest that Ashbury Hill and Maddle Farm are hydraulically 

poorly connected; the head plateau seen at Maddle Farm (Chalk) in Febru

ary, March, April and May does not sustain groundwater levels at Ashbury 

Hill. This suggests that discharge through scarp slope springs is as a result 

of gravity drainage of recharge to the north of the groundwater divide and 

not as a result of induced lateral groundwater flow because of generated head 

differences. The second salient feature is the cyclical switching of head dif

ferences between Chalk and Upper Greensand. For Faam Combe and Upper 

Lambourn, Chalk heads in January, February and March are higher than Upper 

Greensand heads with a switch occurring around April/ May. This may mean 

that there is downward flow within the saturated zone in the early part of the 

year. Alternatively, it could mean that Upper Greensand heads are governed 

by head levels to the west.

For each of the boreholes, Ashbury Hill, Maddle Farm (Chalk) and Upper- 

Lambourn2 (Chalk), mean monthly heads were calculated. These are shown in 

Figure 8.31, plotted as distance in metres from Ashbury Hill, which for Mad

dle Farm is 3970 metres and for Upper Lamboum is 5080 metres. The plots 

were then fitted using nonlinear least-squares to a polynomial of order 2, from 

which the position of the groundwater divide was found by simple differenti

ation. On this basis, the groundwater divide was found to move on average by 

0.7 kilometres, defined by its mean position in January and September. Note 

that this figure overestimates the distance moved, since it is represented by the 

distance b in Figure 8.32, as it cannot be assumed that the transect in Figure 

8.29 is exactly aligned with the direction of movement of the groundwater di

vide. It should be noted, however, that Figure 8.9 suggests that the use of mean 

heads underestimates the groundwater catchment area.

8 .7  D iscu ssio n

Historically, groundwater models in this sort of catchment either treat the catch

ment as a relatively isolated unit, in which case it is necessary to delineate the

266



Figure 8.29: Borehole locations and transect represented in Figure 8.31
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Figure 8.30: Mean monthly heads for selected boreholes in northern part of 
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on both figures to facilitate comparison with other boreholes.
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Figure 8.31: Mean monthly groundwater divide for transect shown in Figure 

8.29. Numbers along x-axis are distances in metres along the transect from 

Ashbury Hill. Open circles mark borehole locations. ‘ x ' marks the position of 

maximum elevation of the water table.
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Groundwater divide (January)

Figure 8.32: Schematic illustration of error associated with 1-dimensional esti

mation of extent of groundwater divide movement

groundwater catchment area in order to undertake a water balance calcula

tion or the catchment is considered part of the regional groundwater system, 

in which case there is no explicit delineation of the groundwater catchment 

area. In this thesis, the approach taken was the second, so that the catch

ment was modelled as part of a regional groundwater framework, but with 

the additional qualification that the groundwater catchment area is specifi

cally delineated. The reason for this is partly that it was shown in previous 

chapters that it is difficult to constrain different model configurations, because 

model configurations that result in similar heads can result in markedly differ

ent streamflows, and partly to see whether it is necessary to incorporate this 

sort of catchment as part of a regional groundwater framework or whether it 

can be assumed to be an isolated groundwater system.

Groundwater catchment area was calculated in two ways, one using par

ticle tracking and the second using the piezometric surface. In principle, the 

groundwater catchment area should be delineated using particle tracking, as 

is done for example in the delineation of well capture zones. The difficulties 

with particle tracking are firstly that it requires the specification of porosity, 

which is problematic in a dual porosity medium, secondly that it in principle 

requires the specification of porosity both laterally and vertically and thirdly
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that there is no data against which to calibrate. However, it can be used to 

support analysis based on the use of the piezometric surface. The advantage 

of using the piezometric surface to delineate the groundwater catchment area 

is that it can be done relatively quickly, so enabling comparison between dif

ferent model configurations and it can be compared with field data. For de

lineation of groundwater catchment area according to piezometric surface, the 

area can be delineated using head output from all model nodes or from a sam

ple of model nodes, where the locations of the sample nodes coincide with the 

locations of boreholes located in the field.

For model output using all model nodes, two components of the ground- 

water catchment area can be identified: A mean component and a variable 

component. The mean component was highlighted earlier as evidenced by 

the strong correlation, for example, between the time series for Runl08 and 

Runl31. The mean component depends on the transmissivity and the variable 

component depends on the seasonal recharge cycle. The mean component is 

insensitive to blanket increases in recharge, as can be seen from Figure 8.15, 

panel 3. What this means, in principle, is that where comparisons between 

modelled groundwater catchment area and catchment area derived from field 

data show a difference in mean area, adjustments can be made to transmissiv

ity parameters in the model until the catchment areas match. If, subsequent 

to that, there is a discrepancy between modelled stream baseflow and data- 

derived stream baseflow, then adjustments can be made to the mean recharge 

input to the model in the knowledge that the mean modelled groundwater 

catchment area will change to a negligible extent. Of course, if spatial or tem

poral distribution of the recharge were changed, then this would not be the 

case. The point is that multiplying all recharge inputs at all model nodes in the 

catchment by a constant factor has negligible effect on the mean groundwater 

catchment area.

In order to compare the modelled groundwater catchment area with that 

derived from field data, it is necessary to implement some form of spatial in

terpolation scheme. Interpolation schemes were tested by comparing interpo
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lated model output with direct model output. The pattern of variability in the 

groundwater catchment area suggested by interpolation of model output cap

tured well the pattern produced by complete model output, although mean 

catchment area was underestimated. After consideration was given to vari

ous spatial interpolation schemes, a choice was made to use thin plate splines. 

There are good reasons why a thin plate spline should be the most appropri

ate. One is that a thin plate spline minimizes the bending energy of a surface 

and that is what a groundwater system is trying to do; the groundwater moves 

according to potentiometric head differences to reduce the potential energy in 

the system. Therefore, there is some parallel between thin plate splines and 

groundwater movement. A second is that the thin plate spline, with default 

parameters, passes through the control points, that is those known values at 

particular locations. Particularly with model output, where the head values 

are known with certainty, the interpolated surface should be required to pass 

through the control points. A third reason is that, particularly for high perme

ability Chalk catchments, the surface varies smoothly, which is the situation 

for which splines are best suited. Kriging might be one other way in which 

to interpolate the surface, but there are two reasons why kriging might not be 

suitable. Firstly, there is a trend in the surface which has to be removed. Sec

ondly, the water table slope is anisotropic in several directions meaning that at 

any given location, the slope of the water table at that location depends on the 

direction in which the slope is being measured. In this regard, possibly of most 

significance is the groundwater divide associated with the scarp slope (Figure 

8.33); identifying the groundwater divide means identifying exactly that point 

at which the anisotropy in the water table slope changes.

Catchment area computed from interpolated head field from two model 

configurations, one based on zonation of transmissivity, Runl31, and the other 

based on a points-based transmissivity field, Runl208, were compared with 

the interpolated area using field data. For a thin plate spline of degree 3 with 

low spring boundary conditions, the mean catchment area using field data 

was found to be 152 km2, compared to corresponding figures of 142 km2 for
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Figure 8.33: Schematic diagram illustrating the anisotropic nature of the water 

table slope either side of the groundwater divide in relation to scarp and dip 

slope

Runl208 and 112 km2 for Runl31. Given that the true mean area for Runl208 

is 152 km2 (Table 8.1), then a crude estimate for the mean catchment area using 

field data was found to be 162 km2. However, this is not the central result. 

More important is that there is good evidence to believe that the true catch

ment area does vary significantly on an annual basis to the extent that this 

type of river-aquifer system has to be modelled on a regional basis. The sec

ond important point is that this analysis can be used to reject certain model 

configurations. A question posed earlier on in the thesis was whether the 

underestimates of streamflow at Shaw and heads in the northern part of the 

catchment as seen in the original model configuration (Run5) and also Runl31 

and Runl08 were due to a shortfall in recharge or an incorrect transmissiv

ity specification. There is a strong temptation, partly because the pattern of 

heads for Runl31 and Runl08 are so similar, to conclude that recharge is un

derestimated. However, the comparison of field-based catchment area with 

model-based catchment area (Figure 8.26) strongly suggests that Runl31 can 

be rejected. Note that it has been shown that the mean component in ground- 

water catchment area is insensitive to blanket changes in recharge; catchment 

areas for Runl31 and Runl7 differ to a much smaller degree than those for 

Runl31 and Runl208. Examination of the groundwater catchment area there

fore acts as a powerful constraint on the set of possible model configurations.
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As a final point, there is considerable uncertainty in the estimate of the 

catchment area, partly because of the difficulty of choosing an interpolation 

scheme, partly because of uncertainty about boundary conditions and partly 

because the interpolation itself by its nature is based on incomplete data. A 

supplementary approach has been suggested which seeks to identify the point 

location of the groundwater divide along particular transects. This has the 

advantage that the output is easily visualized and also that boundary condi

tions have no effect. It would be interesting to see how the results using this 

approach compared with those using other approaches.

It could be argued that rather than use the catchment area generated from 

interpolation of field data to validate or invalidate the model configuration, 

the generation of catchment area from model output could be used to make an 

assessment of the catchment area for the real system. However, the model is 

not good enough to be able to do this and this is partly because of the difficulty 

of distinguishing between recharge and transmissivity effects. To some extent, 

the process is iterative in that an assessment of catchment area based on field 

data can be used to better constrain model output which could then possibly 

be used to give estimates of catchment area.

8.8  S u m m ary

Contours of the water table surface derived from model output were shown 

for low water table and high water table for the year 1994. It was suggested 

that visually there is little difference between the two with regard to a visual as

sessment of the extent of the groundwater catchment area. Catchment area was 

assessed in three ways. Firstly, one particular model configuration was used 

to conduct particle tracking analysis. Particle tracking analysis is hampered 

by the fact that it is necessary to specify porosity both laterally and vertically, 

which raises the issue of whether one is considering fracture porosity or ma

trix porosity. Nevertheless, notwithstanding those limitations, particle track

ing suggested that there is considerable variability in the catchment extent,
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particularly in the northwestern area. Then, catchment area was calculated 

using the piezometric surface obtained from direct model output at all model 

grid nodes. The resultant area was in agreement with the pattern obtained 

from particle tracking. This suggested that the use of piezometric surface was 

reasonable, notwithstanding the particle tracking issue regarding porosity.

Calculation of groundwater catchment area from the piezometric surface 

obtained from direct model output was then carried out for various model 

configurations. This showed that similar families of model configurations ex

hibited similar behaviours. This gave confidence in the robustness of the al

gorithm. Comparison of different model configurations also showed how for 

some model configurations (Runl208, Runl219) the catchment area was buffered 

and therefore low flows in the river are to some extent buffered for those model 

configurations.

Thin plate splines (TPS) were used to fit a piezometric surface to a sample 

of model output in order to compare with the piezometric surface obtained 

from complete model output. The use of the TPS tended to result in an under

estimate of the groundwater catchment area derived from direct model output, 

possibly because of difficult to define boundary conditions, even though TPS 

captured the variation in groundwater catchment area quite well. TPS was 

then used to obtain the piezometric surface using field data, which suggested 

that the catchment area in the real system does also show substantial seasonal 

variation, typically between 30 and 40 km2. The field data result was then com

pared with TPS interpolations of model data, which strongly suggested that 

some model configurations (Run5 and Runl31) could be discarded. There are 

two conclusions. One is that the groimdwater catchment area of Chalk rivers 

such as the Lambourn cannot be modelled as isolated systems and the second 

is that the assessment of the groundwater catchment area as model output, as 

opposed to model pre-processing for water balance considerations, is a process 

necessary for the constraint of possible model configurations.

274



Chapter 9 

Conclusion

9.1 S u m m ary  and  d iscu ssion

The original focus for this thesis was the improved understanding of stream- 

aquifer interactions in groundwater dominated catchments. Within this frame

work, a Chalk catchment in England, the river Lambourn located within the 

Berkshire downs, was used as a case study with one site within that catchment 

studied with data from that site available at high temporal resolution. The 

purpose of the site study was generally to improve understanding of stream- 

aquifer interactions in these sorts of catchments and specifically to examine 

whether the conventional representation of the stream-aquifer interface used 

in groundwater models could be improved upon.

Site scale data consisted of high frequency logging of piezometric head, 

fluid temperature and electrical conductivity. Because of the high permeabil

ity of streambed sediments, it is very difficult, if not impossible, to infer flow 

directions within the sediments through the use of head data. However, the 

use of electrical conductivity together with temperature as tracers recording 

at high temporal resolution proved to be very good way of making inferences 

about the nature of the hydrogeology and formed a fundamental part of the 

reasoning behind the construction of a conceptual hydrogeological model.

Subsequent to analysis of the site scale data, an already existing regional
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numerical groundwater model within which the Lamboum catchment was lo

cated, was used to provide boundary conditions for a site scale model in or

der to test within a numerical framework the conceptual understanding that 

had been developed from the site scale data. The regional model, however, 

underestimated the flow in the river Lamboum with data-derived baseflows 

exceeding modelled baseflows by about 35%. This prompted a recalibration 

of the regional model, using the original zoned transmissivity approach, but 

focussing only on the region around the river Lambourn; in this way, the re

gional model was effectively providing dynamic boundary conditions for the 

Lamboum groundwater system. Recalibration showed that it is possible for a 

small range of values of the objective function, in this case RMSE values cal

culated by comparing observed piezometric heads with modelled piezometric 

heads, to be associated with a wide range of river flows. In other words, the 

flow in the river is very sensitive to small changes in head in the aquifer. It 

was also the case that those simulations which were arguably better perform

ing with regard to heads were those which underestimated flow; that is, it was 

possible to make model improvement in terms of flow at the expense of model 

fit in terms of head. What this means is that there are two ways to improve 

model fit, either by increasing the recharge input or by changing the transmis

sivity configuration. This is a banal statement, but it is the heart of the problem, 

since there is not enough information to choose between model configurations 

that have similar patterns of head behaviour but very different behaviour in 

terms of river flow.

With regard to whether steady state models can act as reasonable guides 

to time-variant simulations in highly permeable Chalk catchments, the answer 

is equivocal. The motivation for single layer steady state modelling of trans

missivity is that steady state model runtimes are three or four orders of mag

nitude less than transient model runtimes. Whereas for a single layer steady 

state model the transmissivity is time-invariant at each model node, for the 

three layer time-variant model the transmissivity increases as the elevation of 

the water table increases. Moreover, because the model layering is set up to re
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fleet the hydrogeology of the real aquifer system, layers at higher elevation are 

assigned hydraulic conductivities greater than those assigned to lower layers. 

Therefore, as the water table rises, as it intersects layers of higher permeability, 

lateral flow is increased which acts to counter the rise in the water table. For 

a steady state model, this negative feedback does not exist and therefore there 

is a tendency for steady state heads to overpredict mean time-variant heads. 

However, it is important to note that this is a general rule and does not always 

apply, as the most striking result of the comparison between steady state and 

time-variant simulations was the existence of two or more populations for any 

one model node, with one population where steady state head is a very good 

predictor of mean time-variant head, and a second where steady state head 

over predicts mean time-variant head. On the other hand, steady state gener

ated baseflow does correlate with mean time-variant baseflow to some extent, 

and therefore to some extent single layer steady state simulations are guides to 

time-variant simulations.

With regard to the underestimation of flow in the river Lamboum, it was 

suggested within this thesis that the main cause of the difficulty in identify

ing the factors responsible for the shortfall in model performance derives from 

the real hydrogeology of the system. The water table is relatively very flat 

and the subsurface is very permeable. In the model, when calibrating against 

head data, small changes in head are associated with large changes in the po

sition of the groundwater divide, and therefore the groundwater catchment 

area, for that particular groundwater catchment. Because flows in the river de

pend on the size of the groundwater catchment area, small changes in head are 

therefore associated with large changes in flows. This means that calibrations 

based on head data are not effective. Note also that a multi-objective calibra

tion based on head and river flow data is also not effective, because it presumes 

that the recharge input is correct.

This prompted analysis of the groundwater catchment area. Historically, 

models of this catchment, the river Lamboum, either assume that the ground- 

water catchment area is relatively constant, in which case the groundwater
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model is constructed with zero-flux boundaries or the catchment is embedded 

as part of a larger regional model. In this second case, in the published liter

ature no analysis of the groundwater catchment area has been carried out as 

part of the model output. That is, the purpose of delineating the groundwater 

catchment is normally to undertake a water balance prior to model construc

tion; delineation of the groundwater catchment is not carried out as part of 

the model calibration. Therefore, in this thesis, the groundwater catchment 

area derived from the piezometric surface calculated from the model output 

was compared with that obtained using field data. The modelled groundwater 

catchment area based on model output using all model nodes was also com

pared with the groundwater catchment area based on an interpolated piezo

metric surface using a subset of model nodes. In this way, the interpolation 

scheme was tested against a synthetic test case before the interpolation scheme 

was applied to field data.

Four main points came out of the analysis of groundwater catchment area. 

The first is that interpolation is not trivial. Firstly, choice of interpolation scheme 

matters and secondly boundary conditions play an important role in the im

plementation of the scheme. The second is that the groundwater catchment 

area varies significantly on a seasonal basis; both model-output groundwa

ter catchment area and field-data groundwater catchment area showed sig

nificant intra-annual variability of the order of 30 or 40 km2, with a range of 

almost 100 km2 for all years of the period covered. In other words, it is pos

sible for the groundwater catchment area to nearly double in size compared 

to its minimum value. The third main finding was that, for model output, the 

mean catchment area was insensitive to increases in recharge; although on a 

seasonal basis, the variability in recharge drives the variation in the ground- 

water catchment area, increasing recharge by a constant proportion at each 

node in the model at each time step had very little effect on the time series of 

the groundwater catchment area. As input to the groundwater model, it was 

possible to increase the recharge in the Lamboum catchment by 40% with lit

tle effect on the groundwater catchment area time series. This means that, in
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principle model-output groundwater catchment area can be calibrated against 

field-data groundwater catchment to improve model fit. Once model-output 

groundwater catchment area matches field-data groundwater catchment area, 

if there is then a mismatch between simulated and data-derived streamflows, 

at that point recharge input to the model can be adjusted so that simulated and 

data-derived streamflows match. The fourth outcome was that by comparing 

model-output groundwater catchment area with that derived from field data, 

it became clear that certain model configurations could be discarded; whereas 

prior comparison between model configurations using only heads and stream- 

flows had yielded equivocal conclusions, the addition of groundwater catch

ment area as a target output rendered unacceptable some previously accept

able model configurations.

As an alternative to using a physics-based, distributed groundwater model 

it is possible to take the area time series obtained from interpolation of field 

data and impose that time series on a conceptual model. There are a number 

of caveats that would apply to this approach, however, that do not apply to the 

use of the physics-based model. The first is that the comparison made between 

model-derived groundwater catchment area and groundwater catchment area 

obtained from field data was a comparison based on an interpolated surface 

for both sets of data. The comparison between model-derived groundwater 

catchment area using all model nodes (TrueModelArea) and model-derived 

groundwater catchment area using an interpolated surface (InterpModelArea) 

demonstrated that use of the interpolated surface resulted in an underestimate 

of the groundwater catchment area. If the groundwater catchment area based 

on field data (TrueFieldArea) were imposed on a conceptual model, then some 

adjustment to the groundwater catchment area based on the interpolated sur

face using field data (InterpFieldArea) would have to be made in order to ob

tain an estimate of TrueFieldArea. The physics-based model does not need 

to address this issue since one is comparing an interpolated surface based on 

model output with an interpolated surface based on field data; from the point 

of view of model calibration, the true groundwater catchment area is irrelevant
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as what matters is whether the InterpModelArea satisfactorily reproduces In- 

terpFieldArea.

A second difficulty is that a conceptual model would assume that the ground- 

water system is closed, so that the system is in long term equlibrium with in

flows equal to outflows. Again, the physics-based model does not assume this, 

for the Lamboum catchment at least. In comparing InterpModelArea with 

InterpFieldArea, no assumption is made about the magnitude of subsurface 

fluxes beneath the surface water gauging station at Shaw or that there are no 

flows of groundwater into the river Lamboum from outside the Lamboum 

catchment. Of course, the water balance, both for the entire regional model 

domain and for subcatchments with the entire domain, is of critical impor

tance. However, the comparison between InterpFieldArea and InterpMode

lArea does not require any consideration of water balance. If the groundwater 

catchment is invariant and there are no external inflows or outflows of ground- 

water, then the mean recharge rate will be equal to the mean baseflow divided 

by the groundwater catchment area. However, if the groundwater catchment 

area varies with time, and there is a time lag between, for example, maximum 

catchment area and maximum stream discharge, then the calculation of even 

the mean recharge rate is not straightforward.

As a point of interest, the physics-based model fulfils a further function. 

Rather than taking a regional groundwater model as a starting point and com

paring the groundwater catchment area with that obtained from field data, 

imagine the reverse scenario whereby the groundwater catchment area based 

on field data is obtained first. That would show, as it does show, that the 

groundwater catchment area varies by a significant amount on an intra-annual 

basis. A question that then might arise would be whether that significant intra

annual variation was realistic or whether the estimation of the groundwater 

catchment area was volatile or overly sensitive to the interpolation scheme. 

This question could be answered by the construction of a physics-based ground- 

water model which would show, as it does show, that indeed it is possible for 

the groundwater catchment area in these permeable Chalk catchments to show
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significant intra-annual and also inter-annual variation.

That there are caveats associated with the use of a time-varying catchment 

area within a conceptual model does not, however, mean that such a concep

tual model should not be implemented. A model is a simplification of reality 

whose purpose may be to improve the understanding of the real system. Ev

ery model is a simplification by definition, otherwise it is not a model. The 

physics-based groundwater model simplifies the real system by, for example, 

division of the aquifer into discrete layers, by assuming an isotropic medium, 

by assuming that the mesh-spacing is sufficiently refined to capture the spatial 

structure and by a large number of other simplifications. Simplification is a 

necessary part of model building, so the fact that a conceptual model driven by 

an estimate of TrueFieldArea is subject to additional assumptions or caveats, to 

which the physics-based model is not subject, is not per se a reason for discard

ing the conceptual model. But it does mean that one should explicitly consider 

these caveats in using a conceptual model driven by an estimate of the true 

groundwater catchment area.

9.2  R eco m m en d atio n s for fu rth er w o rk

For calibration of the regional model focussing on the region around the Lam- 

bourn, two conceptualizations of transmissivity were implemented: a zonal 

conceptualization and a points-based conceptualization. It was suggested that 

the points-based transmissivity model was more appropriate, partly because 

there was less conflict between the best steady simulation with regard to heads 

and the best steady state simulation with regard to flows. However, time- 

variant implementations for both zone-based and points-based transmissivity 

models could be improved upon. This is likely to be in part because of the 

crudeness of the calibration procedure, which was a simple Monte Carlo pro

cedure in which values for zones or points were assigned from a composite 

rectangular distribution with constant mean. This mean value was found to act 

as a strong control on the set of possible configurations. Therefore, it would be
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interesting to see what effect other calibration schemes such as Markov Chain 

Monte Carlo or some sort of evolutionary algorithm, which would allow for a 

variable mean value, would have on the set of possible model configurations.

However, it has been suggested that the primary calibration target should 

be the position of the groundwater divide, with streamflows and heads as sec

ondary targets. Given the difficulty of interpolating a surface, it has been sug

gested that transects could be examined for both model output and field data 

that could be used to identify the point of maximum water table elevation for 

each transect. The objective function for calibration then becomes the differ

ence in distance between the location of the point of maximum elevation using 

field-data compared to the point of maximum elevation using model output 

for all transects. This would not be a straightforward procedure. There is 

still the fact that runtime of time-variant simulations is prohibitive and there

fore it is likely that possible model configurations would be first identified us

ing steady state models, which leads to the question of which location of the 

time-variant groundwater divide best matches the position of the steady state 

groundwater divide. However, given that mean time-variant river flows are 

well-correlated with the corresponding steady state groundwater flows, then 

it seems likely that steady state groundwater catchment area corresponds with 

some central measure of time-variant groundwater catchment area. It is also 

the case that this could not be executed for the whole model simultaneously, in 

which case calibration becomes an iterative procedure, whereby firstly a good 

model is constructed and then that model is fine-timed, possibly on a catch

ment by catchment basis.

The third area of interest is in the choice of interpolation scheme for the 

piezometric surface. Irrespective of whether a surface or transects are used to 

located the position of the groundwater divide, interpolation of the piezomet

ric surface remains an important part of groundwater hydrology. Given the 

frequency with which universal kriging is used in the interpolation of piezo

metric surfaces and given that thin plate splines (TPS) were used in this the

sis, it would be interesting to implement universal kriging to interpolate the
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piezometric surface the Chalk and compare that with the piezometric surface 

obtained both from direct model output and from the TPS implementation. If 

TPS was shown to be more accurate, then this would be a useful counter to the 

current popularity of kriging.

9.3 Im p licatio n s and  con clu sion s

One implication is that groundwater models in such catchments should be run 

iteratively. The modelling framework presented here is a one-way cascade 

model, which calculates recharge inputs in advance which then are considered 

as exogenous input to the groundwater model. However, the groundwater 

model needs to be run in order to be able to compare model-derived ground- 

water catchment area with data-derived groundwater catchment area. This 

then informs the original recharge calculation which should then be adjusted 

and then re-applied to the groundwater model. It seems reasonable that in a 

catchment where more than 90% of streamflow is derived from groundwater, 

a recharge model cannot be specified in advance since, as a proportion of total 

rainfall, surface runoff and interflow are very small.

A follow on implication of this concerns the use of physics-based models. 

In the context of the hydrological epistemological debate concerning the use 

of physics-based as opposed to conceptual hydrological models, in this case, 

despite the difficulty in calibration and the complexity of the system, a physics- 

based model is required to delineate the groundwater catchment.
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