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Summary

Conceptually, the main hydrological pathways contributing to river discharge are 

overland flow, interflow, shallow groundw ater and deep groundw ater. The percentage 

o f  the river hydrograph derived from each o f  these pathways is an im portant aspect o f  

any hydrological study and is the focus o f  this research. Data collected from four study 

catchm ents as part o f  this research (rainfall, river discharge and tem perature data from 

the river and boreholes) and available data from supplem entary catchm ents, were 

analysed to determ ine the contribution o f  the pathw ays to river discharge through the 

application o f  various analytical techniques. Physical separation m ethods (recharge 

coefficients, m aster recession curve analysis, digital filtering algorithm s and 

tem perature tracer analysis) were em ployed to provide realistic ranges for the 

percentage o f  the river discharge derived from each o f  the pathways utilising measured 

discharge in the river, the geological setting o f  the catchm ent and tem perature 

m easurem ents in the river and the subsurface into account.

These physical separation m ethods were m odified as necessary for use with the 

conceptual model o f  this research. The recharge coefficient approach was altered to 

account for point recharge (particularly in karst catchm ents); the m aster recession curve 

was applied in a novel manner, allowing the characteristic response o f  the pathways to 

be identified; the Lyne and Hollick ‘one-param eter’ algorithm  was significantly 

m odified to remove subjectivity and enable its use as an investigative tool for 

identifying the four pathways o f  the conceptual m odel; while the novel application o f  

tim e series analysis in conjunction with a sim ple tem perature m ixing m odel provided 

further insight into the contribution o f  the pathw ays to the river. The lumped and 

conceptual rainfal 1-runoff model NAM  provided tem poral variation o f  the contributions 

o f  each o f  the pathways to the river hydrograph, applying the ranges o f  each o f  

pathways, determ ined from the physical separations, as constraints when calibrating the 

m odel output.

The groundw ater pathways contributions to river discharge were further investigated, 

im plem enting the fully distributed M O D FLO W  groundw ater model. This finite 

difference model provided a hydrograph o f  the contribution o f  the groundw ater
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pathways for the same time period as the NAM simulation in one o f the study 

catchments. The comparison o f the two hydrological models highlighted the large 

demand for high spatial resolution data from such a model as MODFLOW, with the 

results implying that the data available was not sufficient for achieving a good fit 

between simulated and observed discharge in the river, even in a catchment that would 

be considered well instrumented by Irish standards.

Following this, the parameters implemented in NAM to obtain the pathway separations 

were related to the different catchment characteristics, i.e. soil, subsoil, catchment area, 

slope etc., using multiple linear regression. This provided a means o f  implementing the 

hydrograph separation methodology o f this thesis in ungauged catchments o f  similar 

type to the study catchments and supplementary catchments o f this thesis. Utilising the 

uncertainty associated with the multiple linear regressions, a sensitivity analysis o f the 

NAM parameters was carried out. This identified the parameters that are o f  most 

importance, with regards to the pathway separations obtained and the comparison o f the 

simulated and observed river discharges, when implementing the NAM in Irish 

catchments. While this framework for quantifying the contribution o f the pathways was 

developed for Irish catchments, the methodology is applicable internationally, provided 

the necessary data are available and the conceptual model is consistent with that o f the 

catchment being assessed.

This research was carried out as part o f the Pathways Project, which is investigating the 

fate o f diffuse contaminants, along the hydrological pathways transporting them and 

their subsequent impact on aquatic ecosystems in Irish catchments. This is o f  

fundamental importance to the Environmental Protection Agency and River Basin 

Managers during decision making towards achieving the aims o f  the EU >\'ater 

Framework Directive. The Pathways Project aims to develop a Catchment Management 

Tool (CMT) that will meet the needs o f these decision makers. The contaminants 

investigated by the CMT will include phosphorus, nitrogen, sediments, pesticides and 

pathogens. An important aspect o f the development o f this CMT is the quantification o f  

the pathways’ contributions to the river hydrograph.
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Chapter 1: Introduction

1 Introduction

1.1 Background and Overview of Thesis

An understanding o f the hydrological processes involved in a catchment is vital to 

predicting the impacts o f human actions on river ecology and requires the identification 

o f the important pathways transporting diffuse contaminants to rivers and aquatic 

ecosystems. Conceptually, the main flow pathways contributing to rivers in Ireland are: 

overland flow, interflow, shallow and deep groundwater flow (Figure l-I) . The aims o f 

a major current research project {Pathways Project) are to achieve a better 

understanding o f these pathways, the fate and transport o f waterborne contaminants, 

and their subsequent impact on aquatic ecosystems in Irish catchments. The 

contaminants being investigated include phosphorus, nitrogen, sediments, pesticides 

and pathogens. The project is to develop a Catchment Management Tool (CMT) to 

assist the Irish Environmental Protection Agency and River Basin District managers in 

achieving the objectives o f the European Water Framework Directive (WFD, 2000), in 

improving the management and protection o f the country’s water resources. This 

project is being carried out by a consortium o f  Queen’s University Belfast, Trinity 

College Dublin and University College Dublin.

An important element o f research within this broad project was to quantify the 

proportion o f  the river hydrograph that is derived from each o f the main pathways. The 

research described in this thesis has utilised river discharge, rainfall and temperature 

measurements in four study catchments. These study catchments are: Gortinlieve in Co. 

Donegal, Glen Burn in Co. Down, Mattock on the Co. Louth/Meath border and Nuenna 

in Co. Kilkenny; these reflect a range o f catchment characteristics, typical o f  the Irish 

setting, ensuring that this research will provide a methodology that can be applied 

throughout Ireland and will have international applications. The data from these study 

catchments are used throughout the thesis to determine the contribution o f  these 

pathways to river discharge.



Chapter I : Introduction

The initial conceptual model applied in this thesis supposes that w ater flows along 

hydrological pathways before becom ing part o f  total runoff in the stream. The 

conceptual model identifies four pathways: overland flow, interflow, shallow 

groundw ater flow and deep groundw ater flow (A rchbold et al., 2010). Overland flow is 

considered to be the flow that occurs close to the surface o f  the land when the soil has 

reached saturation, or when rainfall is o f  sufficient intensity, that the rainfall cannot 

infiltrate into the soil. Interflow is lateral flow that occurs in soils and subsoils. It may 

be saturated or unsaturated. Shallow groundw ater flow is that which occurs in the upper 

few metres o f  the fractured bedrock aquifer that often has higher perm eability than the 

deeper parts o f  the aquifer in which deep groundw ater flow occurs. Figure 1-1 

illustrates four o f  the four pathways.

Flow

SivaNow — r  
1 G»ouo<K»»H» “ p

Productive AquifeiPoofty Productive Aquifer

Key
Low Perm oability Subsoil 
(left of diagram) R elative d«»9ree of trm em iesiv ity  

of bedrock aquifer
H ighM oderate Perm eability Subsoil 
(right of diagram)

Perched W ater Table
Flow Pathway

Figure 1-1 Pathways present in poorly productive and productive aquifers on the left and right 

respectively (J. Deakin: after N. Hunter-W illiam s and D. Daly).
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Chapter 1: Introduction

A combination o f physical separations evaluating the responses o f the river to rainfall, a 

recharge coefficient approach assessing the soils, subsoils and aquifers o f  a catchment 

and temperature time series analysis were employed to provide realistic ranges for the 

contribution o f  each o f these pathways. Therefore, these ranges, based on knowledge o f 

the measured discharge in the river, the geological setting o f a catchment and 

temperature measurements in the river and the subsurface, provided a robust means o f 

constraining the lumped hydrological model that was applied to the study catchments. 

This model represented catchments as a series o f  linked reservoirs with discharges from 

the reservoirs corresponding to the different pathways, it was possible to calibrate this 

model applying the range o f separations obtained from the separation methods outlined 

and the observed discharge o f  the river.

An important function o f the CMT would be its application to ungauged catchments 

within Ireland. As the lumped model would be one o f the main influences on the 

hydrological modelling development o f this tool, it was important to generalise the 

modelling approach described in this thesis and ensure that the model could be 

employed in these ungauged catchments. Therefore, utilising multiple linear regression, 

equations were developed to relate the model parameters to physical catchment 

characteristics in the catchment that could be identified from geographical information 

systems (GIS). The errors associated with these regressions were then utilised to 

determine the sensitivity o f the model parameters, this provided an assessment o f the 

importance o f  each parameter with regards to each pathway’s contribution and the 

overall match with simulated and observed discharge in the river. To the author’s 

knowledge, this rigorous evaluation o f the sensitivity o f the rainfall-runoff model 

NA M ’s parameters has not been conducted before.

The integrated approach o f this thesis to determining the contribution o f each o f the 

pathways to the river, employing hydrograph separation methods and hydrological, will 

be vital for the development o f  attenuation modelling o f contaminants along the 

pathways, also undertaken within the Pathways Project but outside the scope o f this 

thesis, and for informing the hydrological modelling aspect o f  the CMT.
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Chapter 1: Introduction

1.2 Research Aims and Objectives

The prim ary aim o f  the research was to develop a m ethodology for separating the river 

hydrograph into its four contributing pathw ays using catchm ent characteristic data 

available in GIS databases. Tow ards this end, four study catchm ents together with 

supplem entary catchm ents, for which data were available, were investigated in detail. 

The objectives o f  this research are:

•  A pplication o f  a variety o f  physically based hydrograph separation techniques 

(including necessary m odifications) in order to provide model calibration 

constraints.

•  Im plem entation o f  lumped and fully distributed hydrological m odels to quantify 

pathw ay contributions.

• Original approach tow ards the developm ent o f  regression equations linking 

lumped model param eters to GIS datasets.

•  A ssessm ent o f  sensitivity o f  model param eters for future applications o f  lumped 

model.

These objectives have been achieved through the following activities:

•  The m onitoring o f  rainfall and river flow, through the siting o f  rain gauges and 

the establishm ent o f  hydrom etric stations (including the rating curves) to 

m easure river stage in tw o catchm ents (the M attock and N uenna) for which the 

author was prim arily responsible for hydrom etric data collection.

•  A pplication o f  physical river hydrograph separation m ethods to the study 

catchm ents and supplem entary catchm ents to assess contributions o f  the 

hydrological pathways to rivers and provide constraints for calibration o f  

hydrological modelling.

• A pplication o f  a lumped model to sim ulate the tem poral variation throughout 

the year o f  the pathways in the study catchm ents and in supplem entary 

catchm ents.
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•  Investigation o f  the correlation between the response tim e o f  the fastest 

pathways and the tem poral resolution o f  inputted rainfall required to achieve 

accurate sim ulations o f  peaks in the hydrograph.

• A pplication o f  a distributed fm ite-difference model in one o f  the study 

catchm ents to further investigate the groundw ater interactions with the surface 

water and to evaluate the feasibility o f  using such an approach at a catchm ent 

scale in data-scarce environm ents.

•  D evelopm ent o f  relationships between catchm ent descriptors, such as soils, 

subsoils, catchm ent area etc., and the param eters o f  the lumped model for 

application in ungauged catchm ents in Ireland.

• Im plem entation o f  a M onte-Carlo sim ulation o f  the lumped model varying the 

param eters to assess their sensitivity and further assess the im portance o f  each 

param eter during sim ulations.

1.3 Scope and Layout of Thesis

The overall scope o f  this thesis is laid out as follows;

•  Review o f  the available literature regarding previous research in physical 

hydrograph separation techniques (Chapter 2).

•  Review o f  the available literature in relation to hydrological m odels and their 

application to catchm ent scale studies (C hapter 3).

•  Description o f  study catchm ents, their land-use, hydrological characteristics and 

hydrogeological settings (Chapter 4).

•  O utline o f  research m ethodology regarding the collection o f  data from study 

catchm ents and assessm ent o f  data quality (C hapter 5).

•  A pplication o f  physical hydrograph separation techniques, m odified as required, 

to study catchm ents with discussion o f  results (C hapter 6).

•  A pplication o f  lum ped and conceptual rainfall-runoff m odel N A M  to study 

catchm ents with additional discussion o f  results (C hapter 7).

•  A pplication o f  fully distributed groundw ater m odel M ODFLO W  to M attock 

catchm ent with further discussion o f  results (C hapter 8).
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•  Regionaiisation o f  NAM  param eters using m ultiple 

available GIS data (C hapter 9).

•  A ssessm ent o f  uncertainty associated with each o f  

(Chapter 10).

•  Conclusions and recom m endations (Chapter 11).

linear regression and 

the NAM  param eters
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2 Literature Review: Physical Hvdrograph Separation 

Techniques

2.1 Introduction

The literature review is being carried out in tw o chapters, one chapter for hydrograph 

separation techniques and the other focusing on hydrological m odels. This chapter 

views the current m ethods available to hydrological m odellers for partitioning the 

effective rainfall that falls within a catchm ent into the principal com ponents o f  the 

hydrograph. The initial conceptual model used in this thesis supposes that these 

principal com ponents are the hydrological pathw ays that w ater flows along before 

becom ing part o f  total runoff in the stream. As outlined in C hapter 1, the conceptual 

model identifies four pathways; overland flow, interflow, shallow groundw ater flow 

and deep groundw ater flow. The approaches reviewed in this chapter are drawn 

together from journal papers, governm ent docum ents and best practice standards. The 

approaches perused relate to the following m ethods o f  investigating the processes o f  the 

hydrological cycle: hydrograph separation techniques, lumped, sem i-distributed and 

fully distributed hydrological m odels and num erical m odelling approaches. This 

research ensures that decisions concerning data collection and the iterative nature o f  

m odel developm ent and testing were better inform ed.

In general, the objectives o f  hydrograph separation were to determ ine the deep 

groundw ater flow contribution to stream flow in order to calculate base flow index 

(BFI), generally defined as the ratio o f  baseflow  to total river flow (Institute o f  

Hydrology, 1980) and which has been subsequently applied in m ost studies involving 

hydrograph separations: N athan and M acM ahon (1990), Boughton (1993), Chapm an 

and M axwell (1996), Mugo and Sharm a (1999), Eckhardt (Eckhardt, 2008), etc. In this 

thesis BFI is defined to be the ratio o f  deep and shallow groundw ater flow to total 

stream  flow. Few studies separate the hydrograph further than into quick flow and 

baseflow. These techniques and their im plem entation are reviewed with those capable 

o f  separating the hydrograph into m ore than tw o pathw ays further discussed in Section

7
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2.7. A long with these, the approaches that have the potential to separate the hydrograph 

into more than tw o pathways, w ith m odification where necessary, are also discussed.

When separating baseflow from the observed discharge, certain qualitative rules have 

been applied to assist in assessing separations. These rules o f  thum b allow one to 

ascertain if  the results o f  techniques applied are realistic or act as a guidance in 

graphical separations carried out by hand on available hydrographs. The A ustralian 

Rainfall and R unoff report on B aseflow  for C atchm ent Sim ulation (M erz et al., 2009) 

sum m arises five such rules concisely as:

1. Low flow conditions prior to the com m encem ent o f  a flood event consist 

entirely o f  baseflow.

2. The rapid increase in river level relative to the surrounding groundw ater level 

results in an increase in bank storage. The delayed return o f  this storage to the 

river causes the baseflow  recession to continue after the peak o f  the total 

hydrograph.

3. Baseflow will peak after the hydrograph due to the storage-routing effect o f  the 

sub-surface stores.

4. The baseflow recession will m ost likely follow an exponential decay function.

5. The baseflow  hydrograph will rejoin the total hydrograph as quickflow  ceases.

These five objectives o f  baseflow separation are utilised when assessing the techniques 

em ployed in the study catchm ents (see C hapter 5).

In this literature review o f  separation techniques, m ethods that separate hydrographs 

into the standard quick responding flow and baseflow , and those separation m ethods 

that can identify more than two pathw ays. Separation techniques can be divided into 

five m ain approaches: graphical separation, recession analysis, frequency analysis, 

geochem ical separation and recharge coefficient approach. None o f  these techniques are 

com pletely reliable (Nathan and M cM ahon, 1990; Brodie and Hostetler, 2005; Scanlon 

et al., 2005). To address this issue, a num ber o f  these approaches m ay be im plem ented 

in conjunction with one another to estim ate the separation o f  the river into its flow  

com ponents.
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2.2 Graphical

Graphical m ethods for hydrograph separation can be arbitrary in nature. They rely on 

the experience o f  the user rather than on the physical properties o f  the catchm ents. They 

separate a hydrograph into quick and slow response flow. Due to their arbitrary nature, 

it is difficult to relate each response to a physical process as the hydrograph is typically 

com prised o f  m ore than tw o com ponents (H ewlett and Hibbert, 1967; Anderson and 

Burt, 1980). For the conceptual understanding o f  flow pathw ays in this thesis, it can be 

considered that overland flow and interflow are responsible for the quick response and 

that shallow and deep groundw ater flows are responsible for the slow response. Though 

the rate at which each individual pathway will respond will vary from pathway to 

pathway. This provides one w ay o f  identifying pathw ays. This m ay not hold true in all 

cases, particularly for interflow  and overland flow, w hich will be discussed later in 

C hapter 6.

There are tw o main types o f  graphical separation: those that assum e the slow response 

responds concurrently w ith the runoff and those that include the effects o f  bank storage 

in the separation o f  the hydrograph.

2.2.1 No Bank Storage

Four graphical m ethods are displayed in Figure 2-1. The sim plest method is o f  the form 

o f  jo in ing  point A directly to point B. This is known as the constant slope method. Point 

A is the beginning o f  surface w ater runoff for the event recorded. Point B can be 

identified using m any different approaches, both graphical and analytical. One 

graphical method (Linsley, 1958) uses Equation 2-1:

N =  0.83A°-2 2-1

w here A is the catchm ent area [km^] and N  is the tim e interval [days] from peak o f  the 

hydrograph to the end o f  quick response flow. In L insley’s m ethod the recession line 

before rising limb begins is continued from A to under the peak. This point is then 

jo ined  to point B, as is shown in Figure 2-1. An analytical approach (Horton, 1933) can
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be applied to locate B as the point that runoff becom es linear in a plot o f  the natural 

logarithm o f  flow versus time.

Applying G ray’s m ethod (Gray, 1973), a line is drawn backw ards from the recession 

limb from B, the point at which quick response flow is said to have ended, to under the 

peak o f  the hydrograph. The slope o f  this line is that o f  the linear recession plot used to 

locate B. This line is then connected to point

Also displayed in Figure 2-1, is Subram anya’s m ethod (Subram anya, 1994) which is 

applied in a sim ilar m anner to G ray’s method, except the line drawn backw ards from 

end o f  quick response flow stops under the point o f  inflexion o f  the recession limb o f  

the hydrograph rather than under its peak. This reflects the delay o f  the groundw ater 

flow peak due to the tim e taken for rainfall to infiltrate into the aquifer. Therefore, this 

point occurs after the total runoff peak.

Gray, 1973
Subramanya, 1994

Time
Figure 2-1. G raphical separation approaches (RPS, 2008).
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2.2.2 Bank Storage

The final graphical separation method in Figure 2-1 is the bottom line from A to B. In 

this approach, water flowing from the river into unsaturated soils in the banks 

surrounding the river is accounted for. In Figure 2-2, line a-h-c shows hydrograph 

separation ignoring the effects o f bank storage, while line a-d-e-c is hydrograph 

separation taking the initial flow into river banks and subsequent flow out o f  them into 

account (Nathan and McMahon, 1990; Chen et al., 2006). During a rainfall event 

overland flow and interflow arrive at the river first as these are the quickest response 

flow. The river stage increases due to this flow and until the slower response flows have 

increased sufficiently, a reversal in the direction o f the local hydraulic gradient occurs. 

This then causes the water to flow into the surrounding banks from the river and hence 

decrease the slow response flow as this is considered negative flow against the 

hydraulic gradient. Once the slow response flow from the event reaches the river, the 

hydraulic head starts to return to its original state and water starts to flow into the river 

from the banks, in Figure 2-2, the period over which this happens is d-e. Slow response 

flow reaches a peak at e and then starts to recede as in the case where no bank storage is 

taken into account. Barnes (1939) suggests that e is located under the point o f  inflection 

o f the recession limb.

t

Figure 2-2. Stream flow and baseflow hydrographs (Chen et al., 2006).
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2.3 Recession Analysis

The characteristics o f  catchm ents, more particularly the aquifers that contribute 

groundw ater flow to stream flow, are best observed during periods o f  drought. An 

absolute drought period in Ireland is considered to be 15 consecutive days, or more, 

w ithout 0.2 mm or more rainfall on each day, w hile a partial drought is defined as at 

least 29 consecutive days when the mean daily rainfall does not exceed 0.2 mm (Rohan, 

1975). Any discharge to stream flow during a drought period is thought to be com posed 

entirely from deep and shallow  groundw ater flow. The shape o f  a hydrograph can also 

indicate the type o f  catchm ent the river is located in. I f  heavy rainfall is recorded in the 

catchm ent and a sharp rise in the hydrograph is recorded, this indicates that there is a 

large proportion o f  quickly responding flow, suggesting the catchm ent m ay be 

dom inated by steep slopes and/or low perm eability soils, subsoils or poorly productive 

bedrock, resulting in a low BFl value.

Research has shown (M aillet, 1905; Barnes, 1939) that the recession limb o f  the 

hydrograph can be approxim ated by Equation 2-II:

Qt =  =  QoK^ 2-11

where Q, and Qo are the discharge at tim es t and start o f  the recession, tim e 0, and t  is 

the response or tim e constant o f  the reservoir. The term is usually term ed the

recession constant k  and can be used to inform the autom ated signal filtering techniques 

(Chapm an and M axwell, 1996). Equation 2-II is obtained from the solution to the w ater 

continuity equation:

2
where S  is the storage o f  the reservoir (m ), using the linear relationship o f  discharge to 

storage:

The general suitability o f  the assum ption o f  the groundw ater storage being a linear 

reservoir has been questioned as m any recessions do not alw ays form a straight line on
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a semi-logarithm plot, e.g. (Barnes, 1939; Chapman, 1999; Fenicia et al., 2006). It has 

been shown that although simplistic in its approach to groundwater discharges, the 

linear reservoir assumption, subject to incorporating recharge into the analysis, can 

suitably model the groundwater behaviour in catchments (Chapman, 1999). Where the 

groundwater behaviour cannot be adequately modelled applying the linear reservoir 

assumption, a non-linear model should be used. Equation 2-11 is shown to be the special 

case solution o f the generalised non-linear reservoir (Coutagne, 1948), Equation 2-V:

Qt = (3o[l +  (^ -  2-V

where ro = Sq/Q q is the turnover time at time zero and n is the measure o f the non-

linearity o f the reservoir.

Another approach for approximating this situation would be to split the non-linear 

reservoir into smaller reservoirs that could each be modelled as being linear (Tallaksen, 

1995). This was the approach taken in this thesis for calculating the r  related to each o f 

the reservoirs representing the subsurface pathways. In this case the hydrograph 

recession was modelled using the superposition o f  the recession o f  three individual 

reservoirs, one for each subsurface pathway:

Qt = 2-Vl

where *, /, s, and d refer to combined, interflow, shallow and deep groundwater storages

respectively.

2.3.1 Master Recession Curve (MRC)

A master recession curve (MRC) involves the construction o f an average recession 

curve from multiple individual recession curves. The objective is to identify the most 

frequent recession discharge response and therefore reduce the influence that antecedent 

recharge events have on the individual recessions. In a MRC that is non-linear on a 

semi-log plot, it is suggested that overland flow, interflow and groundwater flow can be 

identified from the slopes o f the different straight line segments (Barnes, 1939).
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2.3.1.1 Correlation Method

Discharge at one time is plotted against discharge at another arbitrary interval N  days 

later during the recession periods. All periods during the N  day period are utilised and 

points from the same recession are joined. Equation 2-11 is rearranged to;

where t is N  days after the initial time. An enveloping line can be drawn along the 

perimeter o f the region where the curves run most densely together. The slope o f this 

enveloping line is used in Equation 2-VIl to give the recession constant {k), as shown in 

Figure 2-3.

150

a: = 0.983
w *

3u

0 25 50 75 100 125 150
Flow 2 hours previously (in-Vs)

Figure 2-3. Correlation method with the recession constant equal to 0.983 (Sujono et al., 2004).

2.3.2 Matching Strip Method

This method is based on Equation 2-11. The form o f the equation implies that logarithm 

o f  flow against time will plot as a straight line. Each recession is plotted and then 

adjusted horizontally until the recessions overlap to form the MRC. The procedure o f
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adjusting the individual recessions can be semi-automated on a computer. Each 

recession is plotted in order o f decreasing minimum discharge (Toebes and Strang, 

1964). An initial MRC is drawn, after which the individual recessions can be manually 

adjusted along with the slope o f the MRC until an acceptable fit is achieved. A MRC 

can be constructed from as few as two recessions (Lamb and Beven, 1997) in order to 

obtain a k value (Figure 2-4).

1.6 

^ 1.4

E1.2  

1o  ^

O
0.6

5 10 15 20 25 30 35 40
hours

Figure 2-4. Plot of recession segments (Lam b and Beven, 1997).

2.3.3 Tabulation Method

Plotting many recessions side by side, as per the tabulation method (Johnson et al., 

1956), the characteristic response o f a catchment at different discharge levels can be 

inferred from the rate of recession o f the discharges. This approach emphasises the 

quicker responding pathways as it is the upper section o f the recession that is matched 

and not the lower section as is the case applying the matching strip method. Figure 2-5 

shows an example o f the tabulation method applied to a catchment.

concatenation

MRC
*upper“ recession 
"lower" recession 
excluded period
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Figure 2-5. M R C  Tabulation method analysis (RPS, 2008).

2.4 Frequency Analysis 

2.4.1 Flow Duration Curves

Flow duration curves provide another measure o f groundwater contribution to 

streamflow through the application o f a dimensionless ratio. This ratio is obtained by 

dividing Q90, the flow that is exceeded 90% o f the time, by Q 50, the flow that is 

exceeded 50% o f the time. Q90 is notionally considered to be a representative measure 

o f the groundwater contribution to streamflow (Nathan and McMahon, 1990).

The shape o f  the flow  duration curve across all percentiles gives an insight into the type 

o f response a catchment has to rainfall. I f  the flow  duration curve below the Q50 has a 

shallow slope, this indicates a large groundwater contribution to the river, whereas a 

steep curve indicates comparatively smaller contributions from groundwater storage 

and thus indicates a flashier catchment response to rainfall (Brodie and Hostetler, 

2005). I f  there is a steady decrease in the slope below the Q 5 0 ,  as depicted in Figure 2-6, 

this indicates a sustained groundwater input to the catchment.
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Figure 2-6. Example of a flow duration  curve (Searcy, 1959).

2.4.2 Fixed interval, sliding interval and smoothed local minima turning point 

methods

Three methods, two o f which are available in the HYSEP model (Sloto and Crouse, 

1996), while the third is a modified version o f  a third method available in HYSEP, are 

commonly applied for calculating BFI from discharge data. These methods provide a 

consistent and automated technique that could be applied to separate the hydrograph 

into quick and slow response flow. The time step 2N, used in each o f  these methods, is 

calculated with Equation 2-1.

The fixed interval method involves identifying the minimum discharge within an 

interval and setting it as the baseflow for that interval. The sliding interval method is 

analogous to the fixed interval method, but the interval moves forward in the discharge 

series by one time step each time, with the minimum value o f the interval being set as 

the value o f baseflow at the median o f the interval (Pettyjohn and Henning, 1979). 

Examples o f these methods are provided in Figure 2-7.
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Figure 2-7 . Fixed interval and sliding interval methods (Sloto and Crouse, 1996).

The Smoothed M inima technique (Institute o f Hydrology, 1980) was developed to 

provide a consistent and automated technique that could be utilised to separate the 

hydrograph into quick and slow response flow. The procedure involves dividing the 

recorded flows into non-overlapping blocks using a time base o f five days. The minima 

o f each o f these blocks would then be compared to the minima o f  the block before and 

the block after it. I f  the minima were less than 90% o f the outer values, it would be 

termed a turning point. The choice o f the time base has a large effect on the BFI 

calculated, as the minima values chosen from each block are sensitive to the time base 

value (Misstear and Fitzsimons, 2007).

A t the end o f  the process all the turning points are connected to construct the separation 

line between quick and slow response. This method provides a crude but repeatable 

means o f separating a hydrograph.
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2.4.3 Recursive Digital Filters

This technique is based upon a recursive digital filter commonly implemented in signal 

analysis and processing. The basis o f this method is that filtering out high-frequency 

signals is analogous to the separation o f ‘low-frequency’ slow response flow from 

‘high-frequency’ quick response flow. The main drawback o f this type o f method is that 

the selection o f parameters can be subjective (though not always) and physically 

unrealistic, it is however repeatable and easily automated (Nathan and McMahon, 

1990).

In Chapman (1999), three types o f recursive digital filters are compared to each other. 

These are the ‘one-’, ‘two-’ and ‘three-parameter’ algorithms. It was found that the 

BFIs obtained using these algorithms varied widely. There was a similarity between the 

‘one-’ and ‘tw'O-parameter’ algorithms, but no comparison could be made between the 

‘three-parameter’ algorithm and the others.

• One-parameter algorithm

The first ‘one-parameter’ algorithm (Lyne and Hollick, 1979) was shown to 

maintain baseflow at a constant value once overland flow had ceased. This was 

updated (Chapman and Maxwell, 1996) to a form that has the groundwater flow 

being a weighted average o f the quick response flow and the slow response flow 

from the previous time interval:

constant and i is the time step.

• Boughton two-parameter algorithm

Implementation o f the ‘one-parameter’ algorithm in practice tends to estimate 

baseflow as close to fifty percent o f  the total hydrograph, since quick flow

QsiO= + 2-VIll

subject to the condition that:

QsiO ^ Qii)
2-IX

'i  -I

where Qs is slow response flow [L /t], Q is stream flow [L /t], k is the recession
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maintains the same percentage o f itself in time step t as baseflow does. The 

‘two-parameter’ algorithm (Boughton, 1993) was developed from the ‘one- 

parameter’ algorithm in order to overcome this constraint. It replaces 1 -  k with 

C to add another degree o f flexibility to the algorithm. Equation 2-VlIl 

becomes:

/c C
<?s(0 =

subject to Equation 2-IX.

The addition o f parameter C, although making the algorithm more flexible, 

reduces objectivity as C must be chosen by the user o f the filter. If an 

optimisation programme is implemented to select a value for C, C will be 

increased until the entire streamflow that is observed becomes groundwater 

flow. Therefore, C should be selected with a focus on achieving the correct point 

for quick response flow to end on the hydrograph and obtain a more intuitively 

realistic shape to the separation time series.

Eckhardt (2005) developed a ‘two-parameter’ filter (Equation 2-XI)to remove 

the subjectivity o f the C parameter from Boughton’s algorithm (Equation 2-XI). 

This algorithm assumes there is a priori knowledge o f  the catchment or at least 

a surrogate catchment that would provide an estimate o f  the maximum baseflow 

index (BFlmax), the maximum value o f the ratio o f baseflow (slow response 

pathways) to total streamflow.

1 — BFIynax 1 — k

subject to Equation 2-IX.

This algorithm again involves a subjective parameter in that BFlmax cannot be 

measured a priori. Therefore, there will be an element o f calibration involved 

using the filter that will require the updating o f  the BFlmax applied until a 

satisfactory separation is acquired.
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Three-parameter algorithm

In the linear form o f  the IHACRES model (Jakem an and Hornberger, 1993) the 

excess rainfall ii, is partitioned in slow and quick com ponents using the 

following equations:

9 - Y i i
<?s(0 = Ps^(.0 -  (XsQsii -  1)

Q q ( i ) =  P q U i O - a q Q q i i - 1 )  2 -X lll

w here a  and [i are param eters and the suffixes .v and q  refer to slow and quick 

response flow. T he ii can be elim inated by com bining Equation 2-X ll and 

Equation 2-X lll to give Equation 2-XIV:

k  C

where C  = /VA? ^nd k = -ds-aqPs/Pq- This can be seen as an extension o f  

Equation 2-XI and im plies that the slow response flow is positively linked to 

change in total stream flow , given that a q < 0 .

For the same reasons as with B oughton’s ‘tw o-param eter’ algorithm , an 

optim isation program cannot be applied to obtain all the param eters in Equation 

2-XIV and therefore it can be difficult to fit to observed data.

Although the k  values can be inform ed from M RC analysis, the rem aining C 

param eter in the Boughton algorithm  and the BFl„,ax param eter in the Eckhardt 

algorithm  are free variables which are very sensitive in relation to the BFI value 

calculated. In a com parison o f  the algortihm s, the ‘tw o-param eter’ Boughton 

algorithm  appears to be the most satisfactory overall, although as stated it 

suffers from the disadvantage that the param eter selection is subjective. 

However, the variations from one operator to another seem likely to have less 

effect on the BFI than use o f  the objectively fitted ‘one-‘ and ‘three-param eter’ 

algorithm s, both o f  which can result in im plausible separations on some 

catchm ents, with consequently high or low BFI values (Chapm an, 1999).
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• Wavelet analysis

Wavelet transform analysis (Morlet et al., 1982; Grossmann and Morlet, 2006) 

is a mathematical method similar to Fourier analysis that represents a signal 

with the summation o f functions bounded in frequency. Unlike Fourier analysis, 

wavelet transform analysis functions are also bound in time. This provides a 

means to break down signals into their different components (Newland, 1996). 

This has been used for the analysis o f a flood hydrograph recession (Sujono et 

al., 2001) and demonstrates that wavelet transform analysis can be a powerful 

tool for hydrological time-series analyses.

Arbitrary signals like flood events are transformed into infinite summation o f 

wavelets at different levels according to Equation 2-XV (Newland, 1996):

00 00

f ( x ) =  ^  ^  Cj _k W( 2j x - l )  2-XV
j = —oo Z = — 0 0

where cj,k are wavelet coefficients, W(2'x -  I) represents wavelet functions and / 

is an integer. The integer j  describes different levels o f  wavelets, / represents the 

number o f wavelets in each level covering an interval 0 < I < ( ^  -  I), x \s an 

independent variable commonly defined for 0 < x < 1. Assuming f(x) = 0 

outside the interval 0 < x < 1, Equation 2-XV can be rewritten as Equation 

2-XVI (Newland, 1996);

f i x )  = ao + ^ ^ a 2 j + k ^ ( 2 j x  -  k)  2-XVl
j  k

where Oo is a wrapped scaling function that is equal to the average o f signal f(x), 

a j+ k  is the coefficient o f the wavelet expansion and W(2'x -  k) represents the 

wrapped wavelet functions.

In order to analyse the signal behaviour in frequency-time domain, the mean 

square values o f  the signal f(x) are required. This is calculated by squaring both 

sides o f Equation 2-XVI and integrating between 0 < x < 1. The result can be 

expressed as Equation 2-XVI I (Newland, 1996):
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This provides values that can be illustrated graphically by a three-dimensional 

plot called mean-square wavelet maps that can be interpreted as a plot o f 

frequency against time (Sujono et al., 2004). By examining these maps, changes 

in signal behaviour can be identified easily, as the signal behaviour affects the 

mean-square values.

The recession constant, k, can be determined by analysing the recession 

applying Equation 2-XVII or wavelet maps. Slow response flow would be the 

lowest frequency component o f the recession. The lowest frequency can be 

regarded as a cut-off frequency {fc). Its value and location can be found using 

Equation 2-XVIl or the wavelet maps by identifying when the mean-square 

value reaches maximum. Instead o f utilising wavelet levels to draw the wavelet 

map, the level’s frequency allows easier analysis o f flood recession behaviour. 

The centred frequency o f each level is computed by using Equation 2-XVIII:

w h e re /is  the centred frequency, 7 is wavelet level, /  is 7/A/ and N  =2" is the 

length o f the dyadic discrete wavelet transform in which n = j-1 . Figure 2-8 

shows how a wavelet map can be used to calculate k.

2-XVII

2-XVIII
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Figure 2-8 Example o f  a wavelet map at Bojongloa (Sujono et al., 2004 )

The w avelet m aps show that the highest m ean-square value indicating the starting point 

or location o f  the slow response com ponent 7* can be recognized easily. While 

identifying this point easily, the method does have the weakness that fc 'is a function o f  

2'/N  in Equation 2-X V IIl. As a result k  for a num ber o f  events m ay occur at the same 

frequency values. This is a result o f  the fact that in the dyadic discrete wavelet 

transform , the length o f  data m ust be a pow er o f  two. Despite this, it has been shown 

(Sujono et al., 2004) to produce useful results.

2.5 Geochemical Analysis

The application o f  geochem ical analysis for hydrograph separation is based on 

techniques that relate the concentration o f  solutes in stream s and the different 

com ponents o f  flow with residence tim e in the soil and contact with geological 

m aterials (Pinder and Jones, 1969). A lthough not a direct part o f  the data collection and 

analysis o f  this thesis, som e o f  these principals will be applied in C hapter 6 for pathway 

separation utilising tem perature data in the M attock catchm ent. Therefore, a brief 

account o f  these principles is included here.
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As precipitation infiltrates through the soils and subsoils, solute concentration increases 

with residence time and contact with the different geological materials. The variation in 

solute concentration between the stream and the different flowpaths may then be 

utilised to estimate the contribution each flowpath makes to the stream flow.

The principle o f hydrograph separation, using water chemistry and natural tracers, is 

based on the mass flow equation:

QtCt = QlCl +  Q2 C2 ... QnCn 2-XIX

where Qt is the discharge in the stream (m^/s), Cj is the concentration o f  the tracer 

being measured (mg/L) and subscripts 1 to n refer to the components o f flow that 

contribute to the stream. The separation o f a stream into n components, requires (n-1) 

tracers.

Statistical methods are then applied to the data to estimate the contribution o f each o f 

the pathways to the flow and to estimate the degree o f uncertainty in the results. Many 

methods rely on Monte-Carlo analyses using generated data or direct comparison to 

field data and other statistical approaches. One approach that has the potential to 

separate hydrographs and validate the choice o f  pathways is End Member Mixing 

Analyses (EMMA) (Hooper et al., 1990). This application has been implemented 

widely since its development in the early 1990s.

There are a number o f  assumptions that must be satisfied when carrying out

hydrological mixing analysis. These include:

• The tracer being used is conservative and is not impacted to a significant degree 

by chemical or biological processes spatially or temporally. Reactive tracers 

may be used if  their variations can be accounted for (Hoeg et al., 2000).

• There is no significant storage in the system that could influence the tracer 

concentrations (Hooper and Shoemaker, 1986).

• There is a significant difference between tracer concentrations o f each 

component o f  flow so that they are distinguishable (Hoeg et al., 2000).
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• W here the num ber o f  stream  flow com ponents are small, the difference between 

tracer concentrations o f  com bined com ponents is small (Sklash and Farvolden, 

1979).

•  Tem poral and/or spatial variations in stream flow com positions are negligible or 

variations are accounted for in the model (Hoeg et al., 2000).

Several o f  these assum ptions are likely to be difficult to satisfy in a heterogeneous 

catchm ent with a range o f  land-uses, such as those studied in this thesis, as will be 

outlined in C hapter 4. Some m ay be reasonably assum ed to be met in som e catchm ents, 

but are not appropriate in others. N itrate, am m onium  and potassium  for exam ple, would 

usually not be considered conservative due to nitrification, in the case o f  nitrate and 

am m onium , while potassium  is influenced by biological activity. M any authors 

conclude that the technique still m ay be applied once the uncertainties encountered due 

to assum ptions not being satisfied are taken into account (H ooper et al., 1990; Hoeg et 

al., 2000; Uhlenbrook and Hoeg, 2003).

2.5.1 Natural Tracers

The selection o f  a tracer to be used for the analysis o f  a catchm ent being studied 

depends on the catchm ent’s hydrological characteristics and also the land use within it. 

Silica has been w idely utilised as it is a w eathering product o f  a range o f  com m on 

geological m aterials, e.g. granite, clay. It is usually conservative and its concentration is 

proportional to its residence tim e in the soil, i.e. the contact tim e it has had with the 

geological m aterial. S'^O, D (deuterium ) and ^H (tritium ) are w idely used as stable 

isotopes (Sklash and Farvolden, 1979; Hoeg et al., 2000). These stable isotopes have 

been used to distinguish event w ater from pre-event w ater in a stream as precipitation 

event w ater concentrations are significantly different to groundwater, pre-event water. 

O ther tracers that have been used, particularly in End M em ber M ixing Analysis, are 

alkalinity, pH, sulphate, sodium, calcium , m agnesium , chloride, potassium  and nitrate. 

Tem perature also provides a useful m eans o f  investigating the interactions between the 

different pathways. Locations o f  groundw ater discharging to the stream m ay be 

identified by changes in longitudinal tem perature profiles o f  the stream (Stonestrom  and 

Constantz, 2003; Anderson, 2005). Tem perature also can be utilised to separate
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pathways provided it can be m onitored in those pathways (Shanley and Peters, 1988; 

Birkinshaw and Webb, 2010). There are advantages and disadvantages to each o f  these 

tracers, but ultim ately their selection will depend on the catchm ent characteristics.

2.5.2 E n d  M em b er M ixing  A nalysis (E M M A )

EM M A (H ooper et al., 1990) is a technique that links pathway chem istry (end 

m embers) to stream water chem istry. It assum es that the stream w ater is a m ixture o f  

end m em bers which, to a first approxim ation, are considered to be invariant spatially 

and tem porally. The key advantage o f  EM M A is that while it can be applied to calculate 

the flow in each pathway identified, it can also be utilised to validate the conceptual 

model o f  the catchm ent. This m eans that it can recognise if  the correct pathw ays have 

been identified and if  the end m em ber concentrations used are suitable throughout the 

catchment.

The choice o f  end m em bers and tracers is an im portant process. The end m em bers 

should be identified in the conceptual model, while the choice o f  tracers should aim to 

satisfy as m any o f  the assum ptions for tracers as possible. The end m em bers are 

selected to be at a point where water last had sufficient interaction with soil to  acquire 

its chemical signature. End m em ber concentrations o f  solutes ‘bound’ the stream water 

concentrations for all pair com binations o f  solutes in a tw o-dim ensional plot o f  one 

solute against the other. The stream w ater concentrations lie in the interior o f  such a 

plot, as shown in Figure 2-9.
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Figure 2-9 . EMMA of sulfate plotted against alkalinity (Hooper et al., 1990).

When there are n end members, «-l tracers are needed to test the validity o f  the 

conceptual model and perform the hydrograph separation. When more than n-] tracers 

are considered, the validation o f the predicted stream water concentrations can be tested 

against observed concentrations. Two-dimensional mixing plots are one way o f  doing 

this, but sometimes an acceptable fit is not apparent. A further test is to evaluate the 

hydrograph predicted by EMMA against the observed hydrograph. Discrepancies in 

either method o f validation would then indicate further fieldwork would be required to 

refine the conceptual model o f the catchment (Burns et al., 2001).

2.6 Recharge Coefficients

Recharge to aquifers can be estimated by calculating effective rainfall, applying a soil 

moisture budget technique, and then multiplying by recharge coefficients to indicate the 

proportion o f  effective rainfall contributing to groundwater recharge (Misstear et al., 

2009a) describes the hydrological setting relating to each recharge coefficient and the
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range over which these coefficients tend to vary. These recharge coefficients are 

identified from soil and subsoil GIS data for the catchment in conjunction with a 

recharge coefficient table (Working Group on Groundwater, 2005), shown in Table 2-1.

Table 2-1 Recharge coefficients for different hydrogeological settings adapted from  (H unter 

W illiams et al., (In Press)).

R e c h a rg e  co e ffic ien ts  fo r  d iffe re n t h y d rogco log ica l settings

V u ln e rab ility

c a te g o ry

R ec h a rg e  coeffic ien t

H ydrogeo log ica l se ttin g
M in (% )

In n er

ra n g e

M ax

(% )

E x tre m e A reas  w here  rock is a t g round surlaoe 30 80-90 100

Sand/gravel overla in  by w ell drained soil 50 80-90 100

Sand/gravel overla in  by poorly d ra ined  (gley) soil 15 35-50 70

Till overla in  by w ell d ra ined  soil 45 50-70 80

Till overla in  by poorly d ra ined  (g ley) soil 5 15-30 50

S an d /g rav e l aqu ife r w here tlie w atertab le  is £5 ni below  surface 50 80-90 100

Peat 1 15-30 50

High Sand/gravel aq u ife r, overlain by w ell drained soil 50 80-90 100

1 ligh perm eabilit>’ subsoil (sand /g ravel) overlain by w ell drained soil 50 80-90 100

H igh perm eability  subsoil (sand /g ravel) overlain by  poorly  drained soil 15 35-50 70

M oderate perm eability  subsoil overla in  by well d ra in ed  soil 35 50-70 80

M oderate perm eability  subsoil overla in  by poorly drained (gley) soil 10 15-30 50

Low perm eability  subsoil 1 20-30 40

Peat 1 5-15 20

M o d e ra te M oderate perm eability  subsoil and  overlain by w ell drained soil 35 50-70 80

M oderate perm eability  subsoil and  overlain by poorly  drained (g ley ) soil 10 15-30 50

Low  perm eability  subsoil 1 10-20 30

Basin peat 1 3-5 10

Low Low  perm eability  subsoil 1 5-10 20

Basin peat 1 3-5 10

H igh to low High perm eability  subsoil (sand  and  g rave l) 30 80-90 100

M oderate perm eability  subsoil overla in  by well d ra in ed  soils 35 50-70 80

M oderate perm eability  subsoil overla in  by poorly drained soils 10 15-30 50

Low  perm eability  subsoil 1 5-10 20

Peat 1 5 20

N o te ; A re a s  o f  m ad e  g round ' a r e  assigned a  r e c h a r g e  c o efn c ien t o f  20 % .
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Effective rainfall is calculated as rainfall less actual evapotranspiration. Actual 

evapotranspiration is estim ated with recorded values o f  potential evapotranspiration and 

a soil m oisture budgeting approach such as FAO Penm an-M onteith m ethod (Allen et 

al., 1998). Due to the low storage properties o f  som e aquifer types, there is a limit to 

the am ount o f  recharge that can be accepted by the aquifer. Therefore, a cap on the 

am ount o f  recharge is defined for locally im portant and poorly productive aquifers: 200 

m m /yr for locally im portant aquifers and 100 m m /yr in poorly productive aquifers 

(W orking Group on Groundw ater, 2005). GIS data, freely available from the G eological 

Survey o f  Ireland, and rainfall and evapotranspiration data, collected from the study 

site, are applied to calculate the recharge coefficients. The layers o f  most relevance are 

the subsoil, soil and aquifer m apping. The soil and subsoil data indicate the 

perm eability o f  the overburden above the aquifer, w hile the aquifer data define the 

productivity o f  the aquifer and thus if  it is limited in the recharge it m ay receive. The 

vulnerability m apping carried out in Ireland to rate the risk o f  contam inants entering the 

aquifer’s groundw ater system is also inform ative, as the approach was used to develop 

these m aps is analogous to the method required for calculating the recharge 

coefficients. The recharge coefficient approach therefore provides a basis for separating 

the quicker response pathways from the slower response pathways.

2.7 Discussion

After reviewing the different approaches currently available for separating the 

hydrograph into its constituent pathw ays, assessm ents o f  the m ethods that show most 

potential in their current form and with m odification for identifying the pathw ays o f  the 

conceptual m odel are im plem ented in C hapter 6. The different techniques are thus 

appraised under the following headings:

•  A bility to identify m ultiple pathways

•  O bjectivity o f  separation m ethods

•  Length o f  flow records required

•  Independence o f  m ethods when applied in conjunction with other m ethods
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2.7.1 Ability to identiiy multiple pathways

The ability o f an approach to identify more than the usual two pathways -  the quick and 

slow responding flows -  is vital for this work to be capable o f  modelling the catchments 

using the four-pathway conceptual model. The approaches that display the most 

potential to meet this objective, in their current form, would be the master recession 

curve and the geochemical tracer approach. There is a caveat involved when comparing 

the output o f these two methods. The MRC approach will tend to identify the recessions 

with different response times, that is, it will fail to separate pathways that respond at the 

same rate which may actually mean a combination o f  two pathways such as initially fast 

responding interflow and equally fast responding overland flow. The geochemical 

tracers, on the other hand, will help identify the sources o f the water from which 

hydrograph is derived. This will result in the pathway separations supported by 

geochemical principals if the end members have been sampled correctly, but there is a 

lot o f uncertainty involved in obtaining these samples due to the generally unobservable 

nature o f  subsurface flow. As part o f the Pathways Project, a fellow PhD researcher is 

carrying out geochemical tracer studies in the study catchments. This work 

complements the research described in this thesis by providing a more holistic approach 

to hydrograph separation.

2.7.2 Objectivity of separation methods

The repeatable nature o f separation methods is important for the transferral o f results 

from one study catchment to another. A method needs to be robust enough to allow 

different users to obtain comparative results when the method is employed in a 

catchment. Therefore, to ensure a m ethod’s successful implementation, it must be as 

free as possible from subjectivity. The separation approaches best suited for this 

purpose are the flow duration curve, the fixed interval, sliding interval and minimum 

turning point approaches, the one parameter recursive digital filter and the MRC, 

geochemical tracers as well recharge coefficient approaches to an extent given that 

there are upper and lower limits for each coefficient provided in Table 2-1. The flow 

duration curve, fixed interval, sliding interval and minimum turning point methods are 

easily repeatable and thus easily automated for objective use. The one-parameter 

recursive digital filter is also easily automated and objective once the k  value has been
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specified. Generally accepted values may be utilised or else the k value can be 

interpreted from MRC analysis. MRC analysis itself is generally objective in terms o f 

identifying k  values. The different methods described for constructing the MRC and the 

actually overlapping o f  recessions to create the MRC does involve some subjective 

decisions. These decisions won’t affect the k  values, but will have an impact on relative 

storages calculated from integrating the area under the MRC. The geochemical tracer 

approach is subjective in that the ability o f  a user to correctly identify and sample end 

members will vary from one application o f  the method to another. The recharge 

coefficients approach is an easily automated approach, but as each coefficient applied 

for calculating recharge has a range, a decision has to be made in each case for what 

value the coefficient will take on. If this is decided a priori for each situation, a 

consistent and objective automated approach may be employed.

2.7.3 Length o f flow records required

Due to time constraints o f the Pathways Project, time series o f  flow and other 

hydrology data will not be much longer than a couple o f years. This provides a 

constraint on which separation methods to implement, as some perform better than 

others with relatively short data sets. The only approaches that are restricted by the 

quantity o f  data that they require in order to get the best reflection o f the dominant 

characteristics o f the catchment are the flow duration curve and the MRC analysis. 

While the time series that this thesis will be dealing with will be adequate for these 

methods, longer time series will always improve these m ethods’ performance due to 

more varied weather conditions that are likely to be encountered. The length o f  

recessions required by the MRC analysis can be relaxed in order to be able to construct 

approximate MRCs that will allow the general characteristics o f  the catchment to be 

identified. Recharge coefficients will only require an estimation o f the total effective 

rainfall for the year in order to estimate the cap on the recharge coefficients in poorly 

productive aquifers.
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2.7.4 Independence and suitability of methods

In order to obtain separations with the m ost value when assessing the output o f  the 

different approaches, it is im portant that the approaches are as independent o f  one 

another as possible to avoid bias o f  certain m ethods over others. These m ethods must 

also be suitable for the geological setting o f  the catchm ent. Som e m ethods perform 

better than others in certain environm ents; for exam ple, karst catchm ents with point 

recharge are not suitable for the recharge coefficient approach as this only takes account 

o f  direct (diffuse) recharge. W ith this in m ind, the approaches that w ork well together 

and are sufficiently independent o f  one another to provide insights into the system o f  

hydrological pathw ays at work are: M RC, geochem ical tracers, flow duration curves 

and the recharge coefficient approach. As chem ical analysis is outside the scope o f  this 

thesis, the only natural tracer time series that will be analysed will be tem perature. Also 

while the MRC and the recursive digital filters provide useful m eans o f  separating the 

quick and slow responding flows, these m ethods will be m odified as part o f  this 

research in order to provide more useful tools for the environm ents being studied. This 

will be further discussed in C hapter 6.
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3 Literature review: Hydrological Models

3.1 Introduction

Hydrological m odels are utilised to investigate the hydrological pathways present in 

catchm ents and to predict responses that are not m easurable in the field for research 

purposes and to inform decisions m akers (Anderson and W oessner, 1992; Beven, 2001). 

On the other hand, they are not purely decision m aking tools them selves, although some 

m odels do include m odules that suggest solutions to issues raised by model output. 

Hydrological models can be categorised as num erical or non-num erical. This thesis 

investigates the use o f  numerical m odels in catchm ents, and as such, non-num erical 

m odels are not discussed further. Num erical m odels can be further subdivided into 

determ inistic and stochastic m odels. A determ inistic m odel is one that attem pts to 

represent, sim plistically but realistically, the physical processes o f  the hydrological cycle. 

A stochastic model conversely uses a ‘black box’ approach, where no attem pt is made to 

understand the processes involved (Clarke, 1973). A set o f  em pirical equations are 

derived from statistically analysing data inputs and outputs until a solution approaching 

observed outputs is obtained. W hile a set o f  equations m odelling the data can be 

calculated, no understanding o f  the system is obtained. It is for this reason that the 

determ inistic approach is taken in m odelling in this thesis. There are a range o f  m odels 

that have a physical basis but rely on such techniques as M onte-C arlo sim ulations for 

ranges o f  input param eters. These m odels would fall in between the tw o classifications, 

determ inistic and stochastic. Due to the statistical nature o f  the selection o f  parameters, 

though not all, they would be deemed stochastic (Chow, 1964).

D eterm inistic num erical m odels can be further subdivided again into: lumped, sem i

distributed and distributed models. Lum ped m odels do not account for spatial and 

tem poral variations o f  certain param eters w ithin a catchm ent. Instead a characteristic 

value is said to apply in every situation across the entire catchm ent, for exam ple, rainfall 

varies across the catchm ent but a single averaged value is inputted in a lumped model. In 

a sem i-distributed model the catchm ent is divided into several subcatchm ents. W ithin 

each subcatchm ent param eters are lumped. The stream flow  o f  the entire catchm ent is then
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the sum  o f  routed outputs o f  the subcatchm ents. Most m odels that were originally 

developed as lumped models, now contain river routing m odules in order to allow them  to 

be considered sem i-distributed, in distributed m odels, catchm ents are divided into gridded 

m eshes with each block o f  the grid having its own set o f  param eters that describe the 

characteristics o f  that block. In the following pages exam ples o f  each will be presented 

along w ith  the workings o f  each m odel and its advantages and disadvantages. Snow 

applications will not be reviewed, as these are not applicable to the tem perate clim atic 

conditions in the research catchm ents and those o f  Ireland in general, w hile quality 

m odelling is outside the scope o f  this thesis and so water quality features o f  m odels are 

also no t discussed.

M odels were chosen for review based on applicability to the objectives o f  the thesis, their 

use internationally and prior instances o f  their application in the Irish setting. How 

m odels are applied spatially within a catchm ent is also im portant as this will affect the 

input d ata  required for the models. Therefore a selection o f  well known m odels was 

chosen within each o f  the spatial distribution categories for models: lumped, sem i

distributed and fully distributed. A dditionally, lesser known m odels with the potential to 

meet the  requirem ents o f  this were also reviewed.

3.2 Lumped/Semi-Distributed Models 

3.2.1 HBV

The Sw edish H ydrologiska Byrans V attenbalans-avdelning (HBV) (H ydrological Bureau 

W aterbalance-section) model was developed by the Swedish M eteorological and 

H ydrological Institute (SM H l) in the early 70 ’s to provide hydrological forecasts to assist 

in hydropow er operations (Bergstrom , 1976). It is a determ inistic, conceptual rainfall- 

runoff m odel that can be used as a sem i-distributed model by dividing the catchm ent 

being m odelled  into sub-basins. This is followed by further subdivision o f  the sub-basin 

into zones according to altitude. W ithin each altitude zone, further subdivision into 

vegetation zones can be m ade (forested or non-forested areas), as depicted in Figure 3-1.
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Figure 3-1. HBV model structu re  (SM Hl, 2008).

The model contains subroutines that calculate inflow o f  w ater from both snowm elt and 

rainfall. The soil routine uses this inflow to calculate quick response flow from excess 

soil m oisture and also calculates the infiltration o f  w ater into groundw ater storage, a 

linear reservoir. Evapotranspiration is a function o f  the soil m oisture stored in soil storage 

zone. Q uick response flow is routed through a non linear reservoir, while slow response 

flow is the output o f  the groundw ater storage, which is then routed through a linear 

reservoir. W ater can m ove between the lower and upper zone storages and also between 

the upper and soil zone storages by m eans o f  capillary rise. This is calculated as being a 

function o f  the soil m oisture content in each o f  the storages.

HBV requires rainfall and potential evapotranspiration data as input to the m odel. The 

model will then w eight data to give lum ped mean area values o f  precipitation and 

potential evapotranspiration in a catchm ent. A ir tem perature, w ind speed and vapour
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pressure are only required if  snowm elt runoff applies to the catchm ent being m odelled. 

D ischarge observations are used for calibration and validation. G roundw ater abstraction 

values are subtracted from local runoff and inflow.

HBV has been applied internationally as a rainfall-runoff model both in gauged 

(Lindstrom  et al., 1997; Zhang and Lindstrom , 1997) and ungauged (Engeland and 

Hisdal, 2009) catchm ents. These applications o f  HBV only include quick flow and 

baseflow in the sim ulations due to the model structure.

3.2.2 HSPF

The H ydrological Sim ulation Program -  Fortran (HSPF) model was developed by the 

United States Environm ental Protection A gency (US EPA) in the late 1970’s (Johanson 

and Davis, 1980). The model is a sem i-distributed, quasi-physically based conceptual 

model that can sim ulate the hydrologic processes, as well as the associated w ater quality 

processes in a catchm ent. The model sim ulates the quantity and quality values o f  these 

processes on a continuous basis. The model was designed using a top-dow n approach 

placing em phasis on system atic m anagem ent o f  data and the use o f  uniform  program m ing 

standards and conventions to facilitate increased com patibility with o ther m odels. The 

focus o f  this overview  o f  HSPF will be on the prim ary module, W ater Budget Pervious 

(PW ATER), which sim ulates the hydrological processes in the catchm ent being 

m odelled. It is this aspect o f  HSPF that is relevant to the research objectives o f  this thesis.

The PW A TER m odule is com posed o f  six storages: interception storage, surface 

detention storage, interflow  storage, upper zone storage, lower zone storage and active 

groundw ater storage. Evapotranspiration can reduce the w ater content in four o f  the six 

storages, the exceptions being the surface detention storage and the interflow  storage. The 

m odule also provides four outflows: surface runoff, interflow, groundw ater flow  and deep 

percolation which is modelled as being lost com pletely from the system. The 

interconnections between, storage, evapotranspiration and outflow s are displayed in 

Figure 3-2 and Figure 3-3.

37



C hapters: Literature R eview : H ydrological M odels

TAET 
total actual 

ET  ̂ SUPY 
precip or rain 
+ snowpack 

V water yield

CEPE
Inter

ception
evapo- CEPS

interception
storage

 ̂  ̂ ISURLI 
external 
lateral 

surface 
inflowvy

^ CEPO 
interception 
, outflow

SURO
surface
outflow

SURI
surface
inflow

SURS
surface

detention
storage IFWLI

extema
lateral
inter
flow

IFWO
inter
flow

outflow

iFWS
interflow
storage

/ I fw N
inter
flow
Input
from

surface
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W ater enters the interception storage from precipitation and irrigation applied to the 

catchment. The water is intercepted by vegetation and other ground cover. Ths capacity  

o f  this storage is set by the user based on the type o f  land cover. Once the capacity is 

exceeded, the excess w ater is available as infiltration or overland flow. The partitioning 

o f  water between the tw o is dependent on infiltration capacity o f  the soil and the am ount 

o f  interflow currently being generated. Overland flow is calculated using the Chezy- 

M anning equation (Chezy, 1769; M anning, 1889) and is considered to be generated as 

infiltration excess flow. W ater that is held in storage is rem oved by evapotranspiration.

The water that infiltrates down, either enters infiltration storage and is then released as 

interflow, or enters the upper zone storage, where evapotranspiration can take place. The 

partitioning depends on the soil m oisture content o f  the upper zone storage. Interflow is 

calculated as being the discharge from linear reservoir storage. Further infiltration occurs 

in the upper zone storage and w ater percolates down into the lower zone storage. The 

water that enters into the lower zone storage is dependent on its rem aining capacity. The 

water rem aining from the infiltration process then enters the groundw ater storages below. 

The evapotranspiration in the lower zone is dependent on soil m oisture content in its 

storage. The w ater entering the active groundw ater storage is equal to the water 

infiltrating from the upper and lower zone storages, less the w ater lost from the 

hydrological cycle through deep percolation. The groundw ater flow is then calculated 

analogous to D arcy’s Law.

As with the HBV model, the inputs o f  the model for the PW ATER m odule are 

precipitation and potential evapotranspiration for the catchm ent. The catchm ent can be 

divided into subbasins. The output from each o f  the storages in the subbasins can then be 

directly inputted to the storages in the larger subbasin to describe catchm ents that are 

heterogeneous. These direct inputs are displayed in Figure 3-2 and Figure 3-3 for surface 

detention, interflow and active groundw ater storage.

HSPF has been applied internationally in a range o f  different catchm ent settings (Johnson 

et al., 2003; A lbek et al., 2004; Singh et al., 2005). The HSPF can only sim ulate three 

pathways (overland flow, interflow and groundw ater flow) and as such, these studies are 

limited to these pathways.
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3.2.3 N A M

The Danish "Nedbor-Afstromnings-Model" was developed in 1973 by the Department o f 

Hydrodynamics and Water Resources at the Technical University o f Denmark (Nielsen 

and Hansen, 1973). It is a deterministic, lumped, conceptual rainfal 1-runoff model used to 

simulate the hydrological cycle. Its basic structure is presented in Figure 3-4.
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Figure 3-4. NAM  structure (Madsen, 2000).

It is composed o f four different storage zones: snow storage, surface storage, root storage 

and groundwater storage. It is possible to extend the groundwater storage to two storages,
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an upper zone that sim ulates shallow  groundw ater flow and a lower zone that sim ulates 

deep groundw ater flow.

NAM  can be applied to an entire catchm ent or the catchm ent can be divided into m ultiple 

contributing catchm ents. The discharge from each contributing catchm ent is a portion o f  

the final discharge at the outlet o f  the entire catchm ent. The discharge from each 

catchm ent can then be sim ply routed to achieve the best fit to the observed hydrograph at 

the outlet o f  the catchm ent. The basic structure o f  the m odel uses m eteorological inputs to 

produce catchm ent runoff as well as inform ation on the hydrological cycle. The runoff 

produced is com posed o f  overland flow from excess soil m oisture in surface storage, 

interflow produced from soil m oisture contained in surface storage and groundw ater flow 

from groundw ater storage. G roundw ater flow can be divided into shallow and deep 

groundw ater flow by providing an extra groundw ater storage zone. The hydrological 

cycle processes that can be m odelled within the different storages include tem poral 

variation in soil m oisture content, evapotranspiration, groundw ater recharge and capillary 

rise.

M eteorological data required for the model are rainfall and potential evapotranspiration 

values which are usually sufficient for daily tim e steps. Sm aller tim e steps o f  rainfall and 

potential evaporation m ay be required if  catchm ent sizes are particularly small or ‘flashy’. 

NAM  will then com bine data to give lum ped mean area values o f  precipitation and 

potential evapotranspiration in a catchm ent. A ir tem perature and radiation are only 

required if  snow m elt runoff applies to the catchm ent being m odelled. Hydrological data 

required are discharge values at the outlet o f  the catchm ent for calibration and validation. 

G roundw ater abstraction values are only required if  they are judged  to have a significant 

im pact on the catchm ents w ater balance.

NAM  has been im plemented internationally as a rainfall-runoff m odel (Refsgaard and 

Knudsen, 1996; Tingsanchali and Gautam , 2000) and for real tim e forecasting o f  

discharges (W M O, 1992; Srikanthan et al., 1994). The approach taken with these studies 

only includes the three pathways (in the sam e m anner as H SPF) that is the default 

structure o f  NAM .
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3.2.4 SWAT

The Soil and W ater A ssessm ent Tool (SW AT) can be traced to previously developed 

United States D epartm ent o f  A griculture -  A gricultural Research Services (U SD A -A RS) 

m odels, including the Chem icals, R unoff and Erosion from A gricultural M anagem ent 

System s (CREAM S) model. The current SW A T model is a direct descendant o f  the 

Sim ulator for W ater Resources in Rural Basins (SW RRB) model, designed to sim ulate 

m anagem ent impacts on w ater and sedim ent m ovem ents for ungauged rural basins in the 

U.S. (Gassm an et al., 2007). SW AT has undergone continued review and expansion since 

it was created in the early 1990s (Arnold et al., 1998).

SW AT is a catchm ent scale, sem i-distributed determ inistic, conceptual rainfall-runoff 

model with added capabilities to model attenuation processes o f  nutrients, pesticides, 

pathogens and also has a m odule to assist in the decision m aking process relative to water 

land m anagem ent practices. The focus o f  this overview  o f  SW AT will be on the 

hydrological capabilities o f  the model. The relevant m ajor model com ponents are the 

weather and hydrology modules.

The catchm ents in SW A T are divided into m ultiple subcatchm ents, which are then further 

subdivided into hydrologic response units (HRUs) that consist o f  hom ogeneous land use, 

m anagem ent and soil characteristics. A lternatively HRUs can consist o f  the dom inant 

land use, m anagem ent and soil characteristics, to avoid HRUs that cannot be recognised 

spatially in the subcatchm ents. The discharges from each o f  these HRUs are then routed 

through the stream s and rivers to produce the fmal stream flow  o f  the catchm ent. An 

overview o f  the com position o f  an HRU is presented in Figure 3-5.
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Figure 3-5. SW AT model structure (Neitsch et al., 2005).

Sim ilar to NAM  and HBV rainfall-runoff m odels, SW A T ’s HRU are based and a series 

o f  interconnected reservoirs or zones, the m ajority o f  w hich produce outflow s to form the 

H R U ’s hydrograph. Like NAM  and HBV the snow melt function is not applicable to the 

catchm ents in this research and is discussed no further. Rainfall is partitioned between 

infiltration into soil storage and surface runoff, once interception and surface storage 

effects have been taken into account. Surface runoff is m odelled as infiltration excess 

runoff, therefore when rainfall intensity (once interception has been accounted for) is 

greater than the rate o f  infiltration o f  the soil and all surface storage has been filled, 

surface runoff occurs. This type o f  runoff is m ore suited to drier clim ates rather than
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Ireland’s temperate climate. Transmission losses occur when surface runoff exceeds a 

threshold value set by the user. The surface runoff is then extracted by channels that 

significantly reduce the runoff volume. The water is then assumed to percolate into the 

shallow aquifer.

Rainfall less surface runoff infiltrates into the soil storage zone. Once there water is 

removed by four processes: by evaporation from the upper layers o f the soil; by plant 

transpiration; by percolation through the unsaturated soil zone and into the aquifer below 

or by lateral movement in the soil profile and contribution to streamflow as interflow. 

Evaporation and transpiration processes depend on the potential evapotranspiration 

calculated using the FAO Penman-Monteith method (Allen et al., 1998) or directly input 

values o f evapotranspiration. Percolation occurs once the soil moisture, resulting from 

infiltration, exceeds the soil’s field capacity. Interflow is modelled as occurring in the soil 

layers o f the vadose zone that are underlain by impermeable or semi-impermeable soil 

layers that restrict the percolation o f soil moisture into the aquifer below. The discharge 

due to interflow is calculated using the principle o f  mass continuity, with the soil layer in 

which it is produced in being considered a controlled volume.

Water percolating into the shallow aquifer from either the soil zone or the pond/reservoir 

water balance is removed by four processes: further percolation into the deep aquifer 

below, abstraction (marked as irrigation in Figure 3-5), capillary rise (marked as revap in 

Figure 3-5) or it can be removed by contributing to streamflow as groundwater flow. 

Water entering the aquifers is immediately partitioned between the shallow and deep 

aquifers by means o f a partitioning coefficient. The water percolating into the deep 

aquifer is considered lost to the hydrological cycle as it may only be removed by means 

o f abstraction. The remaining water after partitioning to the deep aquifer is the shallow 

aquifer recharge. Losses by abstraction are again user-defined input values. Capillary rise 

occurs when the overlying unsaturated soil layer experiences evapotranspiration and the 

water removed in that layer is replaced by water from the shallow aquifer zone. This can 

only occur if  water stored in the shallow aquifer zone is above a threshold value. Once 

above this value capillary rise depends on evapotranspiration on that day. The 

groundwater flow is then calculated as a simple approximation o f Darcy’s Law.
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Rainfall, surface runoff, interflow and groundw ater flow are also routed through ponds 

and reservoirs present in the catchm ent. The quantity o f  rainfall entering these storage 

areas is a function o f  rainfall and surface area o f  the storage. The inflows into the storage 

are calculated using the fraction o f  the subcatchm ent draining into the area o f  storage and 

m ultiplying this by the sum o f  surface runoff, interflow  and groundw ater flow in the 

subcatchm ent. W ater is removed from this zone by m eans o f  evapotranspiration, 

abstractions for irrigation, outflow  from the storage to the stream and percolation into the 

aquifer below. Evapotranspiration is dependent on surface area o f  storage and a 

coefficient calculated using Penm an-M onteith (M onteith, 1965) form ula or directly input 

values o f  evaporation. A bstractions are defined by user input values. Percolation into the 

shallow aquifer is a function o f  the surface area o f  storage and perm eability value o f  the 

underlying soil. The outflow  is dependent on the stage o f  the storage.

To create the final stream fiow  hydrograph that is recorded at the subcatchm ent’s 

discharge point, each o f  the flows -  overland flow, interflow and shallow groundw ater -  

have a lag constant applied to them  after they have been calculated as the discharge from 

each zone.

SW AT w hile developed in the U.S.A. has been applied internationally in countries as 

China, South Africa, Tanzania and A ustrailia (Xiuwan, 2004; G ovender and Everson, 

2005; N dom ba et al., 2008; Githui and Thayalakum aran, 2 0 1 1), but these studies only 

included overland flow, lateral flow and groundw ater as sim ulated pathways

3.2.5 TOPMODEL

The TO PM O D EL rainfal 1-runoff m odel was first developed by Beven in 1975 (Beven, 

1977). TOPM O D EL is a set o f  program s that can m odel the response o f  a single or 

m ultiple catchm ents. It is a physically based, sem i-distributed conceptual m odel that uses 

gridded elevation data for the catchm ents being sim ulated. It is applicable to catchm ents 

with shallow soils and m oderate topography, w hich do not suffer from excessively long 

dry periods (Parsons et al., 1998).

The main factors affecting the m odel are the topography and soil hydraulic conductivity 

o f  the catchm ent. The m odel assum es that the local surface slope is equivalent to the local
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hydraulic gradient within soil. Thus an index, the topographic index (a/tariB), is defined 

for each sub-catchm ent. The topographic index is obtained m anually from analysis o f  

contours m aps or from digital analysis o f  GIS digital elevation m odel (DEM ) files by 

dividing the drained area o f  the contributing area o f  the sub-catchm ent in question per 

contour length a  by the slope o f  the contour tanB. The soil profile in each sub-catchm ent 

is then defined by a set o f  storages.

The storages are divided into three stores: root zone, unsaturated zone and saturated zone. 

An interception zone m ay be added also to represent forest canopy and other vegetation 

interception o f  precipitation, while a surface storage zone could be used to represent 

storage o f  w ater in depressions in the land that m ust be exceeded before overland flow 

can occur. The storages in the soil profile are displayed in Figure 3-6.

CXrerland Flow

Root Zone

S(i)
Unsaturaled
Zone

1 r.

Saturated
Zone

Figure 3-6. TOPM ODEL model structu re  (N aw arathna et al., 2001).

Rainfall infiltrates into the root zone until the field capacity o f  the zone is exceeded. Once 

this occurs further infiltration o f  the soil m oisture into the unsaturated zone will occur. 

The unsaturated zone is then linked to the saturated zone via a gravity drainage store that
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calculates percolation into the saturated zone using a time delayed linear function. A 

Darcian flux based approach at the base o f  the unsaturated zone may also be used.

Excess saturation overland flow occurs when the deficit o f the unsaturated zone is zero, 

i.e. become saturated as the water table depth would now be zero. The storage deficit o f 

the zone is calculated using the local value o f a function o f  the topographic index. The 

hydraulic conductivity o f the saturated subsurface (subsoil and aquifer, though not 

specifically defined) is assumed to decay following a negative exponential law that 

provides the local storage deficit in terms o f  ln(a/tanB). The groundwater flow 

component o f the overall discharge is calculated as being the discharge from a linear 

reservoir. The saturated zone acts as this linear reservoir. The discharges from the sub

catchments are then routed linearly to produce the final catchment discharge.

TOPMODEL also provides the option o f computing overland flow as being the result o f  

infiltration-excess flow. This is calculated using the Green-Ampt model (Green and 

Ampt, 1911), but would not usually be appropriate for Ireland’s temperate climate as 

saturation-excess o f the soil profile in the riparian zone is the source o f overland flow in 

the catchments being studied in this thesis.

TOPMODEL requires DEM files to calculate the topographic index for the each o f  the 

sub-catchments. The subsurface hydraulic conductivity is also required to predict the 

Darcian fluxes within the storages o f the soil profile o f  each sub-catchment. The 

meteorological requirements for the sub-catchments are rainfall and potential 

evapotranspiration data at the temporal resolution at which the model is to output data.

TOPMODEL has been used internationally for a variety o f  applications: validation 

studies (Franchini et al., 1996; GUntner et al., 1999), impacts o f  climate modelling (Niu et 

al., 2005), flood frequency prediction (Blazkov and Beven, 1997), etc., with each 

application o f TOPMODEL limited to simulating two pathways (overland flow and 

saturated subsurface flow).
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3.3 Distributed Models

In a distributed model the catchm ent area is discretised into blocks and layers. The shape, 

type and size o f  the blocks and layers depend on the type o f  model being im plemented. 

Finite difference and finite elem ent approaches are the m odels utilised to solve the 

differential equations applied to describe the flow w ithin the catchm ent.

3.3.1 Finite Difference

in a finite difference m odel, differential equations are solved by m eans o f  discretising the 

catchm ent into a block-centred grid or a m esh-centred grid. B lock-centred grid approach 

locates the flux boundaries at the edge o f  the block, while m esh-centred grid locates 

boundaries coinciding w ith grid nodal points (Figure 3-7).
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Figure 3-7. M esh-centred and block-centred grid.

The m athem atics related to block centred approach are m ore easily incorporated into 

com puter code. It is for this reason most codes use this approach when using finite
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difference solutions. Grids can be spaced regularly or irregularly. Irregular spacing may 

be used to obtain more detail in areas where hydraulic head varies over short distances. 

The trade-off is that finite difference equations solved with irregular spacing are less 

accurate than those that apply regular spacing. It is a rule o f thumb to expand grid spacing 

by no more than 1.5 times the previous nodal spacing to minimise the associated error 

with irregular spacing (Anderson and Woessner, 1992).

3.3.1.1 MODFLOW

MODFLOW was developed by the United States Geological Survey (USGS) between 

1981 and 1983 using FORTRAN computer language (McDonald and Harbaugh, 1984). It 

was developed as a result o f  a need to consolidate all the USGS’s commonly used 

groundwater simulation capabilities into one package that was easy to use, understand 

and modify. MODFLOW can be used for either two or three-dimensional modelling. It 

implements a modular structure in which similar program functions are grouped together 

and constructed to be independent o f other function groups. This enables new function 

groups to be added without the necessity o f changing existing function groups.

Three-dimensional groundwater flow through porous material is described in 

MODFLOW by the following partial-differential equation;

where water has constant density, K  is hydraulic conductivity in axis direction [m/day], h 

is hydraulic head [m], W  is change in water flux [days''], Ss is specific storage o f porous 

material [m ''], t is time [days].

Equation 3-1 can be solved using finite difference techniques to calculate the head /? at a 

point in the aquifer being modelled. Groundwater flow described by Equation 3-1 can be 

confined, semi-confined or unconfined flow. The initial conditions input into the model 

will define this aspect. The aquifer is divided into blocks called cells. Flow occurs 

horizontally along the x and y axis or vertically along the z axis. Each cell is neighboured 

by six cells. The finite difference solution to the partial-difference equation has seven
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unknowns. Each cell has its own finite difference solution, therefore, in an aquifer there n 

equations with n unknowns allowing a solution for the heads in each cell to be calculated. 

The edge boundaries o f  the catchment can be defined as no-flow, prescribed varying head 

or prescribed varying flow. The bottom boundary can be defined varying flux, a free 

draining out o f the catchment or a no flow boundary. The upper boundary can be defined 

as a prescribed varying head boundary; with surface water present or a mixed type 

boundary with evaporation and rainfall at the surface. Initial estimates o f h are made to 

enhance the rate o f  convergence towards a solution. Once this initial estimate is made. 

Equation 3-1 is solved iteratively to a desired degree o f  accuracy set by the user.
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Figure 3-8. Spatial representation in MODFLOW (H arbaugh , 2005).

W in Equation 3-1 represents external influences on the aquifer such as inflows from 

infiltration, abstractions, etc. Add-on packages describing more complex hydrological
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situations such as wells and groundw ater and river interactions can be m odelled using 

these packages. Data requirem ents for the model depend on what packages are being 

im plemented. Typical data requirem ents are large to sim ulate the catchm ent successfully. 

In each vertical cell column continuous tem poral data is needed for rainfall, 

evapotranspiration rates, river stage and abstraction rates. Also required in each cell are 

values for the aquifer’s hydraulic conductivity in the three principal directions and 

specific storage o f  the aquifer.

M ODFLOW  is an international standard groundw ater m odel that has been applied in 

num erous studies across the world (Restrepo et al., 1998; Osm an and Bruen, 2002; Lautz 

and Siegel, 2006; Black et al., 2012; Taylor et al., 2012). M ODFLOW  only sim ulates 

saturated flow (typically taken to be groundw ater flow) and does not differentiate 

between deep and shallow groundwater. However, this would be implicit from the 

differences in hydraulic conductivity, with higher conductivities being equivalent to 

shallow groundw ater and lower conductivities equivalent to deep groundwater.

3.3.1.2 SHETRAN

The SH E-Transport (SH ETRAN) model is based on the System e Hydrologique Europeen 

(SHE) m odel developed by a consortium  o f  three European organizations: the Institute o f  

Hydrology (lO H ) o f  the United Kingdom, Societe G renobloise d'etudes et d 'applications 

hydrauliques (SOGREAH), Grenoble hydraulics studies and applications com pany, o f  

France and the Danish Hydraulic Institute (DHI) o f  Denm ark in 1986 (Abbott et al., 

1986a; A bbott et al., 1986b). This was expanded upon by the W ater Resource Systems 

Research Laboratory, School o f  Civil Engineering and G eosciences, University o f  

Newcastle upon Tyne in the early 1990s (W icks et al., 1992). SHETRAN is a physically 

based, distributed, finite difference integrated hydrological, sedim ent transport and 

contam inant transport model. This focus o f  this review will be on the hydrological 

m odelling capabilities o f  the model. Figure 3-9 presents the different processes simulated 

in SHETRAN.
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Figure 3-9. SH E TR A N  conceptual model (Parkin , 1995).

SHETRAN has a modular design, composed o f five main components. The water flow 

component (W AT) is responsible for the hydrological modelling. W AT is composed o f 

four modules that simulate the different aspects o f  the hydrological cycle. These are 

evapotranspiration/interception (ET), overland/channel (OC), variably saturated 

subsurface (VSS) and snowmelt (SM). This review w ill not focus on SM as it is not 

applicable to the catchments being modelled in this thesis and generally not applicable to 

Ireland’s climate.

The ET module is responsible for calculating the evapotranspiration from the vegetation, 

soil and free surface water in the catchment. The interception, storage and subsequent 

drainage from canopies intercepting rainfall is also calculated using this module and 

therefore provides the net rainfall input to the ground surface o f  the model. Evaporation 

from surfaces is estimated using the Penman combined energy/turbulent transfer equation 

(Penman, 1948) or can be directly input i f  the value is known. Evapotranspiration is 

estimated applying the Penman-Monteith method (Monteith, 1965) or can be estimated by 

setting moisture content as the controlling parameter, providing a coefficient that the
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Penman-Monteith value is multiplied by or, as is the case o f evaporation, direct values o f 

evapotranspiration can be entered.

The interception o f  rainfall is also calculated by the ET module. The quantity o f rainfall 

that is intercepted is dependent upon the storage capacity o f the vegetation covering the 

ground surface. This storage is emptied by evaporation and drainage from the vegetation. 

Evaporation occurs over the area covered by leaves, including those lying below other 

leaves, with the maximum aerial coverage equal to that o f the catchment area due to 

limitations in the volume o f water the air can retain. Drainage from the vegetation is 

simulated as discharge from a reservoir and depends on the volume o f  water held in the 

storage o f the vegetation.

The OC module is responsible for calculating the depth o f surface water above the ground 

level during floods. It is also responsible for calculating the stage o f water in channels and 

the flow o f water across the ground surface, in channels and between ground surface and 

channels and vice versa. The overland and channel flows are based on the diffusive wave 

approximation o f the Saintt-Venant equations (Saint-Venant, 1843). Water can flow 

between ground surface cells, between ground surface and bank cells if used, between 

ground surface and channel cells or between channel and bank cells if  used. OC also 

simulates the overbank flow that occurs when the stage o f a stream is higher than the 

adjacent banks during a flooding event. When this occurs flow between cells is modelled 

as water flowing over a broad crested weir.

The VSS module is responsible for simulating three-dimensional flow in the saturated and 

unsaturated permeable, porous material. The flow can be confined, semi-confined or 

unconfined. Wells and transpiration are considered sinks within the system. The boundary 

conditions and initial conditions are input in a similar manner to MODFLOW with wells 

and transpiration considered as sinks within the system.

A similar partial differential-equation as MODFLOW, Equation 3-II is used to describe 

the three-dimensional flow in a porous material with the added term K  to describe the 

saturation o f the cell in question and the +1 term in the z direction is to take evaporation 

into account in the model. The W also includes the extraction o f soil moisture by 

transpiration.
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Like M ODFLO W , SHETRAN requires a lot o f  data to sim ulate the catchm ent 

successfully. In each vertical cell colum n: the precipitation and evapotranspiration 

m eteorological inputs are required, the vegetation type and cover, the aquifer hydraulic 

conductivity in the three principal directions, the specific storage, well abstractions as 

well as all the initial and boundary conditions. This model therefore requires high- 

resolution data gathering before it can be effectively run for sim ulations.

SHETRAN has been applied internationally as a rainfal 1-runoff model in gauged 

catchm ents investigations and real time forecasting analysis (Bathurst et al., 1996; Lukey 

et al., 2000; M ellor et al., 2000; N asr et al., 2007). SHETRAN, much like M ODFLOW , 

does not label the saturated flow in the model but im plicitly sim ulates all the pathways o f  

the conceptual model in C hapter I .

3.3.2 Finite Element

When using finite elem ent models, the grid is im plem ented in a variety o f  elem ent types; 

tetrahedron and prism shaped elem ents would be the most com m on elem ent types 

em ployed by m ost m ethods (Allik and Hughes, 1970; Anderson and W oessner, 1992; 

Beven, 1997). The hydraulic head is defined at each o f  the nodal points. Equations relate 

to the hydraulic head at each nodal point sim ilar to finite difference. The main 

distinguishing feature is the use o f  interpolation functions to define the hydraulic head 

throughout the catchm ent area. Finite elem ent m odels approxim ate differential equations 

with an integration approach to  produce the algebraic equations to be solved, whereas 

finite difference m odels approxim ate differential equations with a differential approach 

(Faust and M ercer, 1980).

3.3.2.1 FEFLOW

The Finite E lem ent Flow model (FEFLOW ) was developed in 1979 by the Institute for 

W ater R esources Planning and System s Research Inc. (W ASY Gm bH) o f  Berlin,
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G erm any (Diersch, 1980). FEFLOW  is a physically based, fully-distributed, determ inistic 

hydrogeological m odel. It has extensive functionality in sim ulating groundw ater flow, 

heat transport and multi species reaction transport, with particular proficiency in variable 

saturated flow and variable fluid density m ass (Trefry and M uffels, 2007). Again the heat 

and contam inant transport functionality will not be discussed further as it is outside the 

scope o f  this thesis. The model has increased flexibility thought its support o f  both 

triangular and square finite elem ents. An exam ple o f  a m esh o f  triangular finite elem ents 

in FEFLO W  is presented in Figure 3-10.

jgasastti

Figure 3-10. FEFLOW  output (Diersch, 2002).

A finite elem ent approach can be used for sim ulating the physical processes in 

heterogeneous and anisotropic catchm ents, especially with sloping geological layers, 

m ore consistently with the actual field conditions, provided the necessary input data are
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available. This approach also provides high resolution spatial representation o f  the layer 

to improve modelling o f  well locations, rivers, fractures and tunnels.

The core o f  the mathematical hydrological modelling in FEFLOW is based upon three 

fundamental physical principles: the mass conservation o f fluid and solid continua, the 

momentum conservation o f fluid and solid continua and the first law o f thermodynamics. 

The principles are then used to construct the partial differential Equation 3-1II to describe 

the three-dimensional flow in a porous material:

where So is the specific storage coefficient [m '], h the hydraulic head [m], / is the time 

[days], qi the Darcy velocity vector o f the fluid in the / direction [m/day], the / variable 

covers horizontal {x,y) and vertical {z) axes, x, is the direction o f the flow, Qp is a source 

or sink volume flux per unit time [days''] being added or extracted from the cell, e.g. a 

well or irrigation. The value o f is calculated using Equation 3-1V:

relation reference function [m.days], p, and po are the fluid and reference fluid density,

intrusion, and e, is the gravitational unit vector.

Through the iterative solution o f Equation 3-IV, the heads in each o f the finite elements 

can be calculated and the flow through the elements can be obtained. The finite element 

approach also provides FEFLOW with the means to manipulate the gridded mesh o f 

elements simulating the surface o f flows in unconfined aquifers. Therefore, as the free 

surface shape changes with fluctuating hydraulic head values, the three-dimensional 

moving meshes can accurately model its shape.

FEFLOW has also been applied to catchments internationally (Schoniger et al., 1997; 

Youhao et al., 2004; Ashraf and Ahmad, 2008; M onninkhoff and Li, 2009). Like

3-IV

where Ki is the hydraulic conductivity tensor in the / direction [days'^],^  is the viscosity

respectively [g/m^] and equal to zero if water is the only fluid and there is no saline
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SHETRAN, FEFLOW  can model all o f  the pathways o f  the conceptual model in C hapter 

1 .

3.4 Selection of models

The review o f  m odels provides a basis for the selection o f  the m odel that will m eet the 

aim s o f  the research project; specifically, the model will need to have the capability o f  

sim ulating the different pathways o f  the conceptual m odel, providing output in the form 

o f  time series o f  discharge that will be used for attenuation m odelling calibration. This 

work will then be utilised to inform the hydrological m odelling engine o f  the CM T in 

order to provide generic approaches to m odelling these pathways in ungauged catchm ents 

in Ireland. The model selection process involved the appraisal o f  the follow ing aspects o f  

the models:

•  A bility to sim ulate all pathways

•  Lum ped and distributed m odels

•  Data requirem ents

•  O ver param eterisation

3.4.1 A bility to sim ulate ail pathways

In order to investigate the appropriateness o f  the conceptual model, the model applied 

must be able to sim ulate all o f  the pathways. O f  the m odels reviewed N A M , SHETRAN, 

FEFLOW  and HSPF are able to model the four pathways. In general, it is the sim plistic 

approach o f  the other m odels to the two groundw ater pathways that prevent their use with 

the project’s conceptual model. M ost m odels tend to look at the groundw ater pathw ay as

one pathw ay with a free variable o f  leakage em ployed to achieve a good w ater balance by

having w ater lost out o f  or gained into the catchm ent. W hile this disqualifies a lot o f  the 

m odels when im plemented on their own, should they be linked with a m odel like 

M ODFLOW , that is w eaker in sim ulating the quicker responding pathw ays, but an 

industry standard for m odelling groundwater, these m odels w ould still be beneficial to the 

project.
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3.4.2 Lump and distributed models

The lumped m odel provides a sim plistic approach to m odelling; generally m ore focused 

on achieving a desired output rather than adhering to strict physical representation o f  the 

hydrological pathway processes. This tends to be most useful for catchm ent scale and 

river basin scale m odelling as the inform ation available is generally not o f  a high enough 

spatial resolution to inform a m ore detailed distributed model. Therefore, a distributed 

model sim ulates target output through detailed physically realistic m odelling o f  the 

different heterogeneous conditions o f  the catchm ent. Typically this will require 

significantly m ore com putational capability and detailed input data, that m ay not be 

available, in order to obtain m eaningful results.

3.4.3 Data requirements

Typically, the m inim um  data requirem ents for every hydrological model are rainfall, 

potential evapotranspiration and then a tim e series to calibrate the output o f  the model 

against, w hether this is a discharge or w ater level tim e series. The m ore com plex a model 

is, the more data it will require sim ulate a catchm ents hydrology. Therefore, it is 

important that the model chosen and its requirem ents are consistent with the data that are 

available nationwide in order to run the model on ungauged catchm ents. The CM T will 

be required to operate on ungauged catchm ents and therefore should be informed by a 

model o f  sim ilar structure to it. It is im portant that the m odelling that is carried out in this 

research takes into account the datasets available to it nationwide and that it can function 

adequately with these datasets.

3.4.4 Overland flow generation mechanisms

In arid regions w here rainfall can occur from intense storm s over short durations, the 

ground’s ability to allow  the incoming rainfall to infiltrate into the soil is limited. As the 

infiltration rate o f  the incoming rainfall reaches capacity any excess rainfall is rejected 

from infiltrating and runs o ff  as overland flow. This is infiltration excess overland flow. 

The contrasting case to this situation is saturation-excess flow. In this scenario w ater will 

infiltrate into the soil until the soil becom es saturated. Any further rainfall will be unable 

to enter the soil and so runs o ff  as overland flow. In Ireland’s humid clim ate and
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geological setting, saturation excess is a better approxim ation o f  the type o f  overland flow 

being generated, though infiltration excess will occur during large intense rainfall events.

3.4.5 Application to the Irish Setting

Though not necessary, prior application o f  a hydrological m odel to catchm ents in Ireland 

will help indicate the applicability o f  the m odel structure to Irish conditions. With 

Ireland’s widespread till cover (predom inantly consisting o f  clay and silt, as sands and 

gravels are classified separately in m apping data available from Teagasc), fractured 

aquifers and a general lack o f  high spatial resolution data for im plem enting distributed 

models, it is very useful to assess prior applications o f  the hydrological m odels to 

catchm ents o f  these types. NAM  has been applied to a m ultitude o f  catchm ents in Ireland 

in the G roundw ater-Surface w ater report (RPS, 2008). W hile a different conceptual 

model was used for the m odelling -  only three pathw ays were identified -  NAM  

perform ed well. SW AT and HSPF been applied to Ireland also in m any catchm ents, with 

com parisons o f  each m odel’s perform ances carried out (Coffey et al., 2010) and once 

including a com parison o f  the HSPF model (N asr et al., 2003) and a variant o f  the 

SHETRAN model (Nasr et al., 2007). M O D FLO W  has been applied with varying degrees 

o f  success in Ireland (Doherty et al., 2002; Osm an and Bruen, 2002; M isstear et al., 

2009b) but as referred to in Section 3.3.1.1, this has been with the focus o f  the 

investigations on the groundw ater pathways. The FEFLO W  has also im plem ented in 

Ireland with success, but generally in relatively small areas due to the dem and for high 

spatial resolution data (Yang et al., 2003; Banks, 2009).

3.4.6 Over-parameterisation

O ver-param eterisation is the problem  o f  too m any variables being used to achieve a 

desired output from a model to m atch observed data. I f  there is a lot o f  param eters in a 

m odel a situation arises where a m ultitude o f  different sets o f  values for these param eters 

will give output data that m atches observed data ‘nearly’ as well as each other. Due to  the 

wide range o f  values for each param eter, it is very hard to identify relationships between 

the param eters and data in the field. This problem  is known as equifinality as discussed 

by Beven (1993).
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In order to avoid this being a m ajor issue the param eters o f  the model w'ill need to be 

linked back to catchm ent descriptors or characteristics o f  the pathw ays that can be 

identified from the hydrograph separation m ethods. Sensitivity analysis o f  the different 

param eters will also assist in identifying the param eters that have a large effect on the 

output sim ulated.

3.4.7 NAM and MODFLOW

A fter considering the different structures and functionality associated with the different 

m odels, NAM  was selected as the model o f  choice to sim ulate the pathways in the study 

catchm ents. NA M  provides a lumped fram ew ork that can be applied in a sem i-distributed 

form, much like the proposed CM T. It has the capability to sim ulate the four pathways o f  

the conceptual m odel in C hapter 1 and has overland flow being generated as saturation 

excess flow. I 'h e  groundw ater pathways are m odelled analogously to the linear reservoirs 

o f  the m aster recession curve (M RC) analyses (C hapter 2) which should allow the 

groundw ater param eter to be associated with the M R C ’s r  values. NAM  requires 

catchm ent area, rainfall and potential evapotranspiration to run the model, with observed 

discharge being utilised to calibrate the param eters. This will ensure that data collected 

from the catchm ents for this model will be available nationwide, though m ost likely not at 

the same tem poral or spatial resolution.

As well as N A M , which was chosen as the main model for investigation and sim ulation 

o f  the pathways, it was decided to im plem ent M ODFLOW  in one o f  the research 

catchm ents (the M attock) in order to further investigate the groundw ater-surface water 

interactions occurring in this catchm ent. M OD FLOW  is a distributed model that has its 

main focus on groundw ater pathways. This will be applied to further com pare with the 

separations in this catchm ent obtained from NA M  and to also inform the CM T. 

M O DFLOW  will require a lot o f  input data in order to allow  it run effectively. All this 

data will not be available nationw ide and it is for this reason that it is being im plemented 

as an investigative tool in only one o f  the study catchm ents.
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4 Study Catchments

4.1 Introduction

The study catchments o f this research were investigated as part o f the Pathways 

Project, as outHned in Chapter 1. In order to be able to transfer knowledge from these 

study catchments to catchments more widely in Ireland, the individual study catchments 

were chosen so as to reflect a range o f catchment characteristics. The generalisation o f 

results is an important output o f this work as it will facilitate the separation o f  flow 

pathways in ungauged catchments in Ireland utilising catchment characteristics as 

predictors (see Chapter 9). Evaluating aquifer classification GIS data, approximately 

73.5% o f Ireland is underlain by poorly productive aquifers and to reflect this, three 

catchments (Gortinlieve, Glen Burn and Mattock) underlain by poorly productive 

aquifers were chosen. In addition, it is important that this project should consider the 

effects o f  diffuse contaminants in a catchment underlain by a regionally important 

aquifer and to address this, the Nuenna catchment was selected. These catchments were 

detemiined from a short list o f  potential catchments using a range o f  criteria to rank 

them. This ranking process is described in detail in the Pathways Project Inception 

Report (Archbold et al., 2010) with catchment size, land-use, rainfall and geology along 

with other characteristics being important indicators o f a catchment’s suitability for 

selection. Each catchment characteristic was weighted and from the shortlist o f 

potential catchments in the report the four study catchments were chosen. The location 

o f each catchment, Gortinlieve (Donegal), Glen Burn (Down), Mattock (located on the 

Louth/Meath border) and Nuenna (Kilkenny), can be seen in Figure 4-1.

During the course o f the Pathways Project an interim conceptual model report 

(Archbold and Deakin, 2011) was produced, this chapter will focus on the outcomes o f 

this report. New data, available since this report was compiled, was used to update the 

hydrological aspect o f the conceptual model. This new data in conjunction with the 

conceptual model report was combined to describe the study catchments in this chapter. 

The author was responsible for collecting the rainfall and river stage data in the Mattock 

and Nuenna, as well as for checking the data from Gortinlieve and Glen Burn.
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iniieve t

Mattock

Nuenna

Figure 4-1. Study catchment locations.

4.2 Carrigan’s Catchment, Gortinlieve

The Gortinlieve study catchment, a tributary o f the River Foyle, is located in Donegal, 

approximately 5 km southeast o f Newtown Cunningham. The catchment is 

approximately 4.3 km^ from the catchment outlet, known as the Outlet, to the 

headwaters. Upstream from the Outlet, the catchment is further divided into a 

subcatchment, EPA Weir (0.94 km^). The main channel measures approximately 2.9 

km from the headwaters to the catchment outlet. A t this point the catchment is at a 

height approximately 17 mOD and rises to a height o f 234 mOD in the northeast o f the 

catchment.
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4.2.1 Instrum entation

The catchm ent has been instrum ented to m onitor stage height in the rivers, rainfall, 

groundw ater levels, river and groundw ater tem perature and a selection o f  river quality 

param eters (as detailed in C hapter 5). The locations o f  the two hydrom etric stations 

(Outlet and EPA Weir) are identified in Figure 4-2. A lso in Figure 4-2 are the locations 

o f  the two rainfall gauges at the EPA W eir and near the headwaters, and the three 

clusters o f  boreholes that were drilled as part o f  the part o f  the EPA ’s longer term 

m onitoring o f  groundw ater bodies program m e (EPA, 2006). The upland cluster (G O l) 

m onitors tem perature and groundw ater levels for deep groundw ater, shallow 

groundw ater and transition zone. G 0 2  records deep groundwater, shallow groundwater 

and transition zone w ater levels, w hile at G 0 3 , deep and shallow groundwater, 

transition zone and subsoil w ater levels are m easured. Tem perature data w ere also 

obtained in the river at the Outlet, as well as in the instrum ented boreholes. Electric 

conductivity and other river w ater quality data was recorded within the catchm ent. The 

rating curve developed for the Outlet hydrom etric station had not sufficiently covered 

high levels o f  discharge, resulting in large uncertainty in any discharges calculated from 

the recorded river stages. Consequently the EPA W eir subcatchm ent is the only 

catchm ent discussed quantitatively in this report.

64



Chapter 4: Study Catchm ents
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Figure 4-2. C atchm ent map showing location o f river, catchm ent boundary, EPA boreholes, 

m onitoring infrastructure and sam pling points (Archbold and Deakin, 2011).

4.2.2 L and-use and G eology

Land-use in the area is estim ated at 53%  pasture (dairy and sheep), 43%  arable for 

cereals and <2%  forestry (Archbold and Deakin, 2011). Soils within the G ortinlieve are 

m ostly poorly drained with areas o f  shallow  soils in the higher ground and near the 

catchm ent outlet, as illustrated in Figure 4-3(a). N ear the shallow soil areas in the 

higher ground there are som e poorly draining sections o f  peat. The m ajority o f  subsoils 

in the G ortinlieve area are poorly draining m etam orphic tills with rock outcrop in the 

higher ground, as can be seen in Figure 4-3(b). The aquifer underlying the G ortinlieve 

catchm ent is form ed o f  quartzites, gneisses and schists (Figure 4-4) that are part o f  the 

Lough Foyle Succession that are classified as a poor aquifer (Figure 4-5(a)) with 

bedrock which is generally unproductive, except for local zones (PI). Figure 4-5(b) 

shows vulnerability classification ranges from Extrem e, w here there is rock outcrop in 

the higher parts o f  the catchm ent, to M oderate w here the depth to bedrock is greater
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under the poorly draining t il l subsoils. In Figure 4-6 a cross-section schematic 

illustrates the geological setting along the borehole cluster transection.

Gortinlive Soils
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Figure 4-3. (a) Soils and (b) subsoils within the Gortinlieve catchment.

Gortinlieve Bedrocit
Precambrian Quartzites, Gneisses & Schists
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Figure 4-4. Gortinlieve Bedrock.
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Gortintieve Aquifer Type Gortinlieve Vulnerability

Meters

Figure  4-5. (a) A quifer  type  and  (b) vu lnerabil ity  m app ing  in the  Gortin lieve catchm ent.
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Figure 4-6. Cross-section schem atic  along EPA borehole  t ransec t ion  (A rchbold  and  Deakin , 2011).
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4.2.3 Hydrology

The mean annual rainfall in the catchm ent (1981-2010) is estim ated to be 1000-1200 

mm, with average annual potential evapotranspiration for the region (1961-1990) 

estim ated to be approxim ately 452 mm (M et Eireann, 2011). This is further investigated 

in C hapter 5 utilising data collected from the catchm ent during this research.

The G ortinlieve catchm ent responds very quickly to rainfall, with discharge in the river 

rising sharply before receding back to low flow s following the rainfall event (Figure 

4-7). This is typical behaviour o f  a ‘flashy’ catchm ent w here m ost w ater falling on the 

land enters the river by m eans o f  quick responding pathways rather than recharging into 

the groundw ater pathways. The discharge, calculated from stages recorded at the EPA 

W eir range from 0.001 mVs to greater than 0.75 mVs. The mean recorded discharge 

was 0.021 m^/s in the period M ay 2010 to June 2012, w hile the m edian discharge was 

significantly lower at 0.011 mVs, a difference o f  greater than 47%. These recorded 

indices o f  discharge are typical o f  the behaviour o f  a ‘flashy’ catchm ent.

Goi*tmlieve Discbai*ge and Rainfall

Ef>A W t i r

29 -09-2010  26 -02-2011  26 -07-2011  23 - 12-2011
Date (day-m onth-year)

Figure 4-7. Gortinlieve discharge at the EPA W eir and catchm ent rainfall (Sept 2010 to March 

2012).
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M onitoring at the EPA W eir is affected by silt at low flows m aintaining the head o f  the 

w ater in the stilling well at a higher stage that is present in river. This has the effect o f  a 

horizontal recession being recorded by the logger when a further recession should be 

observed (C hapter 6, Figure 6-10). This problem  is only at very low discharges and is 

being addressed by the EPA hydrom etrics team m onitoring the weir. During periods o f  

low discharges the hydrograph becom es approxim ately horizontal for extended periods.

4.2.4 Hydrogeology

As previously stated in Section 4.2.2, the G ortinlieve bedrocks are classified as poorly 

productive with aquifer type PI covering the entire catchm ent. Transm issivities, 

hydraulic conductivities and specific storage values o f  the bedrock surrounding the 

borehole clusters are plotted in Figure 4-8. In this figure, the shallow  groundw ater 

(shallow  bedrock and transition zone) and the deep groundw ater have a com parable 

potential to deliver sim ilar quantities o f  water based on their tranm issivity values, 

though specific storage in the deep groundw ater is low com pared to the higher (though 

m ore variable) shallow bedrock. The contribution o f  these pathways to discharge in the 

river will also be dependent on availability o f  m ore perm eable routes through the low 

perm eable till overburden.

The w ater levels in the borehole clusters are shown in Figure 4-9. These levels indicate 

a downw ard gradient from G O l shallow and transition boreholes to the deep borehole. 

At G 0 3 , w hich is adjacent to the river, it is observed that there is an upw ard gradient 

from the deep groundw ater through the shallow groundw ater and transition zones to the 

subsoil. This indicates that, if  the groundwater pathw ays are not confined by the tills 

from the river, the deep and shallow groundw ater pathw ays are contributing to 

discharge in the river at this point in the catchm ent.
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F igure 4-8. C om parison  o f transm issiv ity  (T ), h y d rau lic  conductiv ity  (K ) and  specific sto rage  (Ss) 

in th e  tran sitio n /a llu v iu in , shallow  bed rock  an d  d eep  bed ro ck  in G O I, G 0 2  an d  G 0 3  (N itsche, 

2009; C assidy et al., 2010).
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Figure 4-9. Gortinlieve borehole levels from clusters G O I, G 0 2  and G 03 .

4.3 Glen Burn (Mount Stewart) Catchment

The Glen Burn river flows directly into Strangford Lough. Its catchm ent is located in 

county Down, approxim ately 7 km southeast from N ew tow nards on the Ards 

Penninsula. The catchm ent area is approxim ately 5 km^ from the catchm ent outlet, 

known as the Outlet, to the headwaters. Upstream from the Outlet, the catchm ent is 

further divided into another subcatchm ent, referred to  as Subcatchm ent (4.8 km^). The 

main channel m easures approxim ately 4.6 km from the headw aters to the outlet. At the 

outlet, the catchm ent is at a height o f  approxim ately 5 m O D  and rises to a height o f  44
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m OD to the west o f  the catchm ent. Perm ission was granted by both the Geological 

Society o f  Northern Ireland (G SN l) and National Trust to access the boreholes and 

install tem porary hydrom etric m onitoring points in M ount Stew art Estate.

4.3.1 Instrumentation

The catchm ent was instrum ented to record stage height in the rivers, rainfall, potential 

evapotranspiration, groundw ater levels, river and groundw ater tem perature and a 

selection o f  river quality param eters (see C hapter 5). The locations o f  the two 

hydrom etric stations (Outlet and Subcatchm ent) can be identified in Figure 4-10. Also 

in Figure 4-10 are the locations o f  the rainfall gauge and m eteorological station in the 

centre o f  the catchm ent, and the clusters o f  boreholes which w ere installed as part o f  the 

G eological Survey o f  Northern Ireland/N orthern Ireland Environm ent Agency 

m onitoring program m e. There are a total o f  16 boreholes w ithin M ount Stewart Estate 

that are located in the Glen Burn catchm ent. There are nine open uncased boreholes and 

seven screened piezom eters covering an area o f  approxim ate 2 km^. Each cluster 

contains three boreholes with one borehole in the transition (m ore transm issive shallow 

groundwater) zone, one in the transition and shallow  groundw ater zone and the final 

borehole intersecting the transition, shallow  and deep groundw ater zones. Electric 

conductivity and other river water quality  data w ere also sam pled w ithin the catchm ent.
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Figure 4-10. C atchm ent m ap showing location of river, boreholes and m onitoring in frastructure 

(Archbold and Deakin, 2011).

4.3.2 Land-use and Geology

C atchm ent land-use is m ainly intensive pasture (82% ) with some areas o f  tillage (10%) 

and sm all areas o f  w oodland (5% ), with the rem aining area com prising diffuse rural 

settlem ent and roads (A rchbold and Deakin, 2011). The dom inant soils within the Glen 

Burn are poorly drained gleys with areas o f  alluvium  and peat located by the river in the 

north o f  the catchm ent (F igure 4-11 (a)). The m ajority o f  subsoils in the higher areas o f  

the Glen Burn are dom inated by deep till drum lins with the lower areas having thin 

subsoils and num erous outcrops o f  rock, as shown in Figure 4-11 (b). The aquifer 

underlying the Glen Burn is classified as a poor aquifer w ith greyw acke bedrock which 

is generally unproductive, except in local zones (PI), as can be seen in Figure 4 -1 1(d). 

Vulnerability in the G len Burn is Extrem e E in general due to thin covering o f  the 

bedrock and the num erous outcrops in the catchm ent. Under the drum lins vulnerability
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is much reduced due to the depth o f  the subsoils. Values range from Extrem e to Low 

(Figure 4 - l l (c ) ) .  A schem atic cross-section illustrates the geological setting o f  the 

catchm ent as viewed upstream from the Outlet, as illustrated in Figure 4-12. Greywacke 

(coloured green) underlies the catchm ent with alluvium  being present underneath the 

river at the O utlet and upstream o f  the m ajor tributary (O range and yellow). The 

outcrop o f  rock throughout the catchm ent is illustrated by the m ultiple light green 

sections on the schem atic, while the poor draining drum lins (red) are straddling the 

catchm ent boundary by the boreholes. The influence o f  these poorly drained soils and 

the poorly productive aquifer induces the quick responding nature o f  the G len Burn.

fr t rn»*t

Co Down

Figure 4-11 (a-d). shows soil, sub-soil, groundw ater vulnerability and bedrock maps. 

(Source: M ap a,b,d OSNl base maps, GSNI M ap; (c) OSNI base map, (M eredith , 2010)).
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Figure 2 5: Cross secton schematic o f BHs and catchmen; boundary in Moun; Stewar; Estate

Figure 4-12. Cross-section schematic of BHs and catchment boundary in Mount Stewart Estate 

(Archbold and Dealiin, 2011).

4.3.3 Hydrology

The total rainfall for 2011 was 843 mm (recorded by a Campbell Scientific 

meteorological station location in the middle o f the catchment (Figure 4-10). Average 

annual rainfall for the Ards Peninsula is reported to be approximately 800 mm w ith the 

largest proportion falling between August and January. PE for 2011 was 497 mm and 

this was also calculated using data from the meteorological station.

The Glen Burn, much like the Gortinlieve catchment, responds very quickly to rainfall, 

with discharge in the river rising sharply before receding back to low flows follow ing 

the rainfall event, as shown in Figure 4-13. The low permeability soils in the drumlins 

and the limited ability o f  the aquifer to accept recharge generates the quick responding 

pathways as rainfall occurs in the catchment. This again is the behaviour o f a ‘ flashy’ 

catchment where most water falling on the land enters the river by means o f the quick 

responding pathways rather than recharging into the groundwater pathways. The 

discharge, calculated from the river stage recorded at Outlet, ranges from less than 

0.001 mVs to greater than 1.11 m^/s in the period October 2010 to March 2012. The
-3

mean recorded discharge was 0.07 m /s, while the median discharge was significantly
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lower at 0.037 mVs, a difference o f greater than 47%. These recorded indices o f 

discharge are again characteristic o f the behaviour o f a ‘flashy’ catchment.

Gleu Burn Dischai'ge and  Rainfall

1

-  Subcat chm ent 

** Rainfall

07 -04-2011  04 -09-2011
Date (day-month-year)

Figure 4-13. Glen Burn discharge at catchment the Outlet and Subcatchment hydrometric stations, 

and catchment rainfall (Aug 2010 to Feb 2012).

4.3.4 Hydrogeology

As determined in Section 4.3.2, the Glen Burn bedrocks are classified as poorly 

productive with aquifer type PI covering nearly 100% o f the catchment. 

Transmissivities o f the bedrock are estimated to be 1.7x10'' m^/d for shallow 

groundwater (weathered bedrock) and 7x10'^ m^/d for deep groundwater (bedrock). 

However, these calculations are based on the boreholes concentrated in one area o f  the 

catchment and may not be representative o f the entire catchment as bedrock thickness 

will vary spatially (Archbold and Deakin, 2011).

Glen Burn was instrumented with 16 boreholes, covering an area o f 2 km and varymg 

subsoil and shallow groundwater conditions. The water levels in three o f these 

boreholes, along with rainfall and the water level at the Outlet (MS2), are shown in 

Figure 4-14. Boreholes 6-2 (deep groundwater) and 6-1 (shallow groundwater) indicate
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an upward gradient contributing to river discharge, as can be seen in Figure 4-14(a and 

b). The levels indicate a downward gradient from the river to borehole 5-1 during low 

flows suggesting that the river m ay be losing flow to the alluvium  during these periods 

(Figure 4-14(c)). All three boreholes dem onstrate a direct response to rainfall and river 

discharge, w ith large rises in groundw ater level during high rainfall and river discharge.

mm
i f l
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V

 ̂ E l

•  •  •  B H  1 iBVtf i r r

  M ia itrrAOO)
 0M<r tevtf lirA C C )
► V iB b f  h r t -d l i r  .A C O t

R nlf.tii ir-tnV

Figure 4-14. Glen Burn: (a) rainfall; (b) g roundw ater levels in boreholes 6-1, 6-2; (c) g roundw ater 

levels in borehole 5-1 and river stage at the O utlet (MS2) (Archbold and Deakin, 2011).
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4.4 Mattock catchment Co. Louth/Meath

The M attock study catchm ent, a tributary o f  the R iver Boyne, straddles the Louth and 

M eath border. The catchm ent area is approxim ately 16.8 km^ from the catchm ent 

outlet, know n as B erril’s, to the headwaters. U pstream  from B erril’s, the catchm ent is 

further divided into two subcatchm ents, Collon W eir (11.6 km ) and Diversion W eir (7 

km^). The Diversion W eir subcatchm ent is contained w ithin the Collon W eir 

subcatchm ent and is located ju st dow nstream  o f  off-take from the river for D rogheda’s 

public water supply. This off-take was instrum ented with a stage level logger to 

estim ate the flow that is taken from the catchm ent. The main channel m easures 

approxim ately 8.8 km from the headw aters to the outlet at B erril’s. At this point the 

catchm ent is at an elevation o f  approxim ately 77 m O D  and rises to a height o f  250 in 

the north o f  the catchm ent.

4.4.1 Instrum entation

The catchm ent was instrum ented to m onitor stage height in the rivers, rainfall, 

groundw ater levels, river and groundw ater tem perature and a selection o f  river quality 

param eters. The locations o f  the four hydrom etric stations (B erril’s, Collon Weir, 

Diversion W eir and Diversion Off-take) can be seen in Figure 4-15. Figure 4-15 also 

displays the locations o f  the two rainfall gauges at the W W TP in Collon and near the 

headwaters, and the three clusters o f  boreholes that w ere drilled as part o f  the part o f  the 

E PA ’s longer term  m onitoring program m e o f  groundw ater bodies. The upland cluster 

( MK l )  m onitors tem perature and groundw ater levels for deep groundw ater, shallow 

groundw ater and subsoil. MK2 m onitors deep and shallow  groundw ater, while at M K3, 

deep and shallow groundw ater, and subsoil at tw o different levels are recorded. 

Tem perature data were also obtained in the river at B erril’s and at Collon Weir, as well 

as in the instrum ented boreholes. E lectric conductivity  and other river w ater quality 

data w ere also sam pled within the catchm ent.
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Figure 4-15. Location map showing geology with catchment boundary (Archbold and Deakin, 

2011).

4.4.2 Land-use and Geology

A detailed land-use survey was carried out within the catchment which found that there 

is approximately 83% pasture (dairy, cattle, sheep, with some limited horses) and 7% 

arable for cereals and maize, with the remainder a mixture o f woodland, scrub, urban 

and other categories (Archbold and Deakin, 2011) . Soils within the Mattock catchment 

are mostly poorly drained with areas o f well drained soils in the higher ground and 

overlying the sands and gravels located near the Collon Weir and Diversion, as shown 

in Figure 4-16(a). The majority o f subsoils in the Mattock are poorly draining tills with 

rock outcrop in the higher ground and well draining sands and gravels located at Collon 

Weir and the Diversion (Figure 4 -16(b)). The bedrock geology o f the Mattock is 

composed o f metasediments and volcanic as illustrated in Figure 4-17. These bedrock 

aquifers underlying the Mattock are mainly classified as a poor aquifer with bedrock
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which is generally unproductive, except for local zones (PI). In the south east o f the 

catchment, the metasediment bedrock is classified as a poor aquifer with bedrock which 

is generally unproductive (Pu), as can be seen in Figure 4-18(a). Vulnerability ranges 

from Extreme, where there is rock outcrop in the higher parts o f the catchment, to Low  

by the river where the bedrock is overlain by poorly drained soils and deep till subsoils, 

as shown in Figure 4-18(b).

MattockSoiis
m  A lu v M »

m  AmviDVU 

m  AmnPO

MattockSubsoils

Mad«

RckNC«Am«SP

A n u iS R P T

AmmSW

Figure 4-16. (a) Soils and (b) Subsoils within the Mattock catchment.
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Figure 4-17. Mattock Bedrock.
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Mattock

Figure 4-18. (a) Aquifer map and (b) Vulnerability map of Mattock catchment.
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Figure 4-19. Cross-section through the gravels at the public at Collon W eir (Groves, 2010).
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Figure 4-20. Cross-section through the EPA borehole transect (CDM /OCM , 2010).

Two cross-sections illustrate the geological setting at Collon W eir (F igure 4-19) and 

along the transect o f  the EPA borehole clusters (Figure 4-20). An extensive sand and 

gravel unit is observed in Figure 4-19. These sands and gravels are potentially 

contributing to the M attock river at this point, m aintaining higher discharges, during 

periods o f  low rainfall, than would be expected given the poorly productive nature o f  

the bedrock in the catchm ent. There are also three boreholes located in these sands and 

gravels supplying the town o f  Collon with water. One o f  these boreholes, located in the 

w astew ater treatm ent plant com pound, is artesian; suggesting that w ater from this depth 

is contributing to the discharge in the river. The tw o other boreholes are abstracting 

water from shallower gravels than at the artesian borehole. The w ater levels in these 

boreholes are thought to be lower than that o f  the river and a study is currently being 

undertaken on behalf o f  Louth County Council to investigate this relationship while 

pum ping is occurring in these boreholes.
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The cross-section at the EPA boreholes (Figure 4-20) suggests that, at the catchm ent 

outlet at B erril’s, the M attock river is perched. The borehole and river w ater level data 

discussed in Section 4.4.4 confirms this. This im plies that groundw ater contribution in 

this area o f  the catchm ent is m inim al and it will be expected that the percentage o f  the 

river hydrograph com prised o f  the groundw ater pathways will be lower than at Collon 

Weir. This is further exam ined in C hapter 7.

4.4.3 Hydrology

The m ean annual rainfall in the catchm ent (1961-1990) is o f  the order o f  901 mm, with 

average annual potential evaporation for the region estim ated to be approxim ately 481 

mm (M et Eireann data). The m eteorological data are exam ined in detail in C hapter 5.

The M attock catchm ent responds very quickly to rainfall, with discharge in the river 

rising sharply before receding back to low flows follow ing the rainfall event, as shown 

in Figure 4-21. Once more, this is usual o f  the type o f  behaviour expected o f  a ‘flashy’ 

catchm ent. The discharge, calculated from stages recorded at B erril’s, ranges from less 

than 0.008 mVs to greater than 15 mVs. This m axim um  discharge was recorded during 

the large flooding event o f  24'*’ October 2011; the pipe storing the logger was actually 

dam aged at this point and it is expected that a higher discharge occurred. The mean 

recorded discharge was 0.2 mVs, while the m edian discharge was significantly lower at 

0.077 m^/s. O nce again these indices are typical o f  a ‘flashy’ catchm ent.
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M attock  Discharge and Rainfall
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Figure 4-21. M attock discharges plotted along with M attock rainfall (Feb 2011 to M ar 2012 ).

The river flows at B erril’s are im pacted by the water diverted from the river at the 

Diversion. This is particularly true at low flows when a substantial percentage o f  w ater 

is removed. A fter February 2011, the diversion infrastructure was upgraded by Louth 

County Council. When the discharge o f  less than 0.008 mVs was recorded at B erril’s, 

0.0045 mVs was being diverted upstream , with 0.00016 mVs occurring at the Diversion 

Weir. Effectively, all the w ater o f  the upper subcatchm ent w as being diverted during 

these periods o f  low flow. D uring the w inter and periods o f  above-average flow, the 

effect o f  the diversion is m uch m ore m uted. On the 18*’’ O ctober 2011, the discharge at 

B erril’s was 0.241 mVs, w hile at the D iversion it was 0.009 mVs and at D iversion W eir
-j

it was 0.105 m /s, m eaning that less than 8% o f  the discharge w as being diverted to 

Drogheda. Following the high rainfall on the 24th O ctober 2011, the d iversion’s 

efficacy for diverting w ater from the river was influenced due to  the pipe diverting the 

flow being less effective at draining higher heads o f  water. This reduced the am ount o f  

water being diverted, as seen during the above average discharge recorded at B erril’s on 

the February 2012 o f  0.287 m^/s, but only 0.0042 m^/s at the Diversion and 0.11

84



C hapter 4; Study Catchm ents

m /s at the Diversion Weir. The discharges at the D iversion and recorded rainfall are 

illustrated in Figure 4-22.

Ofif-take at Diversion
0.0 i2

: e - o : - 2 0 i i  s e ^ s o i i  2 4 -:o -2 0 ii 2:-02*20i2 2 0 ^ 2 0 1 2

Date (day~month>vear)

Figure 4-22. Off-take discharge at Diversion.

4.4.4 Hydrogeology

As previously stated in Section 4.4.2, the M attock bedrocks are classified as poorly 

productive with aquifer type PI covering approxim ately 92%  o f  the catchm ent and Pu 

covering approxim ately 8%. Transm issivities o f  the bedrock surrounding the borehole 

clusters have been calculated as being less than 7 m /d (Nitsche, 2009). The water 

levels in these boreholes are shown in Figure 4-23. These levels indicate a dow nw ard 

gradient from M K l subsoil, through the M K l shallow  borehole tow ards M K l deep. At 

MK3, which is adjacent to the river, it is observed that the groundw ater levels are at 

approxim ately 68 m OD , leaving the river perched by about 11 m above this. There is an 

upward gradient from the deep groundw ater to  the shallow  groundw ater zone, but as

85



Chapter 4; Study Catchments

can be seen from the subsoil water levels, water is being lost from the river down to this 

zone.
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Figure 4-23. W ater levels in M attock boreholes. MK3 (next to the river), M K I (up high in the 

catchment).

4.5 Nuenna catchment, Co. Kilkenny

The Nuenna study catchment, a tributary o f  the River Nore, is located in County 

Kilkenny, near the town o f  Freshford. The catchment area is approximately 35 km^ 

from the catchment outlet, known as Monument, to the headwaters. Upstream from 

Monument, the catchment is further divided into two subcatchments. Rocky Weir (21.6 

km^) and Castle Weir (11.6 km^). These catchment areas are based on topographic 

heights within the catchment and, as will be discussed later in Chapter 5, this may not 

be appropriate for catchments underlain by karst aquifers, which contain many large
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springs contributing to the discharge in the river. This is particularly important as there 

is little variation in topography at the western boundary o f  the catchment. The main 

channel measures approximately 6.6 km from the headwaters to the outlet at 

Monument. At the outlet o f  the catchment the elevation is approximately 86 m O D and 

this rises to 343 mOD in the northwest o f  the catchment.

4.5.1 Instrum entation

The catchment was instrumented to record stage height in the rivers, rainfall, 

groundwater levels, river and groundwater temperature and a selection o f  river quality 

parameters. The locations o f  the three hydrometric stations (Monument, Rocky Weir 

and Castle Weir) are identified in Figure 4-24. Also shown in Figure 4-24 are the 

locations o f  the two rainfall gauges at the Clomantagh Castle and Kilrush house, and 

the two clusters o f  boreholes that were drilled as part o f  the E PA ’s longer term 

monitoring programme o f  groundwater bodies. The upland cluster (N U l)  monitored 

temperature and groundwater levels o f  the deep groundwater. NU2 monitored deep and 

shallow groundwater, and subsoil water in the sands and gravel. Temperature data were 

also obtained in the river at M onument and Boiling Spring as well as in the 

instrumented boreholes. Electric conductivity and other river water quality data were 

also collected within the catchment.
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Figure 4-24 Nuenna catchment with hydrometric stations and monitoring sites.

4.5.2 Land-use and Geology

Land-use in the area is 73% pasture (dairy and sheep) and 19% arable for cereals 

(Archbold and Dcakin, 2011). The dominant soils w ithin the Nuenna are well drained 

with areas o f  poorly drained soils located in the higher ground (Figure 4-25(b)). The 

majority o f subsoils in the Nuenna are permeable sands and gravels and moderately 

permeable tills, with rock outcrop in the higher ground (Figure 4-25(a)). The bedrock o f 

the higher ground o f  the Nuenna catchment is dominated by Numurian shales, while the 

rest o f the catchment is composed o f Dinantian pure bedded limestone as seen in Figure 

4-26. The main aquifer, corresponding to the pure bedded limestone, underlying the 

Nuenna is classified as a regionally important aquifer that is karstified with diffuse karst 

present (Rkd), while the shales are classified as a poor aquifer with bedrock which is 

generally unproductive, except for local zones (PI) (Figure 4-27(a)). Vulnerability in the 

Nuenna is high due to highly permeable soils and subsoils, w ith rock being found at 

shallow depths in many places. Vulnerability classes ranges from Extreme to High, as 

illustrated in Figure 4-27(b). A  cross-section illustrating the geological setting along the 

transect o f  the two borehole clusters is shown in Figure 4-28, while a more generic 

cross-section o f the catchment is presented in Figure 4-29. The gravels (coloured green)
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underMe the river towards the catchment outlet at Monument. These are fed by water 

from the karstified limestone (light blue) w ith moderately permeable tills  (blue) present 

above the limestone away from the sands and gravels. The PI aquifer lies in the high 

areas o f the catchment with low permeability tills  overlying the lower slopes o f these 

hills. There is also a clay layer underlying the gravels beneath the river and clay way- 

boards present in the karstified limestone that may influence flow. Springs and swallow 

holes are common (Archbold and Deakin, 2011).

Nuenna Soils

j j j j j j l l l l  A/ninDW

Nuenna Subsoils
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4-25. (a) Subsoils and (b) Soils within the Nuenna catchment.
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Figure 4-26. Nuenna bedrock.
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Figure 4-27. (a) Aquifer map and (b) Vulnerability map of the Nuenna catchment.
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Figure 4-28. Cross-section through the EPA borehole transection from  N U l to NU2 (near the river) 

(C D M /O C M  (2010).

Namurian shales

and thin til
Transition zone

Limestone with clay way-boards

Figure 4-29. Schematic cross-section o f the Nuenna, (A rchbold  and Deakin, 2011).
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4.5.3 Hydrology

The average annual rainfall in the catchm ent (1961-1990) is 967 mm and average 

annual potential evapotranspiration (PE) is 527 mm. A prelim inary soil m oisture 

balance suggests that AE values range from 420 to 492 mm using the FAO Penman 

M ontieth and M et Eireann Hybrid model, with varying assum ptions on soil type and 

rooting depth etc (Kennedy, 2010; also, see C hapter 5).

The Nuenna river, unlike the rivers in the other three study catchm ents, responds slowly 

to rainfall in general but during a large rainfall event can respond quickly. During a 

rainfall event, discharge in the river typically  rises gradually before receding very 

slowly. As a result o f  this slow recession, high baseflows are m aintained throughout the 

winter m onths. This can be observed in Figure 4-30. This is the behaviour o f  a 

groundwater dom inated catchm ent, characteristic o f  a catchm ent underlain by a 

regionally im portant aquifer. In the case o f  the Nuenna most o f  the w ater recharges the 

aquifer either by m eans o f  diffuse recharge percolating through the soils and subsoils or 

by point recharge entering the aquifer by m eans o f  swallow holes. Discharge, calculated 

from river stage recorded at the M onum ent site from October 2010 to M ay 2012, ranges 

from less than 0.08 m^/s to m ore than 2.47 mVs. The mean recorded discharge was 0.57 

mVs, while the m edian discharge was approxim ately 10% less than this at 0.51 mVs. 

The small variation between median and mean discharge is typical o f  a groundwater 

dom inated catchm ent, where discharge rates vary m ore gradually than in a ‘flashy’, low 

perm eability catchm ent.
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Figure 4-30. Nuenna discharges at the three catchment hydrometric stations with rainfall from 

Clomantagh Castle (October 2010 to May 2012).

Four large springs (Toberpatrick, Barna Group W ater Schem e (GW S), Boiling Spring 

and Forest Spring, with their locations shown in Figure 4-24) provide a significant 

proportion o f  the discharge in the river at M onument, particularly during periods o f  low 

flow. During low flows on the 26"^ July 2011, it was estim ated that approxim ately 92% 

o f  discharge was derived from these springs, while during higher ‘w in ter’ flows on 8*'’ 

N ovem ber 2011, it is estim ated that 70% o f  discharge was derived from these springs.

4.5.4 Hydrogeology

The Nuenna bedrocks, as discussed in Section 4.5.2, are classified as regionally 

im portant karstified with aquifer type Rkd underlying approxim ately 81% o f  the 

catchm ent and poorly productive with aquifer type PI in the higher areas o f  the 

catchm ent occupying approxim ately 19%. The gravels infilling the valley floor between 

C lom antagh and Freshford have been m apped by the GSI as a Locally Im portant
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aquifer (Lg) (Archbold and Deakin, 2011). T ransm issivities o f  the bedrock surrounding 

the borehole clusters have been calculated as being greater than 2.5 m^/d, though it is 

especially difficult to find a representative T  is karst due to large fracturing and the 

presence o f  conduits. The w ater levels in these boreholes are shown in Figure 4-31. 

These levels indicate a downw ard gradient from N U l Shallow  tow ards N U l Deep 

borehole. A t NU2, next to the river, deep groundw ater levels are higher than the 

shallow groundw ater levels, w hich in turn are higher than the subsoil levels This 

upward gradient from the deep groundw ater to the shallow groundw ater to the subsoil 

zone suggests that this river reach is gaining w ater from the groundw ater pathways.
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Figure  4-31. W a te r  levels in N uenna boreholes. NU2 (next to the  river) ,  NUl (up  high in the 

catchment) .

There are tw o m ajor swallow  holes located to the south o f  the river that connect water 

draining from the Castle W eir subcatchm ent to the Rocky W eir and M onum ent 

subcatchm ent (Figure 4-24). This has im plications on the assigned catchm ent areas for
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both the Caste W eir subcatchm ent and the Rocky W eir subcatchm ent, w hich will be 

discussed further in C hapter 5.
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5 Research Methodology

5.1 Introduction -  Research Strategy

In this chapter the m ethodology em ployed for the separating o f  the hydrograph into its 

constituent pathways, the collection o f  data from the field and the evaluation o f  those 

data will be discussed.

The research strategy o f  this thesis has been developed following the outcom es o f  the 

literature reviews on hydrograph separations m ethods (Chapter 2) and hydrological 

m odels (Chapter 3). In order to sim ulate the four pathways o f  the conceptual model it 

was decided that the lumped, rainfall-runoff NAM  model was the m ost appropriate 

model to use. NAM  has few input requirem ents, only rainfall and potential 

evapotranspiration are necessary to run the model, and its lumped structure provides 

flexibility for adaptation in the variable geological settings encountered in Ireland.

As stated in C hapter 3, ‘equifinality’ is difficult to avoid when applying a hydrological 

model to a catchm ent and only one basis o f  constraining the model output is available. 

Typically, observed discharge in the river is used in this manner. In order to limit the 

potential for ‘equifinality’, hydrograph separation techniques are applied to provide 

limits within which the contribution o f  each pathway to the river is likely to be. These 

likely contributions, along with the observed discharge in the rivers, provide targets for 

the optim isation routine w ithin N AM . Following the review  o f  the hydrograph 

techniques in C hapter 2, M aster Recession Curve (M RC) analysis, Irish recharge 

coefficient approach, digital signal filtering algorithm s and tem perature applied as a 

tracer were selected as techniques that could provide the constraints required for the 

hydrological m odelling. W hile each o f  these m ethods has certain strengths and 

weaknesses, the application o f  these together provides separations o f  the pathways 

based on observed discharge, m eteorological inputs (rainfall, potential 

evapotranspiration and tem perature) and catchm ent geology. The application o f  these 

separation techniques, together with NAM , was unique to this research.
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Som e o f  these m ethods required m odification (m ost notably the digital signal filtering 

algorithm ) w hile others were applied in their current form. The M aster Recession Curve 

analysis had the ability to identify the contribution o f  the four pathw ays, as well as the 

recession constants required to inform the digital signal filtering algorithm , but required 

the manual fitting o f  lines to the recessions, introducing subjectivity into the analysis 

(Section 6.3).

The recharge coefficient approach provided separations based on the geology o f  a 

catchm ent and the effective rainfall (rainfall m inus potential evapotranspiration) falling 

on the catchm ent. W hile it was the only hydrograph separation m ethod to directly 

account for the geology o f  the catchm ent, this approach could only distinguish between 

quick flow (overland flow and interflow) and groundw ater flow (shallow  and deep 

groundw ater com ponents). This method was m odified during this research to account 

for point recharge occurring in karst catchm ents (Section 6.2).

The digital signal filtering algorithm  applied in this thesis is a new algorithm  based on a 

sim ple algorithm  developed by Lyne and Hollick (Lyne and Hollick, 1979). The 

published algorithm  can only separate the hydrograph into tw o pathw ays (quick flow 

and groundwater) and typically distributes the hydrograph equally betw een these two 

pathways. T his algorithm  was m odified to provide separations for the four pathways o f  

the conceptual model and to remove the subjective selection o f  param eters present in 

other m odifications o f  the Lyne and H ollick algorithm  (Section 6.4).

Finally tem perature tim e series data available from boreholes in the catchm ent, the river 

itse lf and air tem perature data from a nearby M et Eireann Synoptic station, w ere used in 

a sim ple m ixing model to provide separations based on tem perature rather than the 

response tim e o f  the pathways as with the o ther separation methods. All o f  these 

hydrograph separation m ethods and their application are described in detail in C hapter 

6 .

The NAM  m odel, its application to the study catchm ents and the optim isation o f  its 

param eter sets taking the hydrograph separation results into account and the application 

o f  the m odel itse lf as a m ethod o f  investigation, are described in C hapter 7. It was also 

decided after the literature review o f  hydrological m odels in C hapter 3 that 

M O D FLO W  should be im plem ented to further investigate the groundw ater pathways
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and the applicability o f  using a fully distributed m odelling to investigate the pathway 

contributions in Irish catchm ents with scarce data describing the spatial variation o f  

geological physical properties. In C hapter 8 the m ethodology o f  how M O D FLO W  was 

applied and the findings o f  this approach are detailed.

Once the hydrological m odelling had been carried out, the process o f  relating the 

param eters o f  the NAM  model to catchm ent characteristics is described in C hapter 9. 

This is achieved through the use the statistical m ethod m ultiple linear regression. GIS 

data were utilised to weight the different catchm ent characteristics by their distance 

from the river. The relation o f  the NAM  param eters to catchm ent characteristics using 

the regression equations ensures that the proportion o f  the river hydrograph derived 

from each o f  the pathways can be calculated in ungauged catchm ents. This provides the 

final approach necessary for the developm ent o f  an integrated fram ework for 

determ ining the contributions o f  the pathw ays to rivers in Ireland. This fram ew ork is 

described in the discussion section at the end o f  C hapter 9. The regression equations 

also have error associated with them that is utilised for sensitivity analysis. The 

approach taken for this analysis is detailed in C hapter 10.

The following sections o f  this present chapter focus on the m ethodology o f  data 

collection from the study catchm ents and the assessm ent o f  these data. A lthough this 

thesis is prim arily concerned with the com puter sim ulation o f  the contributions o f  the 

different hydrological pathways to the river hydrograph, hydrological m odelling 

involves m ore than generating pathw ay separations based on available datasets alone. 

Fieldwork was an integral part o f  this research for appreciation and conceptualisation o f  

the different processes occurring in the study catchm ents and catchm ents in general. As 

such, a variety o f  different datasets were collected as part o f  this project. This involved 

the installation o f  hydrom etric stations and screened boreholes within each o f  the four 

study catchm ents, continuous m onitoring o f  river stage, groundw ater and soil water 

levels, rainfall, electric conductivity in the rivers and springs, tem perature in the rivers 

and springs, and turbidity at a selection o f  locations. A m bient tem perature and potential 

evapotranspiration data were obtained directly from Met Eireann. R iver flow 

m easurem ents were also taken periodically in order to help rate the different 

hydrom etric stations and to provide longitudinal profiles o f  the rivers and streams 

within each study catchm ent. The author was responsible for collecting the rainfall and
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river flow data in two o f  the study catchments (Mattock and Nuenna), as well as for 

quality assurance o f the hydrometric data from the other two study catchments. The 

author was also responsible for the installation o f rain gauges and river stage logging 

equipment in the Mattock and Nuenna (except for the EPA maintained hydrometric 

station at Collon Weir as discussed in Chapter 4), as well as staff gauges and controls at 

some o f the flow gauging sites. Discrete sampling was also carried out for a suite o f 

chemical parameters in the rivers, boreholes and where samples could be taken from 

ditches and overland. These were then analysed back in the college laboratory. This 

hydrochemical sampling was undertaken as part o f the Pathways Project, but the 

collection and interpretation o f these hydrochemical data was outside the scope o f  this 

thesis.

Once these data had been collected, it was necessary to evaluate the quality and 

consistency o f these datasets, following which the datasets were ready to be utilised for 

the physical hydrograph separation approaches and the hydrological modelling. The 

methodology employed for this assessment o f the data is outlined in Section 5.11 along 

with the results o f the assessment.

5.2 River stage monitoring

River stage was continuously recorded at four locations in the Mattock (Berril’s, Collon 

Weir, Diversion Weir and the Diversion Outlet), three locations in the Nuenna 

(Monument, Rocky Weir and Castle Weir), two locations in the Glen Burn (Outlet and 

Subcatchment) and two locations in Gortinlieve (Outlet and EPA Weir). These 

hydrometric stations are identified on the study catchment maps in Chapter 4. Three o f 

these locations were managed by the EPA (Berril’s, Collon Weir and EPA Weir), with 

supplementary flow measurements being provided to the EPA for rating purposes by 

this project.

Sites were selected for river stage monitoring with the assistance o f  the EPA 

hydrometric teams in the Mattock and Nuenna catchment. Appropriate site selection is 

vital to ensure that rating curves developed to convert river stage measurements river 

discharge remain stable. Over the course o f the project measurements taken at similar
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stages are be sensitive to any changes that m ay occur at a hydrom etric station. 

Therefore, to ensure that a rating curve is stable, the hydrom etric station should be 

located where the river banks are unlikely to change over tim e and a control, whether 

natural (steepening o f  gradient o f  the riverbed) or m an-m ade (v-notch w eir Figure 5-1), 

to ensure that increases in discharge are reflected by regular increases in river stage. 

W ithout a stable hydrom etric station location, the rating curve will be sensitive to  the 

time when the discharge m easurem ent was taken. This will ultim ately affect the 

discharge tim e series obtained from these locations and any conclusions draw n from the 

analysis o f  this data.

Figure 5-1 (a) V-notch weir in the Nuenna and (b) weir in the Mattock.

The installation o f  m onitoring equipm ent varied from one gauging site to another 

gauging site. In general, a vertical 6” pipe w as fixed to a w ooded post or, if  available, 

directly to a concrete wall (Figure 5-2). Vertical slits were cut on the dow nstream  side 

o f  the pipe to create stilling wells. W here no natural control on the river was present, a 

control w as created using a v-notch steel plate or a v-notch concrete slab. The stilling 

wells were fitted with O TT Thalim edes, float-operated shaft encoders w ith data loggers, 

as shown in Figure 5-3(a). As the float rises and falls, a pulley rotates, the change in 

electrical signal caused by this rotation is converted to a m easure value and stored in the 

logger. A ccording to m anufacturer’s specifications, the Thalim edes has a river stage 

range o f  ±  19.99 m (though this will be lim ited by the length o f  the stilling well, which 

is generally 2 m in length) with a resolution o f  1 mm and accuracy o f  ±  2 mm. The
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stilling wells at B erril’s and G ortinlieve O utlet hydrom etric stations were fitted with 

O TT Orpheus Minis, pressure transducers w ith data loggers (Figure 5-3(b)). The 

m anufacturer reports that the Orpheus M ini has a river stage range o f  0 -  10 m with a 

resolution o f  1 mm and accuracy o f  ±  5 mm.

Figure 5-2. (a) Stil ling well  with top cap at the Diversion in the M attock  and  (b) st illing well  against  

far  wall  o f  Diversion W eir  in the M attock.
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(b)

Figure 5-3. (a) Thalimedes float-operated shaft encoder with data logger (OTT, 2012b) and 

O rpheus Mini pressure transducer with data  logger (OTT, 2012a).

Data from loggers were downloaded monthly using an OTT IrDa cable to connect to the 

infrared port on the data loggers. The floats and pressure transducers did not need to be 

removed from the water to download, therefore reducing the risk o f  affecting readings. 

Data were obtained monthly in order to assess the measurements for any gaps and 

instrument malfunction, and also to allow frequent inspection o f the hydrometric station 

controls for debris and other obstructions to flow. This data were then imported into an 

Excel spreadsheet format.

5.3 Borehole level monitoring

As part o f  the Pathways Project, clusters o f  screened boreholes were installed in the 

Mattock, Nuenna and Gortinlieve. These clusters were located along transects from 

high up in the catchment, covering probable pathway flow directions, to near the river. 

These boreholes were drilled as part o f  the EPA’s longer term monitoring programme
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o f  groundw ater bodies (EPA, 2006). The clusters were designed to provide im proved 

understanding o f  catchm ents’ hydrogeological characteristics.

In order to achieve this, clusters were developed firstly by carrying out geophysical 

surveys o f  the intended area o f  drilling in order to assess likely pathways present and 

the depth o f  drilling required to m onitor these. D rilling o f  the boreholes follow ed these 

investigations, with sam ples o f  soils, subsoils and bedrock being taken periodically and 

logged. The construction o f  these boreholes was then com pleted with casing and 

screening being installed. Pum ping tests w ere then carried out in order to estim ate the 

hydrological characteristics o f  the aquifer at the different sites (CD M /O CM , 2010).

The screening o f  the wells, at the different depths required to observe the changes in 

head and chem istry o f  the particular pathways o f  interest, was an integral aspect o f  the 

clusters as this was required to ensure that there was no hydraulic interaction between 

the individual boreholes in the clusters. Orpheus M inis were installed to m onitor the 

variations in w ater level inside each o f  the boreholes. These data were m onitored and 

reviewed periodically by the EPA before being provided to the Pathways Project.

The clusters are divided into upper and lower clusters, with an interm ediate cluster in 

the M attock and Gortinlieve catchm ents. The distribution o f  m onitoring boreholes 

am ong the clusters and the geological horizons that they targeted, are listed in Table 

5-1, with finished boreholes shown in Figure 5-4.
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Table 5-1 Borehole clusters and geological horizon interval distributions.

Gortinlieve Mattock Nuenna Glen Burn

Upper Cluster

Deep

Shallow

Transition

Upper Cluster

Deep 

Shallow 

Subsoil 1 

Subsoil 2

Upper Cluster

Deep

Transition

T hree  c lus te rs  w ith  an 

o p e n ,  u ncased  

b o re h o le  with a d e p th  

to  t h e  s ta r t  o f  th e  

t ran s i t io n  zone  

horizon, th e  s t a r t  of 

t h e  shallow  

g ro u n d w a te r  horizon 

and  o n e  o p e n  

b o re h o le  to  t h e  d e p th  

of  d e e p  g r o u n d w a te r  

horizon

Interm ediate  Cluster

Deep

Shallow

Transition

Intermediate Cluster

Deep

Shallow

Lower Cluster

Deep

Shallow

Transition

Subsoil

Lower Cluster

Deep 

Shallow 

Subsoil 1 

Subsoil 2

Lower Cluster

Deep

Shallow

Subsoil

Figure 5-4. Borehole cluster in (a) M attock a t MK3 and (b) Nuenna a t NU2.
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5.4 Rainfall

Rainfall w as m easured in the four study catchm ents using ARGIOO (Environm ental 

M easurem ent Ltd.) tipping bucket rain gauges (Figure 5-5(a)) equipped with A R-D T2 

data loggers (Figure 5-5(b)). The gauges were positioned level with the ground, 

ensuring they w ere a sufficient distance from any obstruction that w ould interfere with 

m easurem ents (a maxim um  o f  15” sight line to any trees or walls and equally not too 

over-exposed (Shaw, 1994).

Figure 5-5. (a) ARGIOO tipping bucket ra in  gauge an d  (b) A R -D T 2 d a ta  logger.

Each gauge w as sited and if  necessary enclosed with a fence to protect it from livestock, 

surrounded by wooden posts in the case o f  horses (F igure 5-6(a)) and w ire-fencing in 

the case o f  small anim als, as seen in Figure 5-6(b).
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Figure 5-6. (a) W ooden fencing to protect from horses (Nuenna catchm ent) and (b) w ire-fencing to 

protect rain gauge from sm all anim als (Nuenna catchm ent).

The rain gauge loggers were dow nloaded once a month in order to check the working 

order o f  the rain gauge, clean the gauge, assess data regularly and clip back any grass 

and weeds that were growing next to the gauge.

5.5 River gauging

In addition to the continuous m onitoring o f  stream stage at the 11 hydrom etric stations 

in the study catchm ents, longitudinal profiles o f  the flows in the stream s and rivers o f  

the catchm ent were carried out. S ta ff gauges were installed at different locations to 

assist in m easurem ents at these sites. These locations w ere selected based on natural 

local controls on flows (Figure 5-7(a)) or w here sim ple control structures could be 

installed, as shown in Figure 5-7(b).These profiles inform ed the conceptual m odel as to 

how the rivers typically increased in discharge as m easurem ents progressed from the 

headwaters to the catchm ent outlet. A gaining river generally  increases in discharge 

regularly along its course, with steps in discharge typically  occurring w here tributaries 

jo in  the main river. In a catchm ent such as the N uenna, dom inated by spring flow, flows 

increase in a step-like m anner along the river corresponding to inputs from m ajor 

springs. This is particularly noticeable at low flows. These longitudinal flow profiles
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help identify these characteristics and also help with the rating curves for the 

continuous m onitoring locations and s ta ff gauges. In order to develop the rating curves 

(a discharge versus stage relationship) for each o f  the staff gauges and continuous 

m onitoring stations, m easurem ents o f  discharge were required at different stage levels. 

These relationships, outlined in Section 5.11.3, were then applied to convert observed 

stages on s ta ff gauges and recorded stages at the hydrom etric stations to discharge 

values.

Figure 5-7. (a) Staff gauge with natural control on river and (b) w here a sim ple control was 

erected.

5.5.1 Measurement of discharge

In order to develop a good rating curve, a w ide distribution o f  discharges is required. A 

difficulty w ith this requirem ent is that different w eather conditions are required to 

create the necessary flow regim es in the river. For this reason delays are inevitable 

when developing rating curves, but another problem  is that the upper section o f  the 

curve m ay need to be based on extrapolation rather than direct m easurem ent, since it 

m ay not be safe to enter a river and m easure flows during flood events.

A site for discharge m easurem ent is norm ally selected w here the river channel is 

straight and o f  uniform cross-section and slope in order to  m inim ise abnorm al velocity 

distributions (EN ISO 748, 2007). Sections with stagnant w ater and eddy currents
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shou ld  be avoided . In th is research , once  a site  had been se lec ted , the  m easu rem en ts 

w ere  carried  ou t in acco rdance  w ith  the  ISO  (the In ternational O rgan iza tion  for 

S tandard iza tion) standards -  m easu rem en t o f  liquid flow  in open  channels, V elocity - 

area m ethods (EN  ISO  748, 2007). T h e  m ethod  used from  th is  standard  is the m id 

section  m ethod . T h is involves m easu ring  the riv e r velocity  and  depth  at in tervals a long  

the c ross-sec tion  o f  the  river (F igu re  5-8). D ischarge  w as ca lcu la ted  as follow s:

^ V -  j  + ^t+i
Q =  2 _ ^ i d i   ------  5-1

w here  v , is the  m ean  velocity  [m /s], di is the  dep th  [m /s] and bi is the  w id th  [m ], 

all fo r in terval i. T he  m ean  velocity  is ca lcu la ted .

F igure  5-8 M id-section m ethod (EN  ISO  748, 2007)

T w o  velocity  m eters w ere used to  m easu re  the  m ean velo c ity  fo r each  in terval. A n 

acoustic  d o p p le r cu rren t m eter (O T T  A D C ) m easu red  poin t v e lo c itie s  w here  these  w ere 

less than  0.1 m /s. F igure 5-9(a), w h ile  an O T T  K em ptem  C 2 cu rren t m e te r w as used to  

m easure flow  velocities above th is th resho ld , F igure  5-9(b). T h e  m an u fac tu re r specifies 

tha t the  v e loc ity  m easuring  range o f  the  A D C  w as -0 .2  to  2.5  m /s w ith  a reso lu tion  o f  

0.001 m /s and accu racy  o f  ± 1 % , w h ile  the  v e lo c ity  range o f  th e  C2 w as 0 .025 to  5m /s 

w ith  a reso lu tion  o f  0.001 m /s and  accu racy  o f  ± 1 % .
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Figure 5-9. (a) OTT Kemptem C2 current meter and (b) OTT ADC current meter.

5.6 Electric conductivity

Electric conductivity w as m easured in the four study catchm ents using HOBO U24 

Conductivity Loggers (Figure 5-10). The conductivity loggers were positioned in the 

river, ensuring they w ere alw ays subm erged in the flow  to obtain representative values 

o f  the electric conductivity. The m anufacturer reports that the m easuring range was 0 to 

10,000 |iS/cm  with a resolution o f  1 |jS/cm  and an accuracy o f  ± 1% . The electric 

conductivity data loggers w ere downloaded once a m onth in order to check the working 

order o f  the loggers, to assess data regularly and clear any debris that m ay have becom e 

entangled around the loggers and rem ove biological fouling.
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HOBO Conductivity Lo<jqef 0nS8l'
CUnqo-. O Xo \0 0 0 0  uS /cm

Figure 5-10. HOBO U24 Conductivity Logger, (HOBO, 2012).

5.7 Temperature

Tem perature was m easured in boreholes and rivers in all four study catchm ents. The 

HOBO U24 Conductivity Loggers was utilised to m easure river tem perature, while the 

OTT Orpheus Mini® pressure transducers w ere used to measure tem perature in the river 

in the M attock and G ortinlieve, and in the boreholes. A ccording to the m anufacturer, 

the m easuring range o f  the HOBO U24 C onductivity Loggers was -  2 to 35°C with a 

resolution o f  0 .0 1 °C and an accuracy o f  ± 0 .0 1°C. The m anufacturer reports that the 

m easuring range o f  the O TT Orpheus M ini pressure transducers was -  25 to 70“C with 

a resolution o f  O.I^C and an accuracy o f  ± 0 .5 “C. The same approach to downloading 

and cleaning o f  the loggers applied as in the case o f  the electric conductivity loggers. 

M et Eireann data w ere also acquired to estim ate the effect that am bient tem perature has 

on the rivers during the year. H ourly air tem peratures w ere obtained from the Dunsany 

Synoptic station, located approxim ately 25 km from the M attock catchm ent.
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5.8 Evapotranspiration

Evapotranspiration is the loss o f  water to the atm osphere by m eans o f  evaporation from 

w ater surfaces and transpiration from vegetation w ithin the catchm ent. Potential 

evapotranspiration (PE) was com puted from the relevant w eather data: w ind speed, 

relative hum idity, net radiation and air (see Section 5.11.2). Once the PE had been 

calculated, the spatial distribution o f  soil, land-use and rainfall data w ithin the study 

catchm ents w as exam ined to calculate the actual evapotranspiration (AE). PE data were 

obtained from M et Eireann for the catchm ents in the Republic o f  Ireland and a weather 

station located in the Glen Burn catchm ent was used to calculate the PE data for this 

catchm ent. The w eather station recorded air tem perature, solar radiation, relative 

hum idity and wind speed. Malin Head Synoptic station (approxim ately 40 km from 

Gortinlieve), D unsany Synoptic station (approxim ately 25 km from the M attock) and 

Oak Park Synoptic station (approxim ately 35 km from the N uenna) provided the PE 

datasets for the study catchm ents.

5.9 Riverbed Surveying

The riverbed o f  the M attock was surveyed during the sum m er o f  2012. The survey was 

carried out using a Trim ble 4700 GPS system  with R6 Rover and Base Station and 

TSC2 Survey controllers, as shown in Figure 5-11. The base station was located in the 

m iddle o f  the area to be surveyed. This required four different base stations within the 

M attock. The base station was levelled and the topographic location was obtained with 

a m obile phone connection with the O rdnance Survey Ireland’s headquarters in Dublin. 

This established the base station’s Eastings, N orthings and elevation relative to Malin 

Ordnance Datum. The survey was then carried out using the rover to acquire the 

topographic points along the riverbed. The rover was connected to the base station by 

m eans o f  satellite com m unication. At each topographic point along the riverbed the data 

were stored by the controller and dow nloaded once the survey had been com pleted. 

This dataset helped constrain M O DFLO W  sim ulations in the M attock (see C hapter 8 

later) by providing a known head boundary for static sim ulations.
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Figure 5-11. Trim ble GPS equipm ent, (a) controller, (b) rover, (c) base station.

5.10 Visual Surveying

As discussed at the start o f  this chapter, fieldworic was an im portant part o f  this research 

for the observation and recognition o f  the different processes involved in generation 

river discharge in a catchm ent. This fieldw ork provided the opportunity to visually 

survey the different aspects o f  a river throughout the year, such as the pow er o f  a river 

in flood. The variation o f  spring discharge in the N uenna catchm ent throughout the 

year, and how  certain drainage ditches only flowed during the winter, particularly in the 

M attock, could also be w itnessed in the field. D uring the sum m er the far bank is dry in 

Figure 5 -12(a), but during w inter time when the level o f  the w ater table is higher a close 

up o f  this bank shows an extra discharge pathw ay releasing the spring water, as seen in
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Figure 5 -12(b). These types o f  observations can help identify im portant pathways that 

are active in a catchm ent.

Figure 5-12. Spring  discharge  varia tion  in the N uenna  ca tchm en t  (a) d u r in g  su m m e r  time, b an k  

covered in g reen vegeta tion, (b) ex tra  d ischarge  visible d u r ing  the  w inter.

Observing active pathw ays first hand is im portant for identifying i f  the contributions o f  

pathways being sim ulated are feasible during the period for which they are being 

m odelled (Figure 5-13).
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Figure 5-13. (a) Overland flow and (b) a land drain, a potential source o f interflow (photos Jenny  

Deakiii).

The tem perature o f  the w ater when river gauging is taking place can help identify which 

pathways are dom inating. The water in the Nuenna river is very cold all year round 

regardless o f  the weather. This assists in confirm ing that the groundw ater spring 

discharges are dom inating the flow regim e as these cold tem peratures are being 

m aintained, even during rainfall events in warm periods o f  the sum m er when warm er 

quicker responding flows m ay be expected.

5.11 Raw data Analysis

Once data had been collected from each o f  the study catchm ents, they m ust be assessed 

for accuracy and periods o f  instrum ent m alfunction, in order to utilise the data in 

hydrograph separation techniques and hydrological m odelling with a higher degree o f  

confidence. The datasets that are assessed in this section are rainfall, evapotranspiration 

and river discharge, as these allow a w ater balance approach to be applied to each study 

catchm ent to ascertain the overall confidence in the data collected. A w ater balance was 

calculated for each study catchm ent, as described in Section 5.11.4.
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5.11.1 R ainfa ll

All rainfall is m easured as the vertical depth o f  w ater that directly falls on a particular 

area o f  a catchm ent in an interval o f  tim e. The depth o f  w ater is calculated by dividing 

the volum e o f  water measured by the aperture o f  the rain gauge used to collect the 

rainfall. As choosing an appropriate site is a key aspect o f  setting up a rain gauge, 

checks m ust be carried out to ensure that the values being recorded are indicative o f  the 

local rainfall and are not being affected by any local structures or vegetation. In order to 

assess this, a double m ass curve approach w as em ployed to com pare the rain gauges 

within the study catchm ents and also to com pare these rain gauges to nearby Met 

Eireann rainfall recording stations.

A rain gauge was com pared to another by calculating the cum ulative rainfall for 

selected intervals. These cum ulative rainfall data points were then plotted against one 

another. D eviation from a straight line relationship indicates that error was present in 

the data. Data can be corrected by m ultiplying erroneous data by a correction factor. 

This m ethod was applied to each o f  the catchm ents with the following results.

5.11.1.1 G ortin lieve

G ortinlieve exhibited a relatively linear relationship between the Upper and Lower rain 

gauges. Figure 5-14 illustrates this near linear relationship, particularly for the start o f  

the curve until 1300 mm; after this, there is a slight dip in the curve that will require 

further m onitoring to  ensure that this was not ju s t natural variation that can occur 

between rain gauges. For the data recorded, this was not a significant deviation.
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Figure 5-14. Gortinlieve double-m ass curve for Upper and Lower rain  gauges (for data collected 

from February  2011 to February  2012).

Figure 5-15 show s the near linear relationship between the Upper rain gauge in 

G ortinlieve and the nearby Met Eireann rain gauge at Carrigans.
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Figure 5-15 Gortinlieve double-m ass curve for U pper and C arrigans rain  gauges (Sept 2011 — M ar 

2012).
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5.11.1.2 Glen Burn

The Glen Burn only has one rain gauge located w ithin the catchm ent as part o f  the 

w eather station installation. N o data could be obtained from a nearby rain gauge with 

w hich to develop a double-m ass curve.

5.11.1.3 Mattock

T he M attock exhibits a good relationship between the W astew ater T reatm ent Plant and 

Headw aters rain gauges. Figure 5-16 illustrates this relationship as being linear without 

any significant deviations from the general trend. The H eadw aters rain gauge was out o f  

operation after M ay 2012 due to a m alfunction in the equipm ent. These data were 

excluded from this com parison. The com parison o f  M attock rainfall and a nearby Met 

Eireann rain gauge in M ellifont also displays a linear relationship in Figure 5-17.
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Figure 5-16. M attock double-m ass curve for Headwaters and W astew ater T reatm ent Plant rain 

gauges (Sept 2010 -  M ar 2012).
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Figure 5-17. M attock double-m ass curve for W astew ater T reatm ent Plant and M ellifont Abbey 

rain gauges (Sept 2010 -  May 2011, Sept 2011 — May 2012).

5.11.1.4 Nuenna

The Nuenna catchm ent’s tw o rain gauges perform ed well throughout the duration o f 

this research. The Kilrush and C lom antagh Castle rain gauges show a linear relationship 

without any departures from the linear trend, as illustrated in Figure 5-18, as does the 

C lom antagh Castle and nearby M et Eireann Lavistown rain gauge in Figure 5-19.
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Figure 5-18. Nuenna double-mass curve for K ilrush House and Clom antagh Castle rain  gauges 

(Nov 2010- M a y  2012.
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F igure  5-19. N uenna double-m ass curve for  C lom an tagh  C astle  an d  Kilkenny Lavistown House 

rain  gauges (Aug 2011 -  M ay 2012).

5.11.2 Evapotranspiration

Evapotranspiration, as referred to in Section 5.8, is the water that is lost from the 

catchment to the atmosphere by means o f evaporation and transpiration. The potential 

evapotranspiration (PE) data were obtained from Met Eireann for Gortinlieve, Mattoci<. 

and Nuenna, while data from a weather station in the Glen Burn catchment were used to 

calculate PE.

The Penman-Monteith equation is considered the most accurate method for calculating 

the potential evapotranspiration under most climatic conditions (Allen et al., 1994). PE 

is calculated using Equation 5-II:

_  0.408A(/?„ -  C) + y ^ ~  gg)

A + y ( l  + O.34U2)

where PE  is the reference evapotranspiration [mm/day], R„ is net radiation at the crop 

surface [MJ/m^day], G is soil heat flux density [MJ/m^day], T  is mean daily air 

temperature at 2 m height [°C], U2 is wind speed at 2 m height [m/s], is saturation 

vapour pressure [kPa], ea is actual vapour pressure [kPa], Cs -  Ca is the saturation vapour 

pressure deficit [kPa], A is the slope o f the vapour pressure curve [kPa/°C], and y is  the 

psychrometric constant [kPa/°C].
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Once the PE value had been obtained, the actual evapotranspiration value was 

calculated using the FAO Penman-Monteith soil water budgeting approach (A llen et al., 

1998). When there was no soil water deficit in the soil, actual evapotranspiration was 

assumed equal to potential evapotranspiration. This is taken as the starting point o f the 

soil water budgeting carried out in this chapter. Calculations begin in the middle o f  

winter for the first year when this assumption is reasonable. As the soil water deficit 

increases in the soil beyond a threshold known as the readily available water (RAW ), 

actual evapotranspiration drops below the potential evapotranspiration linearly until no 

actual evapotranspiration occurs. The rate at which the actual evapotranspiration 

decreases is defined by the water stress coefficient Kg'.

TAW  -  Dr
K, = -----------------— 5-III

^  TAW  -  RAW

where TAWi s  the amount o f soil water that a crop can extract from its root zone before 

permanent w ilting occurs [mm]. D r  is the soil water deficit calculated and JiAfV is the 

point at which i f  the soil water deficit is increased any further, actual evapotranspiration 

is no longer equal to potential evapotranspiration. Figure 5-20 describes these different 

points, where is the water content at field capacity [mVm^] and is the water
3 3content at the w ilting point [m /m ].
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Figure 5-20. Dependency of K, on soil w ater content (Allen et al., 1998).

Therefore once Ks is calculated, then

A E  = PE X  Ks 5-lV

W here possible, historical rainfall and PE data obtained from M et Eireann, were used to 

calculate an average AE value for the catchm ents with which data collected during the 

research project could be com pared. This data was available for the M attock and 

N uenna catchm ents as there was a nearby rain gauge with a relatively uninterrupted 

historical rainfall tim e series. Ranges o f  A E were calculated using high, low and 

average T A W  values based on the catchm ent characteristics. Average historical rainfall 

was also calculated w hile im plem enting this approach.

5.11.2.1 Mattock

In the M attock catchm ent, average rainfall obtained from the nearby M et Eireann 

rainfall station at M ellifont was utilised. 40 years o f  rainfall data w ere available along 

with PE data from the M et Eireann Dublin A irport synoptic station. The soil type and 

land-use o f  the catchm ent were assessed and from this low, average and high values o f
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TAW  were applied to the FAO method o f calculating AE. The resuhs o f  this approach 

are summarised in Table 5-2. This table displays minimal variation in the average 

AE/PE ratio over the 40 years. As such, a simple estimate o f AE in this catchment can 

be obtained by taking the AE/PE ratio as being 0.90 -  0.91 on an annual basis, applying 

summation o f  the daily calculations o f AE from each year as guidance.

Table 5-2. Calculated AE for M attock using low, medium and high T'/lff'values (mm).

TAW 60
Rainfall (mm) PE(mm) AE(mm) AE/PE

Average 967.93 546.39 488.52 0.90
70s 938.90 544.35 466.28 0.86
80s 969.09 556.57 499.91 0.90
90s 979.70 537.63 475.99 0.89
00s 966.75 545.84 497.64 0.91
TAW 25

Rainfall (mm) PE(mm) AE(mm) AE/PE
Average 967.93 546.39 494.51 0.91
70s 938.90 544.35 471.69 0.87
80s 969.09 556.57 505.93 0.91
90s 979.70 537.63 481.62 0.90
00s 966.75 545.84 504.14 0.92
TAW 25

Rainfall (mm) PE (mm) AE(mm) AE/PE
Average 967.93 546.39 497.72 0.91
70s 938.90 544.35 474.97 0.87
80s 969.09 556.57 509.25 0.91
90s 970.95 542.95 496.70 0.91
00s 966.75 545.84 507.64 0.93

5.11.2.2 Nuenna

In the Nuenna catchment average rainfall data was used from the nearby Met Eireann 

rainfall station at Tullaroan. 30 years o f rainfall data were available along with recorded 

PE data taken from the Met Eireann Kilkenny synoptic station that was closed in 2009. 

Oak Park synoptic station was used for obtaining PE values during this research. Once 

more, soil type and land-use were assessed. Low, average and high values o f TAW  were 

assigned to the FAO method o f calculating AE. Table 5-3 outlines the results o f  this 

method with the table displaying relatively little variation in the average AE/PE ratio
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over the 30 years. A sim ple approxim ation o f  AE from PE in this catchm ent would be 

to take the ratio as being 0.89 -  0.93 o f  PE on an annual basis, again applying the daily 

calculations o f  AE as guidance.

Table 5-3. Calculated AE for Nuenna using low, nieclium and high values (mm).

TAW 52.50
Rainfall (mm) PE(mm) AE(mm) AE/PE

Average 1079.37 533.32 472.21 0.89
80s 1020.16 529.81 478.34 0.91
90s 1100.88 535.80 467.26 0.88
00s 1086.72 532.65 473.94 0.89
TAW 67.50

Rainfall (mm) PE(mm) AE(mm) AE/PE
Average 1079.37 533.32 486.22 0.91
80s 1020.16 529.81 489.64 0.93
90s 1100.88 535.80 482.24 0.90
00s 1086.72 532.65 488.30 0.92
TAW 82.50

Rainfall (mm) PE(mm) AE(mm) AE/PE
Average 1079.37 533.32 496.26 0.93
80s 1020.16 529.81 496.50 0.94
90s 1100.88 535.80 492.69 0.92
00s 1086.72 532.65 499.40 0.94

5.11.3 River Discharge Rating Curves

As indicated in Section 5.5, rating curves were developed for the individual 

hydrom etric stations within each o f  the study catchm ents. The EPA operates three o f  

the stations: one in G ortinlieve, and tw o in the M attock. O f  the tw o stations in the 

M attock the EPA solely m anaged the Collon W eir logging equipm ent w hile the EPA 

and this researcher developed a rating curve at B erril’s in order to pool data to improve 

the rating. The rating curves and their ability to relate river stage to discharge are 

discussed in this section.
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5.11.3.1 G ortinlieve

The EPA weir in Gortinlieve is operated by the EPA and as such, discharge data from 

this hydrometric station were provided to this project. The Outlet rating curve, however, 

was developed from data collected by Queens University Belfast as part o f the 

Pathways Project. These data were used to develop the rating curve outlined in Figure 

5-21. The fitted line presented here omits the highest discharge data point (marked by a 

red square). This data point is not a true measured point as it was estimated during a 

rainfall event standing out o f the river due to difficulties in accessing the river. The 

rating curve is well developed at the lower discharges as can be observed in the figure 

but due to the uncertainty at the higher discharges, there is only limited confidence in 

the accuracy o f this curve above discharge values o f 0.165 mVs. The statistics to the 

right o f the rating curve in Figure 5-21 show a good fit for the lower discharges with an 

R' value o f 0.983 and a high significance for both coefficients a  and h, higher than the 

tcrit value o f 2.145 using the student t test.

Outlet
Q = 6.7598stage^ “ 79 r2 = 0.9832

0.1 1
Stage (m)

Q=b*(stage)^a
a

2.958
b

6.760
Coeff.a 2.958 1.911 Coeff.b

SE.a 0.137 0.244 SE.b
R«2 0.983 0.117 SE.Q

f 468.456 8 d .f
SSregression 6.426 0.110 SSresidual

t  a 21.644 7.843 t  b
tc r i t 2.145

Figure 5-21. O utlet rating curve with associated pow er series fitting statistics.

5.11.3.2 Glen Burn

In the Glen Burn catchment rating curves were developed from river gauging data 

collected by Queens University as part o f the Pathways Project. These datasets were 

applied to construct the rating curves shown in Figure 5-22 and Figure 5-23. The rating 

curves are well developed at the lower and higher discharges. In the case o f the Outlet 

rating curve in Figure 5-23, two power series were required to fit the data at high and
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low flows due to a break in the slope o f the data as a result o f  the broad crested weir 

becoming drowned out at higher flows. The statistics to the right o f the rating curve in 

Figure 5-22 and Figure 5-23 display a good fit for the discharges with an R' value o f 

0.982 for the Subcatchment station and R ' values for the Outlet catchment o f 0.983 and 

0.967 for the higher and lower fits, respectively. There is high significance for all the a 

and b coefficients, all significantly higher than their associated tcrit values using the 

student t test.
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t  crit 2.145

Figure 5-22. Subcatchm ent rating curve with associated pow er series Fitting statistics.
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Outlet
1 Q = 95.073stage'' r2 = q.9829

0.1

0.01

0.001

Q = lE+09stagei3.584 = 0.9667

0.0001
0.1 1Stage (m)

Q =b*(stage)''a
a

4.6343
b

95.0734
Coeff.a 4.6343 4.5546 Coeff.b

SE.a 0.1932 0.2943 SE.b
R«2 0.9829 0.0921 SE.Q

F 575.1485 10 d . f
SSregression 4.8738 0.0847 SSresidual

t  a 23.9823 15.4752 t  b

t e r i t 2.2280

Q =b*(stage)*a
a b

13.984 9.7784E+08
Coeff.a 13.984 20.701 Coeff.b

SE.a 1.060 1.973 SE.b
R«2 0.967 0.356 SE.Q

F 174.123 6 d.f.
SSregrexsion 22.008 0.758 SSresidual

t a 13.196 10.494 t b
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Figure 5-23. Outlet rating curve with power series fitting statistics for (a) higher flows and (b) 

lower flows.

5.11.3.3 Mattock

In the Mattock catchment, rating curves were developed for river gauging data collected 

as part o f this thesis. These data were used to construct the rating curves, illustrated in 

Figure 5-24, Figure 5-25 and Figure 5-26. The Collon Weir hydrometric station is 

operated by the EPA and the rating curve for Berril’s was developed using 

supplementary data obtained from the EPA. The rating curves are well developed at the 

lower and higher discharges for the Diversion Weir and for Berril’s. The statistics to the 

right o f the rating curve in Figure 5-24 and Figure 5-25 display a good fit for the 

discharges with an R' value o f 0.993 for the Diversion Weir hydrometric station and an 

R ' for Berril’s station o f 0.995. There is high significance for all the a and b 

coefficients, all significantly higher than their associated tcrit values using the student t 

test.
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Diversion Weir
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tcrit 2.262

Figure 5-24. Diversion W eir rating curve with associated power series fitting statistics.

Berril's
Q= 16.575stage'«23 r! = o .9947

Stage (m)
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a b
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F 2837.129 15 d.f.
SS regression 46.546 0.246 SS residuals

ta  53.265 26.453 tb
tcrR 2.145

Figure 5-25. B erril’s rating curve with associated power series fitting statistics.

Two rating curves were also produced for the Diversion that removes water from the 

catchment bringing it to the Drogheda public water supply reservoir approximately 10 

km from the Mattock (see Chapter 4). The first rating curve (Figure 5-26(a)) was 

developed for the period after the Diversion infrastructure was renovated by Louth 

County Council in January 2011 until a particularly large rainfall event changed the 

dynamics o f the pipe that drains the water from the Diversion in October 2011. Figure 

5-26(b) is the rating curve that was developed from this point until the present. No 

statistics are supplied due to the small number o f observations o f discharge measured as
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two curves have been prepared over a reasonably short period o f time. Both rating 

curves have good fits with an R ' value o f 0.99 before the October 2011 flood event and 

an R ' o f  0.957 after this event.
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Figure 5-26. Diversion rating curve (a) before O ct 2012 event, (b) post Oct 2012 event.

5.11.3.4 Nuenna

In the Nuenna catchment, rating curves were produced for river gauging data collected 

as part o f this doctoral thesis. These data were employed to construct the rating curves 

depicted in Figure 5-27, Figure 5-28 and Figure 5-29. The rating curves are well 

developed at the lower and higher discharges for the Castle Weir, Rocky Weir and 

Monument sites. The statistics to the right o f  these rating curves Figure 5-21 exhibit a 

good fit for the discharges with an R~ value o f  0.991 for the Castle Weir hydrometric 

station, an R~ for Rocky weir station o f 0.963 and an R ' value o f  0.977 for Monument 

hydrometric station. There is high significance for all the a and b coefficients, all 

significantly higher than their associated tcrit values using the student t test.
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Castle Weir
y= 34.977x5 r2=q.9909
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Figure 5-27. Castle W eir rating curve and associated power series fitting statistics.

Rocky Weir
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Figure 5-28. Rocky W eir rating C urve and associated power series fitting statistics.
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Monument
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F igure 5-29. M onum en t ra tin g  cu rve and  associated  pow er series fitting  sta tistics.

5.11.4 Water Balance

The water balance approach sum m arises the inputs and outputs o f  the study catchm ents, 

thereby allow ing the consistency o f  the m easured data to be assessed. A ssum ing that the 

storage within the soils, subsoils and bedrock does not significantly change from year to 

year, this m ethod is very useful for assessing the accuracy o f  the rating curves o f  the 

different hydrom etric stations within the catchm ents. Rainfall is the input that is 

measured in each o f  the catchm ents using at least one rain gauge. The outputs are then 

considered to be actual evapotranspiration (AE) and observed discharge in the river. 

This approach also assum es that there are no losses or gains from lateral groundw ater 

flow out o f  or into the catchm ent. W hile this w ill be a reasonable assum ption in some 

catchm ents, it m ay not be in others, particularly in the N uenna (as is discussed at the 

end o f  this section). The AE was calculated, as outlined in Section 5.11.2, from the 

potential evapotranspiration (PE) data that were obtained from M ET Eireann. The 

results o f  this approach for the four study catchm ents are sum m arised in Table 5-4.
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Table 5-4. W ater balances for the study catchm ents.

Gortinlieve

mm rrirn mrn mm mm mm mm

Year Ram £ f M AE/Pt
Effective

Rain
t  PA Weir Outlet

2011* 1387.4 507.9 504,6 0.994 882.8 884.3

20X1

[6 month*)
940,8 329 9 327.9 0.994 612 9 492 5

Glen Bum

mm mm mm mm mm mm mm

Year Rain M A t/P t
Effective

Rain
Outlet Subcatchment

2011 843.4 496.9 4555 0917 387.9 389 3 372

Manock

mm mm mm mm mm mm mm mrn

Year Rain £ i M A t/P t
Rain

WWTP OivWeir

2010-11 SS4.9 5019 467,4 0.931 417.4 430 401.3 406

Nuenoa

mm mm mm mm mm mm mm mm

Year Rain £ i A | AE/Pt
Effective

Rain
Monument Rocky Cattle

2011 944.4 498 3 489 3 0.982 45 5 .1 418.5 337.3

2011 966.2 498.3 492.3 0 988 473.9 475.1

ToooeracWc Area 35 21.6 13.8

Calculated Area 199 10.2

^F.stimated rainfall for the year 2 0 1 1 as gaps were presen t in the rainfall record  that could no t be easily  filled using  a 

surrogate rain gauge. Rainfall w as estim ated by identify ing  periods o f  sim ilar discharge and PE from  w hich  recorded 

rainfall w as used to approxim ate overall quantity o f  rainfall that fell during  th is period.

Each catchment’s data are summarised in terms o f  the calendar year o f  data utilised for 

the water balance, the rainfall for that year [mm], PE for the year [mm], AE [mm], the 

ratio o f  AE/PE and then the effective rain, calculated as rainfall less AE. This value was 

then cross-checked with the equivalent discharge observed during this year in
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m illim etres. 'I'here was reasonable agreem ent between the calculated effective rainfall 

and the observed river discharge for three o f  the four subcatchm ents. The exception to 

this was the O utlet catchm ent in G ortinlieve. Six m onths o f  rainfall data was available 

to calculate the effective rainfall for the sam e period as the discharge that was recorded 

at the Outlet. The rainfall time series used was for the first six m onths o f  2 0 II as shown 

in Table 5-4. A difference o f  120 mm was observed between the effective rainfall 

calculated and the discharge m easured in the river. The w ater balance for sam e period 

at the EPA W eir subcatchm ent was evaluated in order to com pare with the Outlet 

catchm ent. This was carried out to assess the likely difference between the effective 

rainfall and discharge that would be expected for six m onths as a year o f  data is 

generally required for the assum ption o f  no change in storage to be valid (Section 

5.11.2). For the same period the EPA catchm ent observed 591.7 mm o f  discharge 

leaving the subcatchm ent, 67%  o f  the total effective rainfall for 2011. If  the same 

relationship was applied to the O utlet catchm ent a total o f  736 mm o f  discharge would 

be expected to leave the catchm ent at the Outlet in 2011. This w ould be approxim ately 

155 mm less than the calculated effective rainfall for the year. This was too large a 

discrepancy for confidence to be held in these m easurem ents. This large discrepancy 

was most likely due to the lack o f  high discharge observations m easured in the rating 

curve as referred to in Section 5.11.3.1. Subsequently the rating curve was extrapolated 

using the stage-area/stage velocity m ethod o f  extrapolation (Herschy, 1995), but this 

still resulted in large discrepancies com parable to the ones observed in Table 5-4.

These com parisons o f  w ater entering and leaving a catchm ent indicate the accuracy o f  

m easurem ents, provided that the assum ption o f  no change in storage is appropriate. 

A nother aspect o f  the w ater balance in the case o f  the N uenna study catchm ent is the 

assum ption o f  no inputs or outputs from the catchm ent in term s o f  groundw ater 

contribution. Therefore, as well as providing a check on the degree o f  confidence in the 

rating curves for hydrom etric points, rainfall and river stage m onitoring, the water 

balance is an uncom plicated approach for assessing the areas that m ay be contributing 

to springs across surface w ater catchm ent divides in a groundw ater-dom inated river 

catchm ent such as the N uenna. This w as possible due to the tracer studies that have 

been carried out (W alsh, 2 0 1 1) in the catchm ent showing connections between sw allow  

holes in the upper Castle subcatchm ent that are connected to springs in the 

subcatchm ents with outlets at Rocky W eir and M onum ent (Figure 5-30). Therefore
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w ater originating in the Castle subcatchm ent is bypassing the hydroinetric gauging 

point at the outlet o f  this subcatchm ent to the Rocky W eir and M onum ent 

subcatchm ents. The areas o f  each subcatchm ent were calculated using topography and 

then adjusted to  the area that would be required to achieve a balance with the rainfall 

falling on the catchm ent.

Figure 5-30. T racer studies carried  out in the Nuenna (W alsh, 2011).

5.11.5 Discussion of Data Analysis

Following on from the assessm ent o f  the consistency o f  the data using the w ater balance 

approach, it w as decided to om it the G ortinlieve O utlet catchm ent from further 

discussion w ithin this thesis due to the lack o f  confidence in the rating curve o f  the 

O utlet hydrom etric station. The absence o f  higher discharge data will be addressed
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within the Pathways Project in the future but due to the delay o f this fieldwork in 

relation to this research, the catchment below the EPA Weir will remain outside the 

scope o f this thesis.

The contributing catchment areas calculated from the water balance approach in the 

karst Nuenna catchment will be employed for physical separation approaches and 

lumped hydrological modelling (Chapters 6 and 7). These areas better reflect the 

processes that are generating the discharges in the Castle Weir and Rocky Weir 

catchments than the catchment area calculated using surface topography. The 

contributing areas are also more appropriate for hydrological modelling as the water 

removed from the upper Castle Weir subcatchment discharges into the Rocky Weir and 

Monument subcatchments via the swallow hole connections to springs in these 

subcatchments.
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6 Physical River Hydrograph Separation

6.1 Introduction

Physical river hydrograph separation techniques, w ithin the scope o f  this thesis, are 

those techniques that utilise data that are observable in the field and can be directly 

m easured, i.e. rainfall, evapotranspiration, river discharge, w ater table levels and 

tem perature. Essentially, these are techniques that do not require chem ical analysis (see 

C hapter 2 for a b rie f account o f  chem ical hydrograph separation m ethods). These 

graphical, digital filtering and other techniques are necessary to investigate the 

contribution o f  the different pathways to the river hydrograph. The basis o f  each 

method has been reviewed in Chapter 2. Each method was applied to constrain the 

contribution o f  the pathways as part o f  the hydrological m odelling exercise that was 

carried out in the study catchm ents. The ability o f  these separation techniques and the 

hydrological m odelling to provide physically realistic limits for the pathways is vital for 

any contam inant transport or attenuation m odels that m ay be applied to the w ork o f  this 

thesis.

Following on from the literature review, four approaches were em ployed in order to 

separate the hydrograph into its constituent pathways: recharge coefficients approach, 

recession analysis, digital filtering algorithm s and tracer analysis. These m ethods, and 

any adaptations that have been applied to them , are outlined in the follow ing sections. 

The physical separation approaches have been applied to  the four study catchm ents as 

well as a num ber o f  supplem entary catchm ents, that w ere subsequently utilised for the 

generalisation o f  the procedures developed w ithin this thesis (see C hapter 9). An outline 

o f  these additional catchm ents, along with som e characteristics o f  their geological 

setting, is provided in Appendix A.
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6.2 Recharge Coefficients

As discussed in C hapter 2, the recharge coefficient approach determ ines the 

contribution o f  hydrologically effective rainfall (i.e. rainfall -  actual evapotranspiration 

(AE)) to the groundw ater pathways and subsequently the contribution o f  effective 

rainfall to the faster responding overland flow and interflow pathways. This is achieved 

by assessing the soil and subsoil cover w ithin a catchm ent. Poorly draining soils and 

subsoils typically allow  only limited am ounts o f  infiltration o f  effective rainfall into the 

groundw ater pathways and conversely well drained soils perm it m ore infiltration and 

therefore more recharge into the aquifers. As a further constraint to this m ethod, the 

type o f  aquifer underlying a catchm ent is also assessed. If  an aquifer consists o f  a 

bedrock type with large storage capacity and high transm issivity (for exam ple, a 

regionally im portant aquifer), it is likely to be able to accept all the potential recharge 

that infiltrates through the soils and subsoils, whereas if  it is a poorly productive aquifer 

there is a limit to how m uch recharge it can receive; therefore, it is assum ed that poorly 

productive aquifers can only accept 100 mm o f  recharge a year, while locally im portant 

aquifers can receive up to 200 mm (W orking Group on Groundw ater, 2005).

6.2.1 Im plem entation

The recharge to the groundw ater pathways was calculated as a percentage o f  effective 

rainfall. This ensured that the recharge coefficients could be im plemented directly as 

they are presented in Table 2-1. In order to apply the recharge caps for poorly 

productive and locally im portant aquifers, the effective rainfall would be required in 

order to convert the recharge caps to a percentage, as this percentage varies from 

catchm ent to catchm ent. The water balance calculated for each o f  the study catchm ents 

in C hapter 5 was utilised for this purpose as the FAO Penm an-M onteith method 

(Penman and Long, 1960; M onteith, 1965; A llen et al., 1998) could be applied to 

estim ate AE for the effective rainfall calculation. O nce this had been determ ined the 

soil and subsoil conditions needed to be assessed. The catchm ents w ere delineated 

using DEM  files obtained from the EPA. Teagasc soil and subsoil m apping w ere then 

interrogated for these delineated catchm ents. The area o f  each com bination o f  soils 

overlying subsoils was calculated with GIS software and the appropriate recharge 

coefficient for each com bination was applied, referring to Table 2-1 for guidance. If  the
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recharge coefficient selected was to produce a recharge value greater than that which 

the underlying aquifer would permit, the recharge coefficient was reduced to this cap. 

The overall catchm ent recharge coefficient was then com puted applying a weighted 

mean approach, w here area was selected as the weighting factor. The relevant soils, 

subsoils and aquifer classification m apping for each for study catchm ents that influence 

the recharge coefficient approach are illustrated in Section 6.2.3.

6.2.2 Modiflcation of standard recharge coefficient approach

W hile the recharge coefficients approach is a useful m ethod for calculating likely 

values o f  recharge for the groundw ater pathways based on geology, it does this only by 

determ ining the diffuse recharge that occurs, i.e. the recharge that occurs by infiltration 

o f  the effective rainfall directly through the soils and subsoils. This m ethod does not 

take into account the potential o f  any point recharges from surface runoff, i.e. recharge 

that occurs when w ater enters the aquifer at discrete points such as at a sw allow  hole. 

This type o f  recharge m ay occur in karst aquifers for exam ple, such as the Nuenna. In 

order to take this process into account, surface water catchm ents draining to swallow 

holes were identified using the locations o f  swallow holes and DEM files. This process 

allowed the determ ination o f  the contributing areas o f  the swallow  holes that were then 

assigned a recharge coefficient o f  100%. This provided a m ore realistic value o f  

groundw ater recharge than the standard recharge coefficient approach w ould predict. 

F igure 6-1 illustrates tw o swallow hole subcatchm ents that were delineated within the 

N uenna catchm ent with DEM data.
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Nuenna
•  S w allow  H o le s

Subcatchments
S w allow  1 

S w allow  2  

R ocky V\telr 

M onum ent 

C a stle  \A/eir

1 M eters

Figure 6-1. Swallow hole subca tchm ents  w ith in  the sub ca tch m en t  o f  Castle W e ir  in the Nuenna.

The recharge coefficient approach was applied to the four study catchments as well as 

to the supplementary catchments. The results o f the study catchment recharge 

coefficients approach are discussed in Section 6.6, while the results o f the 

supplementary catchments are included in Appendix B.

6.2.3 Results of recharge coefficient approach

The figures contained within each study catchment’s subsections, present the mapping 

o f the soil, subsoil and aquifer classification data for these catchments. These provide 

an indication o f  the percentage o f  effective rainfall that will expected to recharge the 

groundwater pathways in the catchment. Set alongside these are draft GIS data o f the 

recharge coefficients calculated by the Geological Society o f  Ireland (GSI). These maps 

are still under review but provide an opportunity to cross-check the coefficients 

computed for each catchment in this thesis.
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6.2.3.1 Gortinlieve

Gortinlieve, much like the Mattock and Glen Burn, was expected to have low recharge 

due to poorly draining soils and poorly draining t i l l  subsoils. This can be seen in Figure 

6-2 with the dominance o f the poorly draining soil (AminPD) and tills  (TMp). The 

estimated average recharge coefficient here was 0.113. The recharge coefficient figure 

using the draft GSl recharge map was higher, computed at 0.146. This was higher than 

the 0.113 as a result o f  the mean annual effective rainfall applied in the mapping being 

685 mm (again this would seem to be quite low as discussed in Chapter 4) compared 

with the mean annual effective rainfall o f 883 mm computed in Chapter 5. This would 

result in the difference observed as the whole catchment is limited by the poorly 

productive aquifer underlying Gortinlieve, as shown in Figure 6-3(a). Therefore, the cap 

o f 100mm, divided by the effective rainfall, resulted in the calculated recharge 

coefficient applying each approach.

Gortinlive Soils
A lklvM IH  

m m  AminOW 

w m . AnnnPO I 

H H  A m nS R P T  

A/mnSW 

BklPt

Gortinlieve Subsoils

m u  »<pt 
\ 1 R c k N C  »
i m  TMp

M̂eters
0 30) 600 1^

Figure 6-2. (a) Soils and (b) subsoils in Gortinlieve.
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Gortinlieve Recharge 
■i 0 IS

G o rtin lieve  A quifer Type

Figure 6-3. (a) A quifer and (b) recharge m apping (GSI) in Gortinlieve.

6.2.3.2 Glen Burn

The Glen Burn catchm ent is predom inately underlain by a poorly productive aquifer 

(Figure 6-5), which is overlain by poor draining soils and subsoils (Figure 6-4). In a 

sim ilar m anner to the Gortinlieve and the M attock, low recharge was anticipated here. 

In this case the estim ated recharge coefficient was 0.189, based upon a m ean annual 

effective rainfall o f  388 mm. There were no recharge figures from the draft GSI 

recharge map as it does not cover Northern Ireland. As a result o f  the low effective 

rainfall, the recharge cap o f  100 mm did not significantly influence the recharge 

coefficient calculated, as the recharge cap was equivalent to 26%  o f  effective rainfall.
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Figure 6-4. (a) Soils and (b) subsoil permeability in Glen Burn.
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Figure 6-5. Aquifer Type in Glen Burn.

6.2.3.3 Mattock

As is suggested by Figure 6-6, the Mattock has a low recharge due to poorly drained 

soils (AminPD) overlying a poorly productive aquifers. The recharge coefficient was 

computed as 0.23, which compared w ith a recharge coefficient o f  0.149 from the draft 

GSl recharge map. The mean annual effective rainfall using the recharge map was 623 

mm, but assessing the data collected from the catchment for the year 2011 the annual 

effective rainfall was 417 mm and for 40 years o f  rainfall (1970-2009) for the area (as 

calculated in Chapter 5), the mean annual effective rainfall was 494 mm. This
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discrepancy in rainfall would result in the differences observed as the 100 mm cap 

would be a lower recharge coefficient in the case o f  the higher effective rainfall 

utilising the recharge map.

M attockSoils
mm
m  AmnOW 

AninPO 

AmnSP 

L Z '" :  AmmSRPT 
AmnSW

M anockSubsoils

RckN C a

Made

Figure 6-6. (a) Soils and (b) subsoils in the Mattock.

Maao<li A q iifff Matlock Recharge
OOM

Figure 6-7. (a) A quifer type and (b) Recharge M apping (GSI) for Mattock.

6.2.3.4 Nuenna

The N uenna, unlike the M attock, has well drained subsoils (Figure 6-8(a)) and soils 

(Figure 6-8(b)) predom inantly overlying a regionally important lim estone aquifer 

(Figure 6-9(a)). High recharge was expected in this case. The calculated recharge 

coefficient value was 0.65 applying the recharge coefficient approach in its original
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format which can be compared to a recharge coefficient o f  0.535 computed from the 

draft GSI recharge map (Figure 6-9(b)). The estimated effective rainfall was again 

higher in the Nuenna using the recharge mapping with a mean o f 664 mm compared 

with 464.5 mm for the rainfall collected in 2011 from the catchment and assessing 1980 

to 2009 data (as described in Chapter 5). This would result in a greatly reduced recharge 

coefficient in areas where the 100mm cap was applied. The adapted approach, which 

takes into account the two swallow holes in the south west o f the catchment (Figure 

6-1) was applied and the recharge coefficient w ithin the area draining to these swallow 

holes was set as 1. This approach calculated the recharge coefficient as 0.705.

Nuenna SoilsNuenna Subsoils
AlluvM IN

j jH I I I I  A /n in D W  

A m .nPO  

■ I I  A m inSRPT
RckCa

PckNC«
A m tnS W

i Bm inO W  

f  I Bm m PD 

[  '  I B fn tnS W

Figure 6-8. (a) Subsoils and (b) Soils within the Nuenna catchment.

Nuenna Recharge 

■■ 0 143
Nuenna Aquifer

Figure 6-9. (a) Aquifer classirication and (b) draft recharge map (GSI) within the Nuenna 

catchment.
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These coefficients were utilised to estim ate the percentage o f  effective rainfall that 

infiltrated into the groundw ater system, w hile the rem aining rainfall was assum ed to 

contribute to discharge in the river by m eans o f  the quick responding pathways, 

overland flow and interflow. The subcatchm ent recharge coefficients are sum m arised in 

Table 6-1 at the end o f  the chapter, along with the results o f  the other hydrograph 

separation approaches discussed below.

6.3 Recession Analysis

As outlined in C hapter 2, recession analysis is the assessm ent o f  the hydrograph 

following a rainfall event. The analysis o f  the recession period after the hydrograph has 

peaked and no m ore rain is falling on the catchm ent provides an opportunity to observe 

the characteristic response o f  a catchm ent. A m aster recession curve (M RC) involves 

plotting m any different recessions resulting from different m agnitude rainfall events in 

order to better observe the catchm ent’s response during different discharge conditions. 

Typically, the MRC is applied to identify the period when baseflow begins following a 

rainfall event so that a hydrograph may be split graphically into quick responding flow 

and baseflow. In this thesis, the MRC analysis was applied to identify the different 

recession constants o f  the different pathways for use in the recursive digital filter 

algorithm s discussed in Section 6.4, and also to calculate the relative storages o f  the 

different responses, allowing the estim ation o f  each pathw ay’s contribution to the 

hydrograph. Following the literature review two m ethods o f  M RC analysis were applied 

to the study catchm ents: the M atching Strip m ethod and the Tabulation method. W hile 

both m ethods can be applied to identify the recession constants o f  each pathway, the 

Tabulation m ethod was im plemented to estim ate the contribution o f  each pathway to 

the hydrograph.

6.3.1 Implementation

The first step o f  M RC analysis is to identify the individual recessions that are plotted 

together to form the M RC. An algorithm was written in M ATLAB that selected these 

recessions from the discharge datasets available. The algorithm  identified periods in
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w hich recessions were located, i.e. periods o f  tim e greater than tw o days with mean 

daily  rainfall less than 0.2 mm to approxim ate drought conditions as per C hapter 2. 

N ext the discharge tim e series during this period was interrogated to extract recessions 

o f  a length that allowed pathways to be identified using the M RC analysis, tw o days 

was chosen as the m inim um  length. The longer the available tim e series o f  discharge 

was, the m ore accurate the inferences from a MRC w ould be, as a greater variation o f  

discharge levels observed and provides a m ore com plete overview  o f  how the 

catchm ent w ould respond to different rainfall events. This was a lim itation o f  applying 

this m ethod as the longest tim e series available to the project was ju st over tw o years. 

Therefore, in order to increase the recessions that could be identified im plem enting this 

algorithm , three o f  the param eters were relaxed: the volum e o f  rainfall permitted for 

periods in which recessions could be identified (mean o f  2 mm per day), the length a 

recession required for analysis (greater than tw o days), and an allow ance for small 

increases in discharge that may be due to turbulence in the stage recorder so that 

recessions that displayed m arginal increases in discharge were not excluded. These 

relaxations, w hilst introducing errors in the analysis, allow  inferences to be m ade for 

short tim e series that may not be possible otherw ise.

6.3.1.1 Tabulation method

The tabulation method involves plotting recessions sequentially in order o f  descending 

initial discharge. This approach focuses on identifying initial recessions o f  the faster 

responding pathw ays with greater accuracy, which will help in recognising the tem poral 

resolution o f  input data required to drive the hydrological m odelling. If  overland flow 

responds with a time constant o f  less than tw enty four hours, and especially i f  less than 

tw elve hours, daily rainfall data will not be sufficient to model peaks in the hydrograph. 

This is considered in more detail in C hapter 7. As this m ethod tends not to  overestim ate 

the groundw ater responses due to the focus on the faster responding pathways, the 

calculation o f  the relative storages will provide useful indications o f  pathway 

contributions.
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6.3.1.2 Matching strip method

The m atching strip m ethod, unlike the tabulation m ethod, places em phasis on the 

slow er responding pathways. Recessions are plotted sequentially in order o f  descending 

fmal discharge. U tilising this approach together with the tabulation approach, physically 

appropriate values can be identified for the tw o groundw ater tim e constant param eters 

(i.e. the deep and shallow  groundw ater pathways) in the NAM  m odel. It should be 

noted, however, that this m ethod is not suitable for calculating the relative storages o f  

each pathw ay as the em phasis placed on the groundw ater pathw ays, though helping to 

identify response tim e constants, results in the w intertim e high groundw ater flows 

dom inating the response equation. C onsequently, when the integration o f  each 

pathways corresponding equation is carried out, the w inter high response will skew the 

average well above w hat is a feasible contribution for the groundw ater pathways in the 

catchm ent.

6.3.2 Calculation of relative storages

The Tabulation method and the M atching Strip m ethod typically assigned com parable 

values o f  the recession param eter k  to the groundw ater pathw ays but the Tabulation 

m ethod provided m ore plausible k  values for the faster responding pathw ays due to the 

extra em phasis placed on identifying these pathways with this m ethod. In order to avoid 

the bias that would be introduced to the slow er responding pathw ays im plem enting the 

M atching Strip m ethod, relative storages were only determ ined for the pathways using 

the Tabulation method.

The relative storage approach involves the integration o f  the area below  the MRC 

relating to  the active pathw ays. The equation for each pathw ay was calculated by 

assessing the superposition o f  responses as the basis for separating each pathw ay 

response. In the case o f  the interflow equation (the second o f  the recession equations) in 

Figure 6-10, the equation o f  interflow  response is as follows:

where /, *, $ and d and refer to interflow, com bined, shallow  and deep groundw ater 

storages respectively. The com bined response equation is the line that was fitted to the 

data for that pathway, interflow  in this case. The deep groundw ater response equation
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can be read directly from the graph, while the shallow groundwater response equation 

has to be calculated applying the same approach as above given that the observed 

shallow groundwater response in this situation is actually the combined response o f 

shallow and the deep groundwater Once all the pathway response equations have been 

calculated, the area below these curves attributable to each pathway is calculated over 

the period during which these pathways are active.

These relative storages were calculated for the study catchments and the supplementary 

catchments. The values were then utilised to estimate the average contribution o f these 

pathways. This approach will typically slightly overestimate the groundwater input as 

this generally recedes for a period following the beginning o f a rainfall event. 

Nonetheless, this method further provided a useful technique for estimating average 

responses o f  catchments based on observed discharge. The results o f these MRC 

analyses are assessed in the next section with discussion at the end o f this chapter. The 

results o f the supplementary catchments are presented in Appendix B.

6.3.3 Results o f recession analysis

It was observed that typically higher values were predicted for the faster responding 

pathways implementing the Tabulation method, but there was a reasonable correlation 

with the Matching Strip method for the groundwater pathways. Additionally, the t  

values obtained, allowed the recession constant k  to be calculated for the modified Lyne 

and Hollick algorithm. The results from each o f the study catchments are described in 

this section, with Table 6-1 summarising the results o f  the hydrograph separations.

6.3.3.1 Gortinlieve

Due to the omission o f the Outlet subcatchment in Gortinlieve (see Chapter 4), the 

MRC analysis was only carried out for the upper catchment with discharge measured at 

the EPA weir. This weir has silting issues during low discharges which can be 

identified during the low flow periods in Figure 6-10. As the water level in the weir 

dropped the silt tended to deposit which had the effect o f  maintaining the river stage at 

an artificially high level. This resulted in the horizontal recessions at the end o f the 

lower discharges. Four pathways were identified using both MRC methods with the
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slope o f  the slowest pathway at higher flows being used as a surrogate for the slowest 

pathw ay’s slope when silting had become an issue. C om parable t  values for the 

groundw ater pathw ays are observed in Figure 6-11 to those obtained applying the 

tabulation method.

EPA W eir

Tabulation Method1.000

0.370 y= 0.9612e-o-23i*
y=0.2114e-°-°63xJ" 0.137

y= 0.008
0.051

5 0.019
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0.001
350100 150 200

Time (hours)
250 300

Figure 6-10. Gortinlieve EPA Weir subcatchment Tabulation method.

Matching Strip Method1.000

0 .370 = 0.8566e-o
0.137

y = 0.0947e-°°i^
U) 0.051

0.019

y = 0.0085e°°°^’‘
0 .007

0 .003  4
600 800 1000200 400

Time(hours)

Figure 6-11. Gortinlieve EPA Weir subcatchment Matching Strip method.
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6.3.3.2 Glen Burn (Mount Stewart)

in the Glen Burn, the four pathways could be identified implementing both the 

Tabulation and the Matching Strip methods. Both the Subcatchment and Outlet 

subcatchments displayed similar responses, most likely due to their proximity to one 

another (as stated in Chapter 4). The groundwater pathways once more had comparable 

I  values applying both methods (as seen in Figure 6-12, Figure 6-13, Figure 6-14 and 

Figure 6-15), with the rate o f response o f  the quick pathways being more rapid in the 

case o f the Tabulation method. The marginally faster r values o f the Subcatchment, 

compared to the Outlet, are most likely due to the effects o f the alluvium and locally 

important aquifer at the Outlet catchment, as shown in Figure 6-4 and Figure 6-5.

Subcatchment

Tabulation M ethod2.700

y =  1 .5989e1.000

y =  1.1882e-oo3ix0.370

y =  0 .3 8 6 6 e - o ° i 3xbb 0.137

S  0.051
,-0.007xV = 0.112e

0.019

0.007
50 100 150 200

Time (hours)
250 300 350 400

Figure 6-12. Glen Burn subcatchment Tabulation method.
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MatchingStrip Method2.700 n
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Figure 6-13. Glen Burn subcatchment Matching Strip Method.
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Figure 6-14. Glen Burn catchment Tabulation method.
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Matching Strip M ethod
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Figure 6-15. Glen Burn catchment Matching Strip method.

6.3.3.3 Mattock

Diversion W eir

At the Diversion W eir only three pathways could be identified. If  a longer tim e series 

were available over wide ranging flow conditions, a fourth pathw ay m ight have been 

distinguished, but with the current data only three could be determ ined. The 

groundw ater t  values were com parable for both methods, with the t  for the Tabulation 

M ethod being greater for the fast responding pathways, as shown in Figure 6-16 and 

Figure 6-17.
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Tabulation Method7.290
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Figure 6-16. Mattocli Diversion W eir subcatchment Tabulation method.

Matching Strip Method
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Figure 6-17. Mattock Diversion W eir subcatchment Matching Strip method.

Collon Weir

Applying the two MRC methods, four pathways were identified at this hydrometric 

station. As with the EPA Weir in Gortinlieve, there was a problem with silting up o f the 

intake pipe for the stilling well at this site. The EPA hydrometric team clear this silt out 

each time they download. This has had the effect o f maintaining stage readings at 

higher levels than were actually occurring. This issue does not have a large effect on the 

MRC analysis as more accurate readings w ill compensate, but it w ill have had an effect 

on the hydrological model with which the simulated pathways are constrained by these
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observed discharges (see C hapter 7). Hence, groundw ater contributions were likely to 

have been over-estim ated as a result o f  this, i f  observed discharge was considered alone 

to constrain the hydrological m odelling. Once m ore, as can be seen in Figure 6-18 and 

Figure 6-19, the slower responding pathways have sim ilar z  values, with the tabulation 

m ethod com puting higher x values for the faster responding pathways.

Tabulation Method2.700

1.000

0.370

M 0.137 
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0.007
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Figure 6-18. Mattock Collon Weir subcatchment Tabulation method.
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Figure 6-19. Mattock Collon Weir subcatchment Matching Strip method.
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Berril’ s

Four pathways were again identified in Figure 6-20 with the difference in winter and 

summer baseflow levels observed when the higher recessions are ceasing around a 

discharge o f 0.1 m^/s and the lower recessions at 0.015 m^/s. The groundwater t  values 

were again similar (Figure 6-20 and Figure 6-21) but the t  value for overland flow  was 

less here than at the Collon Weir, indicating a slower response in this fast responding 

flow  pathway, possibly due to steeper topographic slopes in the upper catchments.
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Figure 6-20. Mattock Berril’s catchment Tabulation method.
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Figure 6-21. Mattock Berril's catchment Matching Strip method.
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Exam ining the i  values from the three subcatchm ents, it is observed that the response 

tim e o f  the catchm ent increases from the D iversion W eir to the Collon W eir 

subcatchm ent and then has a small decrease in response tim e at B erril’s at the 

catchm ent outlet. A significant tributary enters the river downstream  o f  the Collon W eir 

and it was observed that the river becom es perched at the outlet (see C hapter 4). This 

will have a bearing on the response o f  the catchm ent to rainfall and was the probable 

reason for the observed decrease in t  for the faster responding pathways. The discharge 

record was longer at the Collon W eir which will also have had an effect on the fastest 

responding pathway, as higher observed discharges (than those which had already been 

recorded) will have altered the z value com puted, particularly by the Tabulation 

method.

6.3.3.4 Nuenna

The Nuenna, being the only study catchm ent underlain by a regionally important 

aquifer, behaves significantly differently to  the other three catchm ents. This was 

observed in the M RC analysis as the Tabulation m ethod and the M atching strip method 

were effectively equivalent to one another. This was a result o f  the slow  responding 

nature o f  the catchm ent which requires pathways to becom e active sequentially before 

receding in the sam e m anner each time. It can be seen in Figure 6-22, Figure 6-23 and 

Figure 6-24, that the faster responding pathw ays increased in the speed o f  their response 

to rainfall going from the upper Castle subcatchm ent to the catchm ent outlet at 

M onum ent. The groundw ater pathways, however, rem ained consistent throughout the 

three subcatchm ents.
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Castle Weir
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Figure 6-22. Nuenna Castle W eir subcatchm ent M RC analysis.
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Figure 6-23. Nuenna Rocky W eir subcatchm ent M RC analysis.
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Monument
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Figure 6-24. Nuenna M onum ent catchm ent MRC analysis.

Examining these MRCs it was observed that although there was some variation between 

the methods, similar responses were identified for the two slowest responding pathways 

in each catchment. This was encouraging as it is these pathways that are o f  most 

importance in predicting the k values for the modified Lyne and Hollick recursive 

digital algorithm.

6.4 Digital Filtering Algorithm

Digital filters are commonly utilised in signal analysis and processing. This method 

allows the filtering out o f different frequency signals, with the higher frequency signals 

conceptually being a proxy for overland flow and interflow, and the lower frequency 

signals being a proxy for shallow and deep groundwater. The Lyne and Hollick ‘one- 

parameter’ algorithm (Lyne and Hollick, 1979), the Boughton ‘two-parameter’ 

algorithm (Boughton, 1993), the Eckhardt ‘two-parameter’ algorithm (Eckhardt, 2005) 

and the IHACRES ‘three-parameter’ algorithm (Jakeman and Hornberger, 1993) were 

all reviewed in Chapter 2. The application o f these algorithms, while useful for 

providing a method for obtaining time series o f baseflow, requires an a priori 

knowledge o f the catchment, as subjective decisions are necessary to determine the
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different param eters included in the algorithm s. As such, w hile these approaches have 

value for assisting in understanding the baseflow  distribution for the hydrograph, they 

do not provide an objective m eans o f  identifying the baseflow  contribution. M oreover, 

their applications are norm ally restricted to identifying only tw o main pathways: 

baseflow  and quick responding flow. To be applicable in this research, it was therefore 

necessary to m odify one o f  these algorithm s, so that it could represent the four 

pathw ays o f  the conceptual model underpinning the catchm ent studies in this research. 

The ‘one-param eter’ algorithm  was the m ethod selected for m odification, due to  its lack 

o f  subjectivity in param eter selection.

6.4.1 Adapted Lyne and H ollick filtering algorithm

The algorithm  presented here is one based on the principles o f  the ‘one-param eter’ 

algorithm  (Lyne and Hollick, 1979), but m odified to separate the hydrograph into four, 

rather than two constituent pathways. Lyne and H ollick’s ‘one-param eter’ algorithm , 

has been updated (Chapm an and M axwell, 1996) to a form that represents the 

groundw ater flow being a sim ple weighted average o f  the quick response flow and the 

slow response flow at the previous time interval. Equation 6-11 calculates baseflow at 

any tim e step, as being the baseflow  from the previous tim e step, receding at a rate k, 

w hile quick flow (discharge m inus baseflow at that tim e step) contributes 1-A: tim es its 

value, an approxim ation o f  the supplem entary discharge increasing river flow that is 

derived from baseflow.

Q s t  ~  ^ Q s t - i  +  (1 “

Using the continuity o f  discharge, this is rearranged to:

Qbi — 2 — k  ^  2 — 

subject to the condition that

Q st  <  Qt  6-IV

where Qb, is baseflow [mVs], Q q, is quick flow, Q, is stream discharge [mVs], all at 

tim e t, and k  is the recession constant. This essentially divides the equation into two 

parts: the recession com ponent to the left and a baseflow com ponent. In this equation, k
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can be calculated from the MRC analysis. Utilising this equation in practice tends to 

estimate baseflow as being close to fifty percent o f the total hydrograph, since quick 

flow maintains the same percentage o f  itself in time step t as baseflow does, resulting in 

a baseflow contribution close to fifty percent. The ‘two-parameter’ algorithm avoids 

this problem by replacing I -k  by a free variable that is not based on direct analysis but 

on achieving an a priori estimated baseflow contribution, or equally chosen from 

‘experience’.

In order to address this issue and thus implement the recursive filter approach as a 

means o f investigation, as well as a method o f obtaining a time series o f  separations, the 

additional two pathways o f the conceptual model were included and Equation 6-III was 

modified to accommodate them. Discharge is considered to consist o f overland flow, 

interflow, shallow and deep groundwater flow, as shown in Equation 6-V:

Q =  Qo +  Qi +  Qs +  Qd 6 -V

where Qo, Qi, Qs and Qo are overland flow, interflow shallow, and deep groundwater 

flow respectively [mVs]. In Equation 6-VI, quick flow is now redefined as overland 

flow for the supplementary component o f  Equation 6-11, and with further modification 

o f the algorithm, thus the equation to calculate interflow becomes:

Qn — + k[) — 1)(3 — ki — ks — kp){Q[ — Q,( — Q^t — Qot)

where ki, k$ and ko  refer to the recession constants associated with interflow, shallow 

and deep groundwater respectively. This equation is analogous to Equation 6-11 with 

baseflow being replaced by interflow and quick flow being replaced by overland flow. 

The second factor, {'i-ki-ks-ko), preceding the overland flow value, relates to the total 

amount o f water available to replenish the subsurface pathways. It is proposed that the 

amount o f  water available is controlled by the rates at which the different pathways can 

accept water. The recession constant is an approximation o f  the rate at which a pathway 

releases water from storage and therefore is related to the transmissivity o f that 

pathway. This suggests that the recession constant may be used as an approximation o f 

the rate at which the pathways may also accept available water. It is proposed that this 

water would infiltrate into the interflow pathway would also include the shallow and 

deep recharge represented by 1-ks  and 1-ko  respectively. This is represented by the 

summation o f the \ - k  terms o f each o f the pathways, {h-kj-ks-ko),  in Equation 6-Vl. The
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recharge for the groundw ater pathw ays w ould further infiltrate and in so doing reduce 

the contribution to interflow. The {ks+ko-i) factor before the overland flow  calculation 

addresses this issue. The recharge that each o f  the groundw ater pathways can accept is 

defined by the 1-k  relating to each pathw ay. Therefore, as described in Equation 6-VII, 

the recharge to each groundw ater pathw ay from the total available recharge is com puted 

as follows:

Groundwater Recharge =  (1 — k ) ( 3  — k,  — k^ — k o ) ( Q t  — — Qst — Q ot )  6-VII

where k  here is either ks or ko depending on w hether the shallow  or deep groundw ater 

pathways is being addressed. This w ater is then rem oved from the total subsurface 

replenishm ent and is represented by the first factor before the overland flow calculation 

in Equation 6-VI as shown in Equation 6-VIIl and Equation 6-IX;

(1 — (1 — ks) — (1 — fco)) * Total subsurface replenishment  6-VllI

or

(ks +  fcfl — 1) * Total subsurface  replenishment  6-lX

Shallow groundw ater flow is determ ined in m uch the same m anner in Equation 6-VI. 

The first part o f  the equation is set up as before with the discharge o f  the previous time 

step’s receding according to the associated recession constant with the supplem entary 

com ponent taken from Equation 6-V l, as shown in Equation 6-X;

Qst — kg Q s t - i  +  (1 ~  k s ) ( 3  — k] — ks — k[))(^Q( — Qn  — Q^t ~  Qot )

Deep groundw ater is handled in the sam e m anner as shallow groundw ater with 1-ko 

coefficients used in Equation 6-XI:

Qot ~  k[)Qpi-_-i +  (1 — k p ) ( 3  — kj  — ks — kj) ){Qi  — Qn — Qst ~~ Qot )  6-XI

These equations are reliant upon each other w ith dependencies on values from other 

equations as well as the discharges being sought appearing on both sides o f  the 

equation. As such it was necessary to solve them  in parallel. Therefore an iterative 

approach w as taken, w ith each equation solved in turn on a spreadsheet model until the 

discharges converged tow ards the solution. T he results o f  this hydrograph separation 

method are covered in the next section, w ith discussion in Section 6.6.
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6.4.2 R esults o f  recursive digital filter algorithm

Due to the linear nature o f  this algorithm , it was m ore effective at identifying the 

groundw ater pathways than the faster responding surface pathw ays. Nevertheless, the 

slower response o f  interflows to rainfall than overland flow ensured that the algorithm  

provided a contribution that was indicative o f  the type o f  response expected.

6.4.2.1 G ortinlieve

The ‘flashy’ catchm ent in G ortinlieve, which is underlain by a poorly productive 

aquifer, has a small groundw ater contribution that increased slightly during rainfall 

events. Figure 6-25 shows how interflow and overland flow dom inates as per the 

recharge coefficients approach and MRC analysis.
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Figure 6-25. G ortinlieve EPA W eir subcatchm ent modified Lyne and Hollick algorithm  separations 

(Aug 2010 -  Sept 2010).
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6A.2.2  Glen Burn

The ‘flashy’ nature o f  the Glen Burn was again observed by applying the digital filter 

algorithm , with a relatively small groundw ater pathw ay contribution to the river 

hydrograph. The groundw ater pathways displayed a m arginal response to rainfall 

events, w ith overland flow and interflow  having the largest flow contribution to the 

hydrograph. The Subcatchm ent and O utlet subcatchm ents also appear quite sim ilar in 

Figure 6-26 and Figure 6-27. This was expected due to the close proxim ity o f  both 

hydrom etric stations (less than 1 km apart).

Subcatchm ent
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Figure 6-26. Glen Burn Subcatchment modifled Lyne and Hollick algorithm separations (Jan 2011 

- F e b  2011).
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Figure 6-27. Glen B urn  O utle t  ca tch m en t modified Lyne an d  Hollick a lgor ithm  separa tions  (Jan  

2011 -  Feb 2011).

6.4.2.3 Mattock

Diversion Weir

Figure 6-28 depicts groundw ater as a m inor contributor to the river hydrograph but one 

that does respond to large storm events. O verland and interflow  w ere responsible for the 

m ajority o f  river flow.
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Figure 6-28. M attock  Diversion W e ir  su bca tch m en t modified Lyne and  Hollick a lgor ithm  

separa tions  (July  2011 -  Aug 2011).

Collon W eir

At the Collon Weir, groundw ater played a m ore im portant role than at the Diversion, as 

shown on Figure 6-29. In this case shallow groundw ater was o f  particular im portance 

during large events. It is probable that this is the influence o f  the sands and gravels that 

are present at Collon, near the vicinity o f  Collon Weir, as discussed in C hapter 4.
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Observed Discharge 

DeepG W  

Shallow GW  

Interflow  

Overland

0 6

0 4

11-09-2010 

Date (d a y -m o n th -ye a r)
02-09-20X0

Figure 6-29. Mattock Collon W eir subcatchnient modified Lyne and Hollick algorithm separations 

(Aug 2010-S ep t 2010).

Berril’s

A t Berril’ s groundwater is represented as having a very small contribution during 

events and high flows (Figure 6-30), consistent with the perched nature o f the river at 

this point in the Mattock catchment (see Chapter 4). This area o f the catchment is also 

underlain by the Pu aquifer (Figure 6-7) that would support the suggestion that there is 

smaller contribution o f groundwater at Berril’ s compared with the Collon Weir and 

Diversion Weir subcatchments.
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Figure 6-30. Mattock Berril’s catchment modified Lyne and Hollick algorithm separations (Feb 

2011 -  Feb 2011).

6.4.2.4 Nuenna

The Nuenna, due to the karst nature o f the regionally important aquifer, was not a 

suitable catchment for applying the modified Lyne and Hollick algorithm. The point 

recharge that directly enters the aquifer system through swallow holes in the catchment 

results in a much higher contribution o f  the groundwater pathways than was evident 

from the digital filtering approach. A modification would be required to the recharging 

structure o f the algorithm in order to address this issue. As an example. Figure 6-31 was 

plotted to illustrate the underestimation o f the groundwater contribution to the river at 

the Monument site. Conduit flow  (applied here as an equivalent to shallow 

groundwater) is chosen as having faster response than diffuse discharge (equivalent to 

deep groundwater). These pathways are typically present in karst limestone catchments 

such as the Nuenna and behave quite differently to the matrix flow generally present in 

poorly productive aquifers in Ireland.
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M onum ent

D ischarge

D rffu se
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In te rflow
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Date (day*month*year)
0 4 - 10 -2 0 1 1

Figure 6-31. N uenna M on um en t ca tch m en t modified Lyne and  Hollick a lgor ithm  separa tions  (Sept 

2 0 1 0 - S e p t  2011).

6.5 Hydrograph Separation using Temperature Data

Within the M attock, N uenna and G ortinlieve catchm ents, tem perature is being 

m easured in the river and in the subsoil and groundw ater within the clusters o f  

boreholes. Each borehole is screened in order to sam ple w ater from each o f  the different 

active horizons w ithin the geology o f  the catchm ent. T his provides an opportunity to 

utilise the signature o f  the tem perature time series o f  each pathw ay as a m eans o f  

separating the hydrograph using tem perature as a tracer in a sim ple m ixing model. The 

application o f  geochem ical tracers was discussed in C hapter 2 and w hile tem perature 

would not be considered a geochem ical, it provides a m ethod o f  assessing the signatures 

o f  the pathways and not ju s t their response tim es to rainfall in the same manner.

A river’s tem perature tim e series is conceptually described in this section as being 

com prised o f  different tem perature signatures with relatively consistent frequencies. 

These are the annual mean, seasonal, diurnal and evaporation effects. These are 

separated by applying a time series signal analysis approach. An application o f  spectral
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analysis to a data series enables the frequencies distinct from ‘w hite’ noise to be 

identified. ‘W hite’ noise is the data within a tim e series that is considered to have no 

system atic relationship to  the data being m easured and is representative o f  random error 

present in m onitoring. A lthough there is an a p rio ri understanding o f  the frequencies o f  

the responses, Fourier analysis provides a m eans o f  verifying these assum ptions.

6.5.1 Fourier analysis

Fourier analysis is applied to identify the frequencies o f  the signals that com bine to 

form the original analysed tim e series. The ff t (Fast Fourier Transform ) function is used 

within a routine in M ATLAB to identify these frequencies. The function Y = f f t ( x )  

im plem ents the transform  given for vectors o f  length TV by;

N

x(k) = ̂  
y=i

N

x(J) =  6-XIIl
k=l

where

{ - 2ni ) j
cOm =  e 'w is an M h root o f  unity.

The ‘spikes’ in the output allow  the frequencies o f  im portance to be identified.

6.5.2 Temperature mixing model

Once the frequencies influencing the tem perature had been identified in the tem perature 

series, these were utilised to fit series to the signals in order to filter out noise present in 

the data. This assisted in reducing the effect o f  data gaps and periods o f  logger 

m alfunction. These fitted signals were then utilised to provide the tim e series in a 

sim ple m ixing m odel to identify the contribution o f  each pathw ay to the observed river 

hydrograph.
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The m ixing model applied was a sim ple conservative mass balance approach. River 

discharge, Q, is conceptually com prised o f  overland flow, interflow, shallow 

groundw ater and deep groundwater, Qo, Qu Qs and Qd respectively. Equation 6-V. This 

approach was im plemented in conjunction with the simple m ixing equation, with 

tem perature being the tracer being mixed.

Q iT  -  Tw') =  QoTo +  QiT, +  QsTs +  Qd Td 6-XIV

where T, T w \ To, Ti, Ts, To are the tem perature tim e series associated w ith river 

discharge, effect o f  the weather, overland flow, interflow, shallow groundw ater and 

deep groundw ater respectively.

6.5.3 Signal Identification

The analysis o f  each pathw ay’s time series displayed distinct differences in the pattern 

o f  the tim e series. For example, there was little or no variation in the tim e series o f  the 

groundw ater in the boreholes. G roundw ater tends to have a long residence tim e and the 

aquifer is generally covered by an overburden o f  soil and subsoil that provides 

insulation from the effects o f  seasonal and diurnal tem perature effects. These time 

series were characterised as having a mean value with little or no variation about this 

mean throughout the year. Interflow -  considered here to be w ater originating from the 

subsoil -  consists o f  a mean value, like the groundw ater pathways, but with an 

associated seasonal variation about this m ean. There were little or no diurnal or 

evaporation effects, but this w ater was reasonably ‘new ’ and therefore still retains the 

seasonal variation associated with surface w ater. Discharge on the other hand, as it was 

influenced by all the pathways as well as am bient tem perature effects and solar 

radiation was a com position o f  all the signals, nam ely the mean, seasonal, diurnal and 

evaporation effects. Therefore, this signal w as not useful for spectral analysis as it was a 

com posite o f  non-stationary signals that are not present all year round, particularly the 

m ore com plex overland flow and interflow. It was assum ed, however, that the pathway 

signals them selves maintain stationary signals o f  varying am plitudes that can be 

identified and approxim ated. These signals, once identified, can be applied to estim ate 

the quantity o f  overland flow and interflow being contributed to the hydrograph.
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G roundw ater

The tim e series for groundwater, sam pled from MK3 Deep, is displayed in Figure 6-32. 

Here, groundw ater was considered to be a com bination o f  shallow and deep 

groundw ater as their tem perature signature differed by less than 0.1 “C on average. It 

was observed in Figure 6-32 that a single m ean value will suitably describe this tim e 

series as there was little or no variation about a m ean value o f  10.6‘’C.

I B - - - - - - -- - - - - 1- - - - - - - - - - - - 1- - - - - - - - - -- - 1- - - - - - - - - - - - 1- - - -- - - - - - -- 1- - - - - - -- - - - - 1- - - - - - - - - - - -
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o ---------------_ ------ ----------------------------- --------------------------
B  10 -ro
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E 8 -
Cl
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4 -

2 _____________ I_____________ I_____________ 1_____________ I_____________ I_____________ I_____________
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Hours since 3rd Sept 2010

Figure 6-32. M attock groundw ater tem peratu re tim e series from MK3 Deep.

Interflow

The interflow tim e series, sam pled from MK3 Subsoil 1, was more typical o f  a time 

series consisting o f  a mean effect and the seasonal effects o f  w inter and sum m er. This 

can be observed in Figure 6-33, w here the tem perature falls during w inter and early 

spring, then rises to peak in late sum m er and early autum n before falling back again. 

The proxim ity o f  the w ater in the subsoil to the surface ensures that the w ater retained 

the seasonal effect but was generally insulated from the diurnal and evaporation effects 

o f  the am bient tem perature that affected the river discharge.
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Figure 6-33. Mattock interflow temperature time series from M K 3 Subsoil 1.

River

The river temperature time series at Berril’ s (Figure 6-34) contains the effects o f the 

groundwater and interflow pathways, but also diurnal temperature and evaporation 

effects. This was a much more complicated signal than the other signals, with the 

Fourier analysis confirm ing the presence o f the diurnal and 12 hour frequencies in the 

temperature time series. In Figure 6-35, we see the spikes in energy, highlighted by the 

red circles, occurring at approximately 0.041 and 0.08 cycles per hour corresponding to 

diurnal temperature and 12 hour evaporation frequencies, respectively.
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Figure 6-34. Mattock river temperature time series at Berril’s.
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Figure 6-35. Fourier analysis of the Mattock river time series.
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Weather

Figure 6-36 contains the weather time series obtained from Met Eireann for the 

Dunsany automatic recording station in Meath. These data (Figure 6-36) are measured 

hourly air temperatures.

30 -------------- 1-------------- 1-------------- 1-------------- 1-------------- 1-------------- r

25 -

_15 __________________r__________________I__________________I__________________I__________________I__________________I__________________

0 1000 2000 3000 4000 5000 6000 7000

Hours since 3'̂ '* Sept 2010

Figure 6-36. Dunsany ambient temperature time series.

Overland flow  temperature time series

Once these signals had been identified in order to remove interference or ‘white’ noise, 

the pathways’ time series were applied to represent the overland flow time series. This 

was achieved by approximating the effect that the weather time series has on the river 

temperature during baseflow conditions. Baseflow conditions were described as the 

periods o f  low rainfall where interflow and the shallow and deep groundwater pathways 

are maintaining the low flows o f the river. The effect that the weather time series has on 

the river was considered to be analogous to the overland flow  time series. Rearranging 

Equation 6-X IV , Equation 6-XV was utilised to calculate this effect, w ith the discharge 

o f the groundwater pathways being used from analyses carried out in the catchment to
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make this equation determinate, as the temperature time series o f weather, interflow and 

shallow and deep groundwater had been measured in the field.

T w  — CQT — QiTj  — QsTs  — Q d T d ) / Q  6-X V

T w ' ~  To  6 -X V l

This time series was related back to the original weather time series to represent the

transfer function between the different components o f the signals applying the fmincon

optimisation routine programmed in MATLAB. In this way the overland flow time 

series and weather effect time series may be approximated from the weather time series 

outside o f the baseflow periods. Figure 6-37 displays an example o f the type o f  output 

obtained using this approach for the overland flow equation.

1 5 ----------------------- 1----------------------- 1-----------------------1------------------------1----------------------- 1-----------------------1----------------------- r

.10 I________ I________ '________ I________ '________ I________ I________ '________
0 500 1 000 1 500 2000 2500 3000 3500 4 000

Hours since 1" Feb 2011

Figure 6-37. M attocli calculated overland flow tem perature time series.

This temperature time series then was provided as input into Equation 6-XIV to 

calculate the proportion o f the remaining hydrograph derived from overland flow and 

interflow. In this manner, provided that the contribution o f groundwater was reasonably
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constrained, the proportion o f  the quick flow response o f  a catchm ent m ay be 

apportioned between interflow  and overland flow  im plem enting tem perature as a 

geochem ical tracer. The tem perature signature o f  the pathw ays can therefore be applied 

to separate interflow and overland flow responding at sim ilar rates, such as m ay be the 

case when fields contain drainage in the soils and subsoils.

6.5.4 Results of hydrograph separation using temperature data

A pplying tem perature data as a physical tracer the hydrograph was separated into the 

different pathways contributing to the river discharge. A tem perature separation 

algorithm  was im plem ented in M ATLAB to provide a m eans o f  determ ining the 

contributions o f  the different pathw ays to the hydrograph with tem perature as the tracer. 

Im plem enting the separation approach on the M attock catchm ent yielded the 

separations presented in Figure 6-38. This analysis suggests that interflow was the main 

flow pathw ay for the period February 2011 -  June 2011 with overland flow only 

present during sharp rises in the hydrograph and rapidly receding thereafter.
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Figure 6-38. M attock catchm ent tem peratu re separations (Feb 2011 -  June 2011).

The dom inant interflow contribution to the hydrograph w ould suggest that there was a 

proportion o f  interflow that responded com paratively quickly to overland flow, as the 

other separation m ethods w ould suggest, but that it retains the tem perature signature o f  

subsoil water. The discharge in Figure 6-38 com prises o f  68.3%  interflow, a higher 

proportion than was com puted using any o f  the other separation m ethods. This m ay be 

indicative o f  tile drainage in the soils and subsoils that was delivering w ater quickly to 

the river due to an increase in pressure gradients within the saturated zones near rivers 

when there was rainfall, or due to uncertainties present in the overland flow  tem perature 

time series as the tem perature tim e series in this pathw ay was not m easured.
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6.6 Discussion

The different separation m ethods (recharge coefficient approach, m aster recession curve 

analysis, the m odified Lyne and Hollick algorithm  and the tem perature separation 

technique) have been applied to the study catchm ents to ascertain the contribution o f  

each pathway to the rivers’ hydrographs. These separations are im portant as they 

provide constraints for the calibration o f  the hydrological m odelling, as discussed in the 

following chapters. The overall perform ance o f  each approach is sum m arised in Table 

6 - 1.

Table 6-1. Summary of the results of physical hydrograph separation approaches.

Catchment
Area
(km')

Deep
Groundwater

Shallow
Groundwater Groundwater Interflow Overland

Quick
Flow

MRC Mod
Lyne

MRC Mod
Lyne

Recharge
Coeff" MRC Mod

Lyne MRC Mod
Lyne

Recharge
Coeff

% % % % % % % % % %
Gortlnlleve 0.94 14.6 6 5.3 5.9 11.3 51.6 50 28.5 38.1 88.7
Glen Burn (Sub) 4.79 11.7 2.4 11.1 2.4 18.4 34.3 56.7 42.9 38.5 81.6
Glen Burn (Outlet) 5 11.7 3.4 10.4 3.5 18.9 43.8 62.8 34.2 30.3 81.1
Mattock (Oiv Weir 6.99 8.5 8.8 23.1 49.6 52.2 41.9 39 76.9
Mattock (Collon) 11.61 12.9 7.4 15.8 7.6 23.1 33.7 45.8 37.7 39.2 76.9
Mattock (Berrll's) 16.88 5.6 5 3.5 5.1 23 50.3 53.8 40.6 36.2 77

Nuenna (Castle) 10.24’’ 48.5 36 70.5 10.3 5.2 29.5

Nuenna (Rocky) 19.89'’ 51.4 40.3 82.2 6.5 1,8 17.8

Nuenna (Mon) 34.99 44.1 35.7 71.3 14.2 6 28.7

“ Recharge coeffic ient approach used to separate into quick  (in terflow  and overland flow) and slow  (deep and shallow  

groundw ater) pathw ays, they are placed under deep groundw ater and Interflow , respectively, for convenience.

*’ Refers to equivalent catchm ent areas calculated using the W ater B alance.

6.6.1 Recharge coefficient approach

Applying the approach outlined in Section 6.2, recharge coefficients were classified for 

each o f  the four catchm ents for each soil, subsoil and aquifer com bination. The 

effective rainfall for the year was calculated from the w ater balances, and verified using 

observed discharges. The recharge cap limits o f  200 mm and 100 mm per annum  were 

placed on the local and poorly productive aquifers, respectively, in line with previous 

practice. Using this inform ation, the total recharge expected (and conversely, the quick
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flow contribution), was calculated for the four catchm ents. This method provided initial 

estim ates for the com bined shallow  and deep groundw ater flow pathways, and 

com bined interflow and overland flow pathways. The three ‘flashy’ catchm ents were 

predicted as having a m uch lower groundw ater input com pared with the quick flow 

pathways. In the N uenna catchm ent, however, while predicting a large groundw ater 

input, the standard approach was inclined to underestim ate the recharge that will occur. 

This was due to point recharge not being accounted for, and therefore invalidates this 

approach for catchm ents in which a considerable proportion o f  the recharge occurs as 

point recharge. W hen the adapted method was applied, with the surface catchm ents 

draining to swallow  holes assigned a recharge coefficient o f  1, the recharge coefficient 

o f  the catchm ent increased tow ards a m ore realistic value. T he area to the north o f  the 

river has a lack o f  surface water channels much like the area to  the south, and it is likely 

that there m ay be m ore swallow holes in this region, w hich is supported by anecdotal 

evidence from local landowners, but as yet these have not been m apped. Should these 

be identified in the future, it would be likely that these w ould bring estim ates o f  

groundw ater contribution to the river in line with the M RC results in Table 6-1.

The results o f  G ortinlieve, M attock and Nuenna as a w hole w ere com pared with those 

com puted using the draft recharge m ap provided by the GSI. There w ere com parable 

recharge coefficients calculated for areas o f  land within each catchm ent not constrained 

by a recharge cap due to a poorly productive aquifer underlying the area. W hen a 

recharge cap was required there were discrepancies due to different calculations o f  

effective rainfall that directly influence the recharge coefficient due to the contribution 

to the groundw ater pathways being calculated as percentages o f  hydraulically effective 

rainfall. These differences in effective rainfall were as a result o f  the m ethods applied to 

calculate the annual rainfall and the AE. In this thesis, rainfall data were collected from 

the catchm ent over the period o f  the research and AE was calculated using the FAO 

Penm an-M onteith outlined in C hapter 5. The recharge m ap bases the annual recharge 

on 30-year average M et Eireann data from the nearest station and takes A E as a fixed 

percentage o f  PE. W hile this is a useful approach to obtain a quick estim ate o f  AE, 

yearly fluctuations o f  rainfall, differences between locations o f  rain gauges and 

variation in AE annually should be taken into account if  possible.
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6.6.2 M aster recession curve analysis

The M RC analysis was able to identify the four pathways in every catchm ent and 

subcatchm ent except for the Diversion w eir subcatchm ent in the M attock. As 

previously discussed this was probably due to  the sim ilarity o f  the response tim es o f  

both groundw ater pathw ays (or the possibility that only one pathway was present) and 

the length o f  discharge tim e series available. The results for the three ‘flashy’ 

catchm ents were generally the same, with overland flow and interflow  being 

responsible for the m ajority o f  the discharge observed in the river. The opposite was 

true for the N uenna, w here groundw ater dom inates, and as such, the m ajority o f  the 

river discharge was calculated to be from slow and fast diffuse groundw ater pathways 

in all three subcatchm ents. The Tabulation method and the M atching Strip method 

assigned com parable values o f  k to the groundw ater pathw ays but the Tabulation 

m ethod provided m ore plausible k values for the faster responding pathways due to the 

extra em phasis this m ethod places on identifying these pathways. Due to the Tabulation 

method providing m ore physically feasible values o f  k, the Tabulation k values were 

then used for the m odified Lyne and Hollick algorithm . This method was also used for 

calculating the relative contributions o f  each pathway, with the results o f  this approach 

sum m arised in Table 6-1.

6.6.3 M odified Lyne and H ollick algorithm

The m odified Lyne and Hollick algorithm  w as applied to all the catchm ents and 

subcatchm ents, except for the outlet at G ortinlieve. As previously m entioned, this 

algorithm  was based on the assum ption o f  discharge receding for interflow and shallow 

and deep groundw ater as if  discharged from a linear reservoir. This assum ption was 

m ost applicable to the groundw ater pathw ays and hence, it is considered that this 

method has most m erit in estim ating the groundw ater pathw ays contributions. This 

algorithm  was conservative in nature as any type o f  recharge bypassing the interflow 

soil and subsoil horizons was om itted. Therefore, estim ations from this algorithm  are 

best considered as an indication o f  a lower lim it on the shallow and deep groundw ater 

pathway flows. The focus o f  this algorithm  was on the groundw ater pathways, with 

indicative contributions o f  the quick flow pathw ays to the river hydrograph being 

provided. However, it is observed in Table 6-1 that the interflow and overland flow.
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calculated using this method, are similar to the values from the MRC separations. The 

three ‘flashy’ catchments were observed to be dominated by the quick flow pathways 

using this method. Disappointingly, the dominant groundwater contribution in the 

Nuenna catchment was not reflected by the algorithm which was again attributed to the 

point recharge that occurs via swallow holes located in the Castle subcatchment that 

drain mini-catchments. This point recharge was unaccounted for in the algorithm. This 

approach is therefore not applicable in catchments where significant point recharge 

occurs.

6.6.4 Temperature separation

The temperature separation results imply that interflow is the most important 

contributing pathway in the Mattock catchment. While the groundwater contribution 

was based on the other separation methods, the interflow and overland flow pathways 

were apportioned according to their temperature time series. There were uncertainties 

associated with the overland flow temperature time series, potentially resulting in an 

overestimation o f interflow due to the lack o f temperature data for the overland 

pathway. The striking dominance o f  interflow in this analysis though, would suggest 

that interflow was being underrepresented by the physical hydrograph separation 

methods which base their separations on response times o f  the pathways, rather than 

using tracers along those pathways. This result would suggest that part o f  the interflow 

was responding as quickly as overland flow during events. This may be due to the effect 

o f land drains that are prevalent throughout the Mattock which have been installed by 

landowners over numerous generations owing to the poorly draining nature o f  the soils 

and subsoils. Therefore, while parts o f  interflow and overland flow seem to show 

similar response times, making them indistinguishable using the physical separation 

methods, they have very different temperature signatures and most likely, chemical 

signatures. This suggests that in order to further separate the ‘perceived’ overland flow, 

based on the observed response times, into overland flow and interflow, tracer or 

chemical analysis will be required in catchments like the Mattock. It should be noted 

that end member mixing analysis using chemical tracer data is currently being 

undertaken as part o f the overall Pathways Project and the results will later be used to 

refine the flow separations based on the physical methods described in this thesis.
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6.6.5 Conclusion o f  physical hydrograph separations

The separation o f  the river hydrograph into the contributing pathways using the 

physical separation techniques was based on the response tim es o f  these contributing 

pathw ays, with the exception o f  the tem perature separation approach. If  tw o pathways 

or portions o f  pathways are responding sim ilarly as the tem perature separation approach 

suggests, post processing o f  these results is required for attenuation m odelling. This 

m ust be directed by either chemical or attenuation analysis as hydrological modelling, 

particularly lumped m odelling, is based on response tim es to identify different 

contributions.

After individually assessing the results o f  each o f  the separation techniques, they were 

evaluated as a whole. Reviewing the separations in Table 6-1, it can be seen that there is 

a general agreem ent in the separations for the groundw ater pathways applying the 

different physical separation techniques. There was good agreem ent between the 

com bined interflow and overland flow pathway contributions for the different methods. 

It was also observed that in a karst environm ent, the m odified Lyne and Hollick 

algorithm  was not applicable in its current form. Therefore, the separations in the 

Nuenna w ere reliant on the MRC analysis and the recharge coefficient approach, which 

appear to perform  well and their separations were in close agreem ent once the m odified 

recharge coefficient approach had been adapted to allow  for point recharge. This table 

is reappraised later in Chapter 7 follow ing the outcom es o f  the hydrological m odelling 

which will provide m ore insight into the contributions o f  the pathways to the river 

hydrograph.
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7 Lumped Hydrological Modelling 

7.1 Introduction

T h is chapter ex a m in es the ap plication  o f  the h yd ro log ica l m o d el N A M , a lum ped  m od el 

that averages the spatial variab ility  o f  a catchm en t and treats it a s a s in g le  eq u iva len t  

unit. A s  su ch , all o f  the lum ped m o d e l’s param eters are re flec tiv e  o f  an average  

characteristic beh aviour o f  the catchm ent. T yp ica lly , for each  tim e step  on e rainfall and  

o n e evapotranspiration  valu e is all that is required for the m o d el to fun ction . N A M  is 

d escribed  in detail here as are the p rep rocessin g  m ethod s required for the input data and  

the step s in vo lved  in s im u latin g  the separated d isch arges, w ith  th e resu lts o f  th is  

m o d ellin g  presented  in S ection  7 .5  and S ection  7 .6  and d iscu ssed  in S ection  7 .7 .

N A M  w as applied  to the four study catchm en ts, w ith  ob served  d isch arge and the overall 

w ater b alance o f  the catchm en t b ein g  u tilised  to calibrate the m od el param eters 

im p lem en tin g  the auto-calibration  routine. A t least on e year o f  data w a s provided  for 

the calibration  period as th is w ou ld  be n ecessary  for the a ssu m p tion  o f  n eg lig ib le  

storage ch an ge to be valid  for the w ater balance ob jective  fu n ction . S im u la tion s w ere  

carried out w ith  the sm allest t im e step  o f  rainfall data a va ilab le . T h is  a llo w ed  for 

im proved sim u lation  o f  peaks in q u ick ly  resp ond ing  catchm en ts, as con sid ered  in 

S ection  7 .4 .2 , particularly in the fast resp ond ing  catchm en ts o f  G ortin lieve , G len  Burn 

and the M attock . T h e resu lts o f  N A M  m o d e llin g  calibration are sum m arised  in T able  

7-2 , w ith  a va lid ation  o f  its ab ility  to  predict total d isch arge sum m arised  in T able 7 -3 .

D ifferent o b jectiv e  fun ction s w ere u tilised  in order to a sse ss  the a b ility  o f  N A M  to  

sim u late the ob served  d isch arges in a catchm ent. T he N a sh -S u tc lif fe  va lu e (N ash  

and S u tc liffe , 1970), ca lcu lated  w ith  Equation 7-1, w as ap plied  to  a sse ss  the g o o d n e ss  o f  

fit for the sim ulated  against the ob served  d ischarge;

. U Q o b s  -  Q sim)  _ I
 n  T2I j W o b s  Vmean)

w here Qobs is the ob served  d isch arge recorded in the river [m ^/s], Qstm is the sim u lated  

disch arge from  N A M  [m V s] and Qmean the m ean o f  all the ob served  d isch arges [m V s].
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This allows the variance o f the difference between the observed and simulated 

discharges to be compared with the variance o f  the observed discharge. A value o f  1 is 

a perfect fit while a value o f zero suggests the model values would perform as well as 

the mean o f  the observed discharges. A value o f  less than zero suggests the mean o f  the 

observed discharges would actually do better.

The assessment o f fit, applying the Nash-Sutcliffe approach, is more weighted towards 

the higher discharges that the lower discharges. In order to address this, the square-root 

o f  each term in Equation 7-1 provides an objective function that is weighted towards the 

low discharge conditions. Equation 7-1 is altered as follows:

Q o b s  V Q s i m )  7-11

s ( ^ /«  obs  - 4 q  i ne a i i )

Bias was also assessed to evaluate the overall balance between the observed and 

simulated discharges:

m o b s - Q  s h n )  n  1 1 1Bias = ----------------------  7 - i l l
n

where n is the number o f observations o f  discharge. Here a value o f zero is the optimum 

with values less than and greater than this signifying a difference between the total 

observed and total simulated discharge for the simulation period.

While a good fit between the observed and simulated discharge was an important 

objective o f the modelling, applying the physical river hydrograph separation method 

results o f  Chapter 6 to guide the optimisation o f  the parameters was vital to ensure the 

separations were consistent with the catchment setting. This will typically affect the R' 

values negatively but was a necessary compromise. Examples o f the observed discharge 

versus simulated discharge, the simulated separated pathways and the subsurface 

pathways are presented for each catchment in Section 7.4. The subsurface pathways are 

displayed separately in order to view their responses that are difficult to observe at the 

scale when all the pathways are included.
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7.2 NAM

The Danish ‘N edbor-A fstrom nings-M odel’ was developed by the D epartm ent o f  

Hydrodynam ics and W ater Resources at the Technical University o f  D enm ark (Nielsen 

and Hansen, 1973). It is a determ inistic, lum ped, conceptual rainfal 1-runoff model used 

to simulate the hydrological cycle. Due to the versatility o f  its structure it has the 

capacity to sim ulate the four pathw ays required by the conceptual model em ployed in 

this research (see C hapter 1). NAM  has been applied in Ireland previously in several 

catchm ents as part o f  a study concerned with groundw ater-surface water interactions 

(RPS, 2008). The conceptual m odel followed in that earlier study was a sim pler th ree

pathway (overland, interm ediate flow and groundwater) model com pared with the four

pathway conceptual m odel o f  this research. NA M  is considered to be a very useful tool 

in catchm ent m odelling in the Irish setting as it can sim ulate the four separate flow 

pathways, while the m odel’s lumped approach does not require the same degree o f  data 

required by a distributed model. A s will be seen in C hapter 8, this level o f  data is not 

generally available either at the required tem poral or spatial resolution for Irish 

catchm ents and so this lumped approach is considered appropriate. The NAM  m odel 

also has the flexibility to be adapted to the variable geological settings encountered in 

Ireland. The NAM  structure is presented in Figure 3-4, while a sim plified schem atic o f  

the NAM is displayed in Figure 7-1.
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Figure  7-1. Simplified NAM s t ru c tu re  schematic.

NAM  sim ulates flow using rainfall and potential evapotranspiration (PE) as inputs to 

the model, with observed discharge being utilised to  calibrate the flows generated. The 

tem perate clim ate o f  Ireland perm its the snow m odule option to be om itted from the 

model structure for these m odelling studies, as shown in Figure 7-1.

Overland and interflow pathways

As rainfall occurs {R in Figure 7-1), w ater enters into the upper storage reservoir. From 

this reservoir, water is discharged as interflow  {QIP) once the proportion o f  the lower 

storage (Z) is above the interflow threshold, w hich is then routed through tw o linear 

reservoirs. Overland flow (QOF) occurs when the upper storage fills to its capacity 

{Umax) and L is above the overland flow threshold. This is also routed through a linear 

reservoir, but unlike interflow, this reservoir has a variable tim e constant, CK, value.
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Excess water from the overflowing o f  the upper storage that is not released as overland 

flow, infiltrates into lower storage and groundwater storages. The amount o f  excess 

water recharging these storages is dependent upon the proportion o f the lower zone 

storage that is filled (L/Lmax). The excess water that does not recharge the groundwater 

storages or is lost as overland flow enters into the lower zone storage where it can only 

be lost by evapotranspiration. This calculation occurs at valve 1 in Figure 7-1.

Evapotranspiration occurs at the potential rate from the upper storage, as water is 

readily available here, and at an actual rate, related to the proportion o f the lower 

storage that is filled, from the lower storage according to Equation 7-1V:

L
AE = ( P E - U ) - ------ 7-IV

^max

This is analogous to the approach used in Chapter 5 to calculate AE where AE is less 

than PE when PE is greater than U, i.e. when there is not enough easily-available soil 

moisture.

Shallow and deep groundwater pathways

In order to simulate the shallow and deep groundwater pathways o f  the conceptual 

model, the groundwater storage can be split into two separate storages, shown in the 

NAM schematic in Figure 7-1. This facility is contained within the NAM structure. 

Recharge is then apportioned between the two storages by the parameter CQlow 

(schematically shown as valve 2 in Figure 7-1) with each having a different t  value 

(time constant that defines the rate o f  discharge from a linear reservoir, see Chapter 2) 

to represent the different response times o f  each pathway.

There are 11 empirical parameters associated with these storages and outflows. The 

sizes o f the upper storage and the lower storage are U  and L respectively, measured in 

millimetres. CQOF  is the parameter that calculates the percentage o f available excess 

water which runs o ff as overland flow. This has a value between 0 and 1. CKIF  is the 

parameter that calculates the amount o f  interflow that is released from the surface 

storage which is related to the interflow time constant value. Both o f the groundwater 

storages have t  values that define the rate o f  release o f groundwater from the deep and 

shallow groundwater storages, CKBF  and CKiow respectively. The distribution of 

recharge to each o f the groundwater storages is also defined by CQiow Three
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parameters TOF, TIF and TG all define thresholds that must be surpassed by the 

proportion o f  the lower zone storage that is filled in order for overland flow, interflow 

and recharge, respectively, to occur. These have a value o f between 0 and 1.

As there are 11 parameters within the model that can be calibrated, there is a danger o f 

equifinality o f  optimised solutions during the calibration process. Equifinality is the risk 

o f there being many very different sets o f solutions that give ‘nearly’ as good fits for the 

simulated and the observed flows. This is where the value o f the hydrograph separation 

techniques described in Chapter 6 is apparent as they provide further means o f 

constraining the calibration o f the NAM model simulations. In addition to using the 

hydrograph separations to guide the selection o f these parameters, the more parameters 

that can be based on observable data from the field, the lower the risk o f  equifinality 

distorting inferences made for generalisations o f  catchments. For example, CQOF, in 

conjunction with the TO and TG parameter values, will have a relationship with the 

recharge coefficient as these parameters affect recharge to the groundwater storages. 

The MRC analysis will also assist in determining the time constants CK, CKBF  and 

CKlow as these are related to the reciprocal o f  the retention time t  value in the fitted 

equations to the recessions o f the pathways.

7.3 Preprocessing Data

The input data necessary for a hydrological model to function usually require a degree 

o f preprocessing. This can take many forms such as calculating composite values from 

multiple observation points; removing suspect data due to instrument malfunction; 

filling o f data gaps using surrogate data from elsewhere and computation o f catchment 

size from available GIS data.

7.3.1 R ainfall

The NAM model requires a rainfall value, composed o f  the averaged rainfall from rain 

gauges located in and around a catchment being modelled, for each time step o f the 

model. This is generally calculated using three different approaches. There is the simple 

arithmetic mean o f the rain gauges where all the data from each rain gauge for the
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required interval are sum m ed and then divided by the mean to produce the rainfall 

value, Equation 7-V:

where R is the rainfall value [mm], / is the rain gauge being assessed, and n is the total 

num ber o f  rain gauges being assessed.

The next approach is the w idely im plemented Thiessen polygon m ethod, w hich was 

adopted for this research. In this method rainfall gauge locations were connected by 

lines to form polygons. Perpendiculars were then drawn at the m idpoint o f  each o f  the 

rain gauge connecting lines, and the intersection o f  these perpendicular lines then 

formed areas around each o f  the rain gauges, as shown in Figure 7-2. The rainfall value 

in the model was then calculated according to Equation 7-Vl:

n

7-V

1 = 1

7-V I

where Aj  is the area [km^] related to the rain gauge /?,. This method was im plemented 

using a sim ple routine in ArcGIS.

P erpend icu lar
B isector

jC atchm ent
O u tle t

C onnecting
Line

Figure 7-2. Thiessen polygons.
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The final method is the isohyetal method. Unlike the standard Thiessen polygon 

approach, which is purely objective, this method could account for the effects that 

elevation and other location factors have on rainfall by interpolating rainfall amounts 

between rain gauges at selected intervals. Equal rainfall values were then connected to 

form lines o f equal rainfall, isohyets, as illustrated in Figure 7-3. The rainfall to be used 

in the model was then computed according to Equation 7-Vll:

7.VI,

where / ’, is the rainfall related to At.

5  m m
4 .5  m m

4  m m

•  R

Iso h y eta l
Line

C a tch m en t
O u tle t

Figure 7-3. Isohyetal method.

This method can be subjective in the manner by which the isohyets are drawn. It 

generally requires many nearby rain gauges to construct the isohyets even subjectively. 

The relationship may not be static either between the rain gauges and may require the 

development o f a new isohyetal map for different rainfall time steps. As there were 

generally two rain gauges available for each catchment, at most, the Thiessen polygon 

method was applied to all four catchments.
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7.3.2 Potential Evapotranspiration

Ideally, the distribution o f  PE w ould have been processed in the same m anner as the 

rainfall data but due to the lim itations on the availability o f  PE instrum entation -  only 

one value o f  PE was available for each catchm ent -  no averaging technique was 

required. The PE value was taken from the nearest M et Eireann synoptic station or, in 

the case o f  the Glen Burn catchm ent, from the w eather station located within the 

catchm ent. The data available from the M et Eireann synoptic stations only had a 

tem poral resolution o f  1 day, w hich introduced a substantial error in the estim ation o f  

effective rainfall when 15 m inute rainfall data were being utilised. The daily value, 

when inputted into NAM , could be distributed evenly across the 96 tim e steps to form a 

15 m inute dataset across each day. However, data applied in this m anner give the same 

PE values at night as in the daytim e, a very unlikely situation in reality. In order to 

address this issue, the Gaussian function (Equation 7-V llI) was applied to  the data to 

distribute these norm ally over the day with the peak occurring at 13:00, the estim ated 

tim e o f  the PE peak during the day (Ben-Gal et al., 2010). Ireland’s average daylight 

hours during June are 16.7 hours and 7.4 hours during D ecem ber (M et Eireann). Using 

these values to estim ate a mean o f  12 hours for the year, the standard deviation o f  the 

distribution for Equation 7-VIII required was 2 hours as three standard deviations 

encom pass approxim ately 99.7%  o f  the Gaussian probability density function (i.e. 

99.7%  o f  the tim e when PE will be occurring):

f i x )  =
e  2\ a )

7 - V I I I

jyfln

w here x  is the hour o f  the day for w hich the probability is being com puted, pi is the hour 

o f  the day at which the peak is said to occur [13:00] and a  is the standard deviation o f  

the function [2 hours]. The recorded daily PE data apply to the tim e period from 9am 

the previous m orning to 9am o f  the m orning o f  the day the data are associated, and so 

the distribution o f  PE for these daily values m atched this time frame. An exam ple o f  

Equation 7-VIIl applied to a daily value o f  PE is illustrated in Figure 7-4. As can be 

observed, the peak value at 1 pm was 0.2 o f  the PE value for that day com pared with a 

value o f  0.042 if  the data had been sim ply averaged equally across the 24-hour period. 

Once the daily data had been transform ed to hourly values, these w ere inputted into 

NA M , w here the soil m oisture budgeting routine, outlined in Section 7.2, calculated the 

AE.
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Figure 7-4. Distribution of PE throughout a day.

7.3.3 River discharge

The preprocessing required for the river discharge data in the study catchm ents was 

m inim al once the water balance had assessed that the rating curves for the different 

hydrom etric stations were reliable. This work is outlined in C hapter 5. Before inputting 

discharge data into the model, suspect data that had been identified using field data 

m easurem ents at s ta ff gauges, during flow gauging and logger dow nloads, were 

removed. Exam ples o f  this from the Collon W eir in the M attock is shown in Figure 7-5. 

Here the unusual step up and then subsequently down on the February 8*’’ 2011, and the 

vertical step in discharge on February 15*'’, suggest the stage was being incorrectly 

m onitored. Data after February 17'’’ February were actually rem oved by the EPA 

hydrom etric team  as a result o f  silting at the stilling well. The data m arked in black 

were rem oved based on the discharge data from the corresponding period at B erril’s 

and Diversion w eir hydrom etric stations indicating inaccuracies in the data.
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Unedited Collon Wew (irr*3/sj Ed<ed Collon Weir jm*3/s) Diversion Weir [m*3/sl

5 * 3 0

00

06-02-2011 08-02-2011 10-02-2011 

Date (day-month-year)
12- 02-2011 14-02-2011 16-02-2011

Figure 7-5. M attock hydrom etric discharges from February 2011. Edited discharge at Collon W eir 

shown in red, having removed suspect discharge data, shown in black. Diversion W eir and BerriPs 

hydrometric station discharge data used as guidance.

7.3.4 C atchm ent Area

The size o f catchment must be specified within the NAM model in order to provide the 

equivalent volume o f the water that the catchment receives as rainfall and loses as 

evapotranspiration. This is an important parameter that is necessary to achieve an 

accurate water balance and satisfactory simulations o f discharge. Within NAM there are 

essentially two catchment area constants; the first constant, model area, that 

corresponds to the topography o f the catchment and generally is o f most consequence to 

the overland flow and interflow pathways; the second constant, Carea, is related to the 

groundwater pathways. Carea relates the groundwater catchment area to the 

topographical area as a ratio. A value o f unity sets the two areas as equivalent, whereas 

a value greater than 1 implies a groundwater catchment that is Carea times larger than 

the topographical catchment.

The topographical area was calculated using DEM data to delineate the different cells 

that contribute water to the catchment outlet based on the slope o f the land. The DEM 

datasets contained elevation values for each 20 by 20 m cell. The processing o f  these 

data involved calculating the slope between a cell and the eight neighbouring cells, as 

depicted schematically in Figure 7-6. The cell being examined is highlighted in blue 

with an elevation value o f 93 m above datum. The eight neighbouring cells are 

assessed, with 75 m above the same datum being the cell with the lowest value, 

highlighted in orange. Therefore, on the basis o f slope, water will flow from the middle 

blue cell to the orange cell as illustrated by the red arrow. The chains o f cells that 

contribute to the outlet o f  a catchment or subcatchment were identified in this manner
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and hcnce  the  area  occup ied  by these  ce lls  w as defined  by  the topog rap h ica l ca tchm en t 

area.

105 96 87

88 104

78 84 " S 5
Figure 7-6. DEM cell with  ne ighbour ing  cells.

In m ost instances the g roundw ater ca tch m en t a rea  w as assum ed  to  be co in c id en t w ith 

the topog rap h ic  area. W hile th is  w as un like ly  to  be the  case at every  po in t around  the 

p erim eter o f  the topograph ica l ca tchm ent, it w as deem ed  to  be sa tisfac to ry  as an overall 

assum ption . P rev ious stud ies in ca tchm en ts or d istribu ted  m odelling , such as the 

M O D F L O W  m odelling  described  in C h ap ter 8, can help  to  de te rm ine  a m ore  accurate  

g rou n d w ater ca tchm en t area  to  inform  C a r e a -  T he  w ater ba lances carried  ou t in C hap ter 

5 a lso  assisted  in determ in ing  the  app rop ria te  a rea  for the  ca tchm en t. In the  case o f  the 

N uen n a  ca tchm en t, the  ca tchm en t area  w as app ro x im ated  u tilising  the w ater balance 

due to  th e  in fluence o f  the sw allow  ho les in the u p p er area  o f  the  C astle  W eir 

subcatchm ent.
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7.4 Model Execution

O nce the ra infall, PE , d ischarge  and  ca tchm en t area  had been inputted into the  m odel, it 

w as ready  to  be in itia lised  and run. T h is w as all carried  out th rough a g raph ica l user 

interface (G U I) w hereas th e  sensitiv ity  analysis  applied  to  the  ca tchm en ts, 

(im plem ented  in C hap ter 10) w as undertaken  th rough  M S -D O S  com m and  lines.

7.4.1 Parameters

T he 11 param eters ou tlined  in Section  7.2 w ere  assigned  initial values based  on 

observations taken  from  the physica l separa tion  approaches, the  N A M  user gu ide  and 

decision  tab les ou tlined  in the  G roun d w ater-S u rface  W ater In teraction repo rt by  R PS 

(2008). W hile these  prov ided  a useful starting  point, the  values suggested  in the  user 

gu ide and in teraction  report w ere  based on sim p ler conceptual m odels and ten d ed  no t to  

be en tire ly  co n sis ten t w ith  the  one  em ployed  in th is  thesis. A value for C Q low w as also  

selected  w hen  a deep  g rou n d w ater pa thw ay  w as identified  from  the  physical 

hydrograph  separa tion  w ork  carried  ou t in C h ap te r 6, o therw ise  it w as left inactive  w ith 

a value o f  zero . Som e p aram eter values cou ld  be inferred  from  analysis, such as tim e 

constan ts  w ith in  N A M  being  in fo rm ed  by  th e  M R C  analyses. Even if, hypo thetica lly , 

all p aram eters could  be m easured , it has g enera lly  found  elsew here  tha t the  resu lts  have 

not been en tire ly  satisfacto ry , even  w hen using  an in tensive series o f  m easu rem en ts  o f  

p aram eter va lues (B even , 2001). A s such, sensib le  initial values w ere based on  physical 

hydrograph  separa tions, the  m odel struc tu re  i tse lf  and, w here possib le , the  u ser gu ide 

and R PS report. T hese  initial va lues w ere app lied , though  calibration  w as still requ ired  

to  im prove sim ulated  results.

7.4.2 Preliminary modelling

T he study  ca tchm en ts w ere  instrum ented  o v e r a period  o f  tim e b eg inn ing  d u rin g  the 

sum m er o f  2010 . W hile  su ffic ien t da ta  w ere  no t availab le  in itially  in the study  a reas  to  

apply  the  physical hyd rog raph  separa tion  m eth o d s ou tlined  in C hap ter 6 and  the 

m odelling  described  in th is  chapter, a num ber o f  o th e r catchm ents w ere  ana lysed . Four 

o f  these  catchm ents, B alycahalan , O w nesh ree , O w endu lla lagh  and B aw n (d e ta ils  o f  

w hich  are  sum m arised  in A ppen d ix  A ), w ere  o f  particu la r interest. F ifteen  m inu te
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rainfall and observed discharge  data  w ere  available  for the Balycahalan , O w ensh ree  and 

O w endulla iagh  ca tchm ents , w hile  hourly  data  w ere  availab le  for the B aw n  catchm ent. 

T hese  high resolution tem poral data  a llow ed the ability  o f  N A M  to  s im ula te  peak  flows 

to  be evaluated in qu ick-respond ing  ca tchm ents  such as these  ( their  ‘f lashy’ behaviour 

is due to their m ain ly  poorly  dra in ing  soils and subsoils). Th is  w as ach ieved  by 

apply ing  different tem poral resolution rainfall data. N A M  w as im p lem en ted  for each o f  

these ca tchm ents  using 15 m inute , hourly  and daily  rainfall data, with  the exception  the 

Baw n where  hourly  rainfall w as  the m in im um  tim e step. T hese  ca tchm ents  w ere  all 

under 100 km^ in area (the B aw n  ca tchm ent w as the sm allest  at 5 km^).

A n exam ple  o f  the perfo rm ance  o f  N A M  in s im ula ting  observed  flow peaks using 

different frequency  rainfall input data  is illustrated in F igure 7-7 for the O w endulla iagh  

catchm ent. For this rainfall event the  effec tiveness  o f  the  three different rainfall 

tem poral resolutions is evident. Daily  rainfall is unable  to  s im ula te  the qu ick  responding  

nature o f  the peak, with three d ifferent points  defin ing  the event: one before  the 

d ischarge rises; one  point at the  peak and ano ther  w hen  the d ischarge  has receded back 

to low flow conditions. The hourly  and 15 m inute  rainfall input data, how ever, allow 

N A M  to perform m uch better at s im ula ting  the peak flow . T h is  is due  to the rainfall 

being recorded as occurring w hen  the hydrograph  is r ising and not ju s t  p rovid ing  an 

average  hourly value as before. T h e  hourly  s im ulation  rises qu ick ly  but still not quick  

enough to match the  observed  discharge, suggesting  that even hourly  averaged  rainfall 

does not a llow  N A M  to sim ulate  the  qu ick  response  o f  the  hydrograph . U nsurprisingly, 

the 15-minute data  s im ulate  this peak  the m ost accura tely  o f  the  three resolutions, in 

w hich the s imulated increase in discharge  and subsequent recession are in reasonable  

ag reem ent with that observed  data. In th is  case, rainfall is be ing  recorded  before  the 

hydrograph  rises, a l low ing  N A M  to sim ulate  the qu ick  respond ing  nature  o f  the  event. 

A lso  o f  interest in Figure 7-7, is the dip in the  s im ulated  discharge  at the peak  for both 

hourly  and 15 m inute  rainfall. T h is  suggests  that the  rainfall m easu red  in the  ca tchm ent 

did not record further rainfall, causing  the  observed  peaks to  further increase. This  

h ighlights  the need for accurate  input da ta  in o rder  for the  m odel to satisfactorily  

s im ulate  discharge.

These  different s im ula tions w ere  then assessed  app ly ing  the  R '  objective function 

outlined in Section 7.1. T he  results o f  th is  are sum m arised  in Table  7-1 along  with
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preliminary modelling results from the Nuenna (a slow responding catchment) for 

comparison. There was a marked increase in the model performance when 

implementing N A M  with hourly rainfall data compared with when daily data was 

applied. There is another increase in performance when using 15 minute data compared 

with hourly data, but not as significant as the increase in when moving from daily to 

15 minutes. The Bawn does not have any result for 15 minute rainfall data as this was 

not available for the catchment. The Nuenna however, behaves very differently, there is 

no marked increase in R '  from daily to 15 minute data. This is as a result o f  the Nuenna 

being dominated by groundwater, which generally takes longer than 24 hours to 

respond. This is discussed further in Section 7.7.

0*«n(jLlaiagh[>scftaf9e(m'3/s|  15mn(m*3;s)- - - - - - -  Oaiy [(rr*3/s!- - - - - - -  Hou1>[m‘3/5l

m
E

Q

25-12-2007 26-12-2007 27-12-2007 28-12-2007 29-12-2007 30-12-2007
Date (day-month-year)

Figure 7-7. Simulated discharges in the Owendullalagh catchment for 15 minute, hourly and daily 

rainfall input, (December 2007).
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Table 7-1. Summary of variation in obtained applying different temporal resolution rainfall 

data as input to NAM.

Catchment Name
Area
(km^)

Daily Hourly 15min R̂

Balycahalan 48 0.33 0.79 0.85

Owenshree 35 0.61 0.8 0.89

Owendullalagh 89 0.45 0.79 0.9

Bawn 5 0.35 0.75

Nuenna
(Monument)

36 0.907 0.918 0.958

7.5 Calibration

Once the NAM  model had been run with the initial param eter settings, the results were 

com pared with the w ater balance results from C hapter 5, the physical hydrograph 

separation results from C hapter 6 and the overall discharge observed from the 

fieldwork. A ssessing these com parisons as objective functions o f  the model, the 

boundaries within which the optimum  param eters were likely to lie were set and an 

auto-calibration routine provided with the NAM  software assisted in identifying an 

optim um  param eter set. The auto-calibration was based on an optim isation technique 

known as the shuffle com plex evolution algorithm  (M adsen, 2000). This was an 

iterative process, as the auto-calibration routine was affected by the initial set o f  

param eter values.

One thing to bear in mind was that the observed data, against w hich the sim ulated data 

were being calibrated, were not w ithout error. All m easurem ents have a degree o f  error 

associated with them . Therefore, the optim um  param eter set cannot be taken as being 

necessarily correct. This was why more than one objective function w as used in an 

attem pt to satisfy all the functions which m ight have restricted the effect o f  the error
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associated with observed m easurem ents. The calibration routine required an upper and 

lower boundary to be set for each param eter. Once set, the routine then required the 

objective functions to test the sim ulated results against. The options were w ater balance, 

Nash-Sutcliffe coefficient (Equation 7-1) and then the N ash-Sutcliffe coefficient 

weighted for either high or low discharge values by assessing only values above a 

threshold discharge for high discharge scenarios and below another threshold discharge 

for low discharge situations. The iterations o f  the routine w ere then selected based on 

the tim e that w ould be allocated to running the routine. Between 2000 and 5000 

iterations were generally acceptable with run tim e dependent on the length o f  the 

sim ulation and the length o f  each tim e step. The routine w ould then try to optim ise each 

o f  the objective functions, with a selection o f  param eter sets outputted to a text file.

7.5.1 Calibration Results

7.5.1.1 G ortinlieve

Overall NAM  perform ed well in term s o f  the sim ulated discharge closely m atching the 

observed discharge, as shown in Figure 7-8(a). The value was 0.9, value o f  

0.89, with a bias o f  0 .0 0 1 1; this bias represents a difference o f  4%  when com pared with 

mean discharge. Interflow dom inates throughout the different discharge levels, with 

overland flow becom ing an im portant contributing pathw ay during rainfall events when 

discharge was peaking, as can be seen in Figure 7-8(b). In Figure 7-8(c) w e observe that 

interflow responded faster than the two groundw ater pathways with shallow 

groundwater responding faster than deep groundwater. This dom inance o f  interflow is 

most likely a result o f  the land drainage installed in the fields as a result o f  the poor 

draining nature o f  the catchm ent. These land drains encourage subsurface flow that 

produces the interflow  dom inance in this, and the other ‘flashy’ study catchm ents, as 

seen in Table 7-2. The deep and shallow groundw ater contributions maintain the river 

discharge during periods o f  low flow.
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Figure 7-8. Gortinlieve EPA W eir subcatchm ent showing a) observed discharge com pared with 

sim ulated discharge, b) sim ulated pathways and observed discharge and c) sim ulated subsurface 

pathways .
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7.5.2 Glen Burn

NAM provided good matches between simulated discharge and observed discharge for 

the Subcatchment and the Outlet catchments within the Glen Burn, as can be seen in 

Figure 7-9(a) and Figure 7 -10(a) respectively. The R~ value for the Subcatchment was 

0.91, the value was 0.94, with a bias o f  -  0.0022, while the R ' for the Outlet 

catchment was 0.95, the ylW  was 0.93, while the bias was 0.0036. The biases indicate 

differences o f 4.2% and 5.1% for the Subcatchment and Outlet catchments, 

respectively. In the Subcatchment and the Outlet catchment, interflow was observed to 

contribute most o f the discharge with overland flow dominating during rainfall events, 

when discharge started to increase, as shown in Figure 7-9(b) and Figure 7 -10(b). As 

referred to in Section 7.5.1.1, this interflow dominance is most probably due to land 

drainage within the catchment. In Figure 7-9(c) and Figure 7-10(c) we can see that 

interflow responded faster than the two groundwater pathways, with shallow 

groundwater responding faster than deep groundwater. The shallow groundwater in the 

Outlet catchment was observed to contribute a greater percentage o f the discharge to the 

river than in the Subcatchment; this may be related to the alluvium present near the 

Outlet hydrometric station (as discussed in Chapter 6) or could be an artefact o f  the 

calibration process. The deep and shallow groundwater contributions are primarily 

responsible for sustaining the river discharge during periods o f low flow.
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Figure 7-9. Glen Burn subcatchm ent showing a) observed discharge with sim ulated discharge, b) 

sim ulated pathway flows with observed discharge and c) sim ulated subsurface pathway flows.
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Figure 7-10. Glen Burn catchment showing a) observed discharge w ith  simulated discharge, b) 

simulated pathway flows w ith  observed discharge and c) simulated subsurface pathways.
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7.5.3 Mattock

The com parison o f  the sim ulated and observed flows in the M attock catchm ent gave the 

lowest R~, m ixed and highest bias. This was a reflection o f  the com plexity o f  the 

catchm ent, which included the off-take from the catchm ent at the Diversion (the 

abstraction near Diversion W eir), and the perching o f  the river at B erril’s. Figure 

7 -1 1(a), Figure 7 -12(a) and Figure 7-13(a) show the observed and sim ulated discharge 

for the D iversion Weir, Collon W eir and B erril’s, respectively. The overestim ation o f 

discharge at the lower flows at Collon W eir may be related to the abstraction o f  water 

taken from the gravels at this location, estim ated to be approxim ately 1300 mVday 

(Groves, 2010). The R~ value for the D iversion W eir catchm ent was 0.87, with an 

o f  0.96 and a bias o f  -  0.0028; the R~ for the Collon W eir catchm ent was 0.84, an 

value o f  0.86, with a bias o f  -  0.0153; while the R' at B erril’s was 0.87, the was 

0.86, and the bias was -  0.0139. These biases represent differences o f  3.1%, 17.9% and 

11.2% for the Diversion Weir, Collon W eir and B erril’s catchm ents, respectively. The 

large biases at Collon W eir were most likely due to the abstractions. An abstraction o f  

1300 mVday is equivalent to approxim ately 0.015 mVs, which, if  added to each 

observed discharge, would reduce the bias to 0.3%. This abstraction and the perched 

nature o f  the river at B erril’s would also explain the 11.2% difference.

At the Diversion W eir only three pathw ays could be identified using the physical 

hydrograph separation approaches -  groundw ater, interflow and overland flow. W ith a 

longer observed discharge tim e series the groundw ater m ay have been able to be split 

further into shallow  and deep groundwater, but for now they are m odelled as com bined 

contributing pathways. In each o f  the subcatchm ents, interflow was observed to be the 

dom inant pathway (again m ost like a result o f  land drains) with overland flow  com ing 

to prom inence during rainfall events when the discharge increases rapidly, as illustrated 

in Figure 7 -1 1(b), Figure 7-12(b) and Figure 7-13(b). In Figure 7 -1 1(c) and Figure 

7-12(c) it is observed that interflow was the faster responding groundw ater pathway. In 

Figure 7-12(c) groundw ater receded slow er than at the Diversion or at B erril’s (Figure 

7-13(c)). This was most likely a result o f  the sands and gravels adjacent to the river at 

Collon providing a more consistent discharge than in the other two catchm ents. The full 

year o f  data is displayed at B erril’s (Figure 7-13(c)) as it can be difficult to observe the 

different response times o f  the tw o groundw ater pathw ays at sm aller tim e scales.
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Figure 7-11. M attock Diversion W eir subcatchm ent showing a) observed discharge with sim ulated 
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7.5.4 Nuenna

NAM performed well during the calibration stage for the Nuenna catchment with a 

good fit between the simulated and observed discharges in the subcatchments, as can be 

seen in Figure 7 -14(a), Figure 7 -15(a) and Figure 7-16(a). Approximate values for 

catchment area were applied, as outlined in Chapter 5 and Chapter 8, to Castle Weir and 

Rocky Weir due to the presence o f swallow holes removing water from the contributing 

areas to these catchments. The R' value for the Castle Weir subcatchment was 0.97, the 

value was 0.95, with a bias o f -  0.0003; the Rocky Weir catchment had an R~ 

value o f 0.96, \ fW  was 0.9, with a bias o f -  0.0077; while the R' for the Monument 

catchment was 0.97, an o f 0.98 and a bias o f  0.0046. The biases represent 

differences o f 0.04%, 1.5% and 0.8% for the Castle Weir, Rocky Weir and Monument 

catchments, respectively.

In the these catchments, unlike Gortinlieve, Glen Burn and Mattock, the groundwater 

pathways dominant flows due to the presence o f karst in the catchment, with the 

presence o f long recessions in the hydrograph as a result, as shown in Figure 7 -14(a), 

Figure 7 -15(a) and Figure 7 -16(a). These karst features made it appropriate to rename 

the shallow and deep groundwater pathways as conduit flow and diffuse groundwater 

flow respectively. The Conduit flow term was applied to reflect the connections 

identified between swallow holes and springs identified in a tracer study (Walsh, 2011), 

as discussed in Chapter 5. The influence o f these karst pathways can be observed in 

Figure 7 -14(b), Figure 7 -15(b) and Figure 7 -16(b) for the Castle Weir, Rocky Weir and 

Monument catchments, respectively. It is also evident in these figures that overland 

flow, although a small contributor to discharge in general, was important for generating 

the observed peaks in discharge.
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Figure 7-14. Nuenna Castle subcatchm ent showing a) observed discharge with sim ulated discharge, 

and b) sim ulated pathway flows with observed discharge.

208



Chapter 7: Catchment M odelling; Lumped H ydrological M odelling

Rocky Weir

(a) Rocky Ob$etved |m*3/s) Rocky Simulated (in*3/s)

_  1

n
E. 0
OJ 
&  ra

J Zo
!£!

Q  0  

0

6

October November December January February March 
2010 2010 2010

April
20112011 2011 2011

08-
E
(U
EPTO

Q

Octctier
2010

March
2011

Apni
2011
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sim ulated pathway flows with observed discharge.
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The overall results o f  the NAM  calibration sim ulations for each catchm ent are 

presented in Table 7-2.

T ab le  7-2. R esults o f  NAIM m odelling a f te r  ca lib ra tion .

Catchment
Area Deep 
(km^) Groundwater

Shallow
Groundwater

Interflow Overland Bias

% % % %
Gortlnlleve 0.9 12.9 14.5 50.8 21.8 0.9 0.89 0.0011
Glen Burn (Sub) 4.8 12.2 6.1 39.9 41.8 0.91 0.94 -0.0022
Glen Burn (Outlet) 5 4.9 7.8 43.6 43.7 0.95 0.93 0.0036
Mattock (Dlv Weir) 7 16.1 51.2 32.7 0.84 0.96 -0.0028
Mattock (Collon) 11.6 6.2 11.8 48.3 33.7 0.88 0.86 -0.0153
Mattock (Berril's) 16.9 9.9 6.8 45.7 37.6 0.89 0.86 -0.0139
Nuenna (Castle) 10.2 30.6 44.6 15.4 9.4 0.97 0.95 -0.0003
Nuenna (Rocky) 19.9 31.9 47.8 13.2 12.1 0.96 0.9 -0.0077
Nuenna (Mon) 35 31.7 45.3 13.4 9.7 0.97 0.98 0.0046

7.6 Validation

M odel validation is a difficult process to im plem ent properly. G enerally this process 

involves the com parison o f  data from a period o f  sim ulation that was not utilised in the 

calibration process. One limitation is that, as with the calibration process, the observed 

data used for com parison with the sim ulated data are not w ithout error. Therefore, 

discrepancies between sim ulated values and observed values m ay be less or even 

greater than those predicted. Validation in itself is a term often m isapplied: in fact, 

Bredehoeft and Konikow (2012) suggest that scientific theory cannot be validated, only 

invalidated. A s we only have one data type that can be m easured directly and com pared 

with model output (i.e. observed discharge), this is the only data em ployed for the 

purpose o f  validation. As such, only the total discharge sim ulated for a period after the 

calibration period can be evaluated, with the caveat that this observed discharge set also 

contains errors and thus cannot provide an absolute validation. V alidation o f  each 

catchm ent was carried out im plem enting the param eter values identified by calibration. 

As previously outlined, validation o f  the sim ulated pathw ays was perform ed for data 

outside o f  those em ployed during calibration. A period o f  six m onths was used for each 

catchm ent as this was generally the extent o f  data available after at least one year o f
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data had been utilised for model calibration. The results o f simulations are summarised 

in Table 7-3. The validation statistics applied were the R̂ , and bias as per the 

calibration, with the separations o f the pathways included as a comparison with the 

calibration separations. These results are discussed in detail in Section 7.7.3.

Table 7-3. Validation results for study catchm ents.

Catchment
Area

(km')

Deep
Groundwater

Shallow
Groundwater

Interflow Overland v'fl- Bias

Cal Val Cal Val Cal Val Cal Val Cal Val Cal Val Cal Val
% % % % % % % %

Gortinlieve 0.94 12.9 19.6 14.5 12.1 50.8 56.1 21.8 12.1 0.9 0.85 0.89 0.84 0.0011 0.0011
Glen Bum (Sub) 4.79 12.2 7.8 6.1 3.4 39.9 53.5 41.8 35.3 0.91 -0.67 0.94 0.17 -0.0022 0.0280
Glen Burn (Outlet) 5 4,9 3.9 7.8 6 43.6 48.8 43.7 41.3 0.95 0.95 0.93 0.94 0.0036 0.0006
Mattock (Div Weir) 6.99 16.1 16.6 51.2 46.1 32.7 37.3 0.84 0.74 0.96 0.92 -0.0028 -0.0135
Mattock (Collon) 11.61 6.2 9.4 11.8 14.6 48.3 42.6 33.7 33.3 0.88 0.54 0.86 0.45 -0.0153 -0.0573
Mattock (Berrll's) 16.88 9.9 13 6.8 7.2 45.7 46.4 37.6 33.4 0.89 0.68 0.86 0.76 -0.0139 -0.0268
Nuenna (Castle) 10.24 30.6 29.3 44.6 44.4 15.4 15.9 9.4 10.4 0.97 0.92 0.95 0.9 -0.0003 -0.0010
Nuenna (Rocky) 19.89 31.9 27.1 47.8 49.4 13.2 12.6 12.1 10.9 0.96 0.8 0.9 0.81 -0.0077 0.0012
Nuenna (Mon) 34.99 31.7 21.7 45.3 53.6 13.4 13.5 9.7 11.2 0.97 0.88 0.98 0.93 0.0046 -0.0041

7.7 Discussion

NAM has been applied to the same catchments as the other physical hydrograph 

separation methods (Chapter 6). The results have been presented within this chapter for 

the calibration (Section 7.5) and the validation (Section 7.6) stages o f  the NAM 

modelling. In comparison to the approaches applied in Chapter 6, NAM is more adept 

at representing the quick responding pathways, due to the non-linear nature o f the 

discharges from the storages within the NAM structure (Section 7.2). This supports the 

use o f NAM as an investigative approach for separating the hydrograph as well as a 

validation tool for comparing simulated and observed discharge.

7.7.1 Prelim inary modelling

Section 7.4.2 describes how the temporal resolution o f the input rainfall data for the 

NAM model impacts the ability o f  NAM to simulate peaks, particularly in ‘flashy’ 

catchments. Figure 7-7 illustrates this with the simulated peak approaching the shape o f
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the observed discharge as the rainfall data time steps decrease from one day to 15 

minutes. As the rising and falling limbs o f  the rainfall event are both contained within a 

period o f just over 24 hours, daily time steps cannot adequately represent the shape o f 

the hydrograph. The hourly data provided a marked improvement, with 15 minute data 

simulating the best approximation o f  the hydrograph.

This suggests that in smaller catchments (less than 100 km^ in the example o f the 

catchments assessed here), higher temporal resolution rainfall data will be required in 

order to simulate the rainfall events acceptably. To evaluate this proposition a small, 

‘non-flashy’ catchment was investigated to see if the same relationship applied. The 

Nuenna catchment, as discussed in Chapters 4, 6 and within this chapter, is a 

groundwater-dominated catchment that responds slowly to rainfall, with a long 

recession following events. Whereas the Balycahalan, Owenshree, Owendullalagh and 

Bawn catchments are ‘flashy’ catchments, with typically poorly draining soils and 

subsoils. The ‘flashy’ catchments exhibit a similar trend o f increasing R~ values as the 

temporal resolution o f  the rainfall data increases (Table 7-1), implying that the time step 

o f  the rainfall is crucial for simulating peaks in the hydrograph. The Nuenna, however, 

does not display this same behaviour with R~ increasing only modestly from 0.907 to 

0.958 as the time step for rainfall input decreases. This compares with the significant 

increase in R' o f  0.33 to 0.85 for the Balycahalan catchment. The Bawn also shows a 

large increase from 0.35 to 0.89 for the rainfall time step reducing from daily to hourly, 

with another increase in R' expected had 15 minute rainfall data been available. This 

suggests that the size o f the catchment alone is not enough to determine whether high 

temporal resolution data are required, and that the responsiveness o f  the catchment also 

needs to be taken into account. One approach to investigating the catchment response is 

to assess the master recession curve output o f  Chapter 6. The tabulation method MRC is 

presented for the Bawn and for the Nuenna Monument catchments in Figure 7-17 and 

Figure 7-18. The fastest responding pathway (conceptually overland flow) has a r  value 

o f  0.258 for the Bawn catchment and 0.005 for the Nuenna Monument catchment. 

These correspond to response times o f 3.87 hours and 200 hours, respectively. These 

are the fastest responding pathways according to the MRC approach. This would be the 

minimum time step o f rainfall required to simulate these responses and so provides an 

indication o f the acceptable time step o f  rainfall required for modelling. Also, the 

recession from a peak on a hydrograph is typically slower than the rise in the
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hydrograph to the peak, therefore an even shorter time step for rainfall data would be 

required than the one suggested by the MRC analysis.
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Figure 7-17. Tabulation M RC from the Bawn catchment.

Tabulation/Matching Strip Method
2.700

= 11.657e-0°05x
1.000

0.370 y=0.8982e-^E-04x

0.137

0.051
1000 , 2000 , 

Time (hours)
3000 4000

Figure 7-18. Tabulation M RC from the Nuenna Monument catchment.
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One other notable observation from the initial m odelling is the dip in the hydrograph o f  

the hourly and 15 minute sim ulated discharges in Figure 7-7. The observed discharge 

shows no such dip, suggesting that rain fell on the catchm ent during this period to 

sustain this flow  peak but was not recorded by the rain gauge. This will always be an 

issue with catchm ent scale m odelling due to the variations inherent in rainfall 

distribution and intensity. This was part o f  the reasoning o f  locating tw o rain gauges in 

the study catchm ents, even though the catchm ents are relatively small in size.

7.7.2 Calibration

The calibration process involved the im plem entation o f  an auto-calibration routine built 

into the NAM  program , evaluating sim ulations based on their w ater balance achieved, 

the R~ value and by a weighted R~ value that only considers high or low discharges as 

described in Section 7.5. The physical hydrograph separations o f  C hapter 6 provided 

realistic ranges for the percentage o f  river discharge derived from each o f  the pathways, 

and could thus be used to inform the range o f  NAM  param eter values em ployed in the 

calibration process. This helped to address the issue o f  equifinality, as discussed in 

C hapter 3 and Section 7.2, w hereby m any different param eter sets could be 

im plemented in NAM  that w ould generate an overall discharge that w ould be as good 

(assessed using the objective functions) or nearly as good as the best param eter set 

identified applying the auto-calibration routine. As such, the model was not free to 

choose param eter values from any range and in this w ay accounted for the pathway 

separations predicted in C hapter 6. The N A M  model itself, however, was also 

em ployed as an investigative tool. Furtherm ore, when the calibration process implied 

that a certain pathw ay m ay be more or less prom inent than the physical hydrograph 

separations suggested, this was also taken into account when setting the limits o f  a 

param eter value in the auto-calibration routine, provided that a physically plausible 

separation was still being obtained. This approach typically has the effect o f  reducing 

the perform ance o f  the objective functions, as restrictions on the param eter values that 

can be im plemented m ay prevent NAM  from achieving the optim um  calibration. The 

pathway contributions, sim ulated using the optim um  param eter set, m ay be unrealistic 

(for example, a large contribution o f  groundw ater in a ‘flashy’ catchm ent underlain by a 

poorly productive aquifer). In this manner, calibration o f  each o f  the study catchm ents
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was an iterative process, culm inating in the results sum m arised in Table 7-2; these are 

now com pared with the physical separation results in Table 7-4.

As can be seen in Table 7-4, there are general trends evident am ong the four study 

catchm ents, particularly between the Gortinlieve, Glen Burn and M attock catchm ents. 

This is to be expected as all three o f  these catchm ents, and their subcatchm ents, have 

generally poorly draining soils and subsoils, underlain by poorly productive aquifers, as 

outlined in C hapter 4. Typically, the com bined groundwater contribution (deep and 

shallow groundw ater) to the river is less than 20%, with the exception o f  the 

Gortinlieve EPA W eir catchm ent w here the “baseflow ” is som ew hat above this 

(27.4%). Reviewing the results o f  C hapter 6, this is consistent w ith the range o f  

contributions predicted by the MRC analysis, the digital filtering algorithm s and the 

recharge coefficient approach, again with the exception o f  G ortinlieve. The recharge 

coefficients suggest that only 11.3% o f  river discharge in Gortinlieve would be derived 

from the groundw ater pathways due to the PI aquifer in the catchm ent, while the MRC 

suggests 19.9%. Applying N AM , the model was predicting a high contribution from the 

groundwater pathways (greater than 30%). Taking the physical separations into 

account, this contribution was refined back to 27.4% , while m aintaining the 

perform ance o f  the objective functions. This still appears to unrealistically high, taking 

the recharge coefficients approach into account which is a good indicator o f  the upper 

limit o f  the groundw ater contribution as discussed in C hapter 6. This would suggest that 

NAM  is predicting a groundw ater response closer to that o f  the M RC analysis than that 

suggested by the recharge coefficients approach. As discussed in C hapters 4, 5 and 6, 

the hydrom etric station in G ortinlieve for the EPA W eir subcatchm ent experiences 

issues with silt during low flow conditions that m aintains the level recorded by the stage 

logger higher than the equivalent discharge in the river. These periods can be difficult 

to identify and will have the effect o f  skew ing the groundw ater discharge predicted by 

NAM  upwards, which may have influenced the results o f  Table 7-2. A lso the m ajor 

controlling factor for the recharge coefficients in poorly productive aquifers is the 

recharge cap applied. As discussed in C hapter 6, a recharge cap o f  100 mm per annum 

is applied to G ortinlieve as a PI aquifer underlies the w hole catchm ent. The difference 

in classification between a PI aquifer and LI aquifer can be small, yet results in an 

increase o f  the assigned recharge cap from 100 mm to 200 mm. I f  the catchm ents 

aquifer classification w as upgraded to a LI aquifer, this would bring the recharge
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coefficients more in line with what NAM  and the M RC analyses are predicting here, 

taking into account that the NAM  predictions are probably over-estim ated due to the 

effects o f  the silting at the hydrom etric station.

The interflow contributions com puted by N A M  are generally within the range o f  those 

calculated in C hapter 6. There are some discrepancies: the Nuenna Rocky subcatchm ent 

is one exam ple where interflow is more than w ould be expected applying the 

separations obtained in C hapter 6. Taking into account that only the M RC analysis 

could be applied to calculate interflow for this catchm ent, and that when the com bined 

interflow and overland flow contribution as determ ined applying the m odified recharge 

coefficient approach, the separation appears reasonable. As considered w ithin Section 

7.5, the dom inance o f  the interflow pathway as a contributor to river discharge is most 

likely a result o f  the prevalence o f  field drains within the poorly draining soils o f  the 

fast responding catchm ents (Gortinlieve, G len Burn and M attock). Therefore, this 

drainage is augm enting the contribution o f  interflow by providing a path o f  less 

resistance for the w ater to flow along quickly when com pared with the surrounding 

soils. The sim ulated overland flow behaves m uch like the interflow contributions with 

most o f  the catchm ent’s overland flow output from NAM  lying w ithin the ranges 

calculated in C hapter 6.
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Table 7-4. Calculated catchment pathway separations.

Catchment
Area
(km̂ )

Deep Groundwater
Shallo^ '̂

Groundwater Groundwater Interflow Overland
Quick
Flow

MRC
Mod
Lyne NAM MRC

Mod
Lyne NAM

Recharge
CoefP

MRC
Mod
Lyne NAM MRC

Mod
Lyne NAM

Recharge
CoefP

% % % % % % % % % % % % % %
Gortinlieve 0.94 14,6 6 12.9 5.3 5.9 14,5 11.3 51.6 50 50.8 2B.5 38,1 21.8 88.7
Glen Burn (Sub) 4.79 11.7 2.4 12.2 11.1 2.4 6.1 18.4 34.3 56.7 39.9 42.9 38,5 41.8 81.6
Glen Burn (Outlet) 5 11.7 3,4 4.9 10,4 3.5 7.3 13.9 43.8 62.8 43.6 34.2 30,3 43.7 81.1
Mattock (DIv Weir) 5.99 8.5 8.8 23.1 49.6 52.2 51.2 41.9 39 32.7 76.S
Mattock (Collon) 11.61 12.9 7 4 6.2 15.8 7.5 11.8 23.1 35.7 45.8 48.3 37.7 39.2 33.7 76.9
Mattock (Berril's) 16.88 4.5 2,9 9.9 6.5 2.8 6.8 23 30.1 59.2 45.7 5S.9 30.13 37.6 77

Nuenna (Castle) 10.24^ 48,5 3D.6 36 44,6 70.5 10.3 15.4 5.2 9,4 29.5

Nuenrta (Rocky) 19.89^ 51.4 31.9 40.3 47.8 32.2 5,5 13.2 1.8 12.1 17.8
Nuenna (Mon) 34.99 44.1 31.7 35.7 45.3 71.3 14.2 13.4 6 9.7 28.7

“ Recharge coefficient approach used to separate into quick (interflow and overland flow) and slow (deep and shallow' groundwater) pathways, they are placed under deep groundwater and 

Interflow, respectively, for convenience.
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The objective functions in Table 7-2, provide a m eans o f  assessing the efficiency o f  the NAM  

model at sim ulating the overall observed discharge in the river. The R ', and bias values 

indicate the success o f  the calibration, illustrated in the plotted sim ulated and observed 

discharge series in Section 7.5.1. R' provides an assessm ent o f  the overall fit o f  the sim ulated 

discharge with the observed discharge. A s this function contains squared values it will tend to 

w eight the higher discharges m ore heavily than the lower discharges. In order to obtain an 

assessm ent o f  the fit o f  the lower sim ulated discharges, the param eter is em ployed. The 

bias is then an assessm ent o f  the overall average sum o f  all the observed discharges less the 

sim ulated discharges. Provided the bias is only a small proportion o f  the average discharge, 

the m odel perform ance is deem ed satisfactory due to the error inherent in m easurem ent 

devices as described in C hapter 5. As all three objective functions m easure the efficiency o f  

the sim ulated discharges, there is a general correlation between the three. It is observed in 

Table 7-2 that the overall perform ance o f  NAM  in the study catchm ents is generally good, 

with m ost R' values greater than 0.9 or ju st below this. The same com m ent applies to the 

values, with biases being typically small -  being both positive and negative percentages 

indicating that NAM  is not consistently over- or underestim ating discharge.

The w orst perform ing catchm ent in term s o f  the objective functions is the M attock. This is a 

reflection o f  m any com plexities in the catchm ent that are difficult to quantify. These issues 

have already been outlined in C hapter 4. The M attock has water diverted from the catchm ent 

upstream  at the Diversion W eir hydrom etric station. This w ater is rem oved to the nearby 

town o f  D rogheda outside o f  the catchm ent. There is a river stage logger, m onitoring w ater 

leaving the catchm ent, but this water is rem oved by a pipe from a reservoir that has had its 

efficiency at rem oving w ater changed by a large storm in O ctober 2011. This has com plicated 

the rating curve at this point, adding further uncertainty to recorded discharges. At Collon 

W eir there is an issue with silting o f  an intake pipe to the stilling well at this point; this 

affects low flow conditions, but has also led to gaps in the data set at higher flow conditions 

as discussed in Section 7.3.3, and w hich will be further addressed in Section 7.7.3. Also 

described in C hapter 4 is the irregular pum ping o f  w ater for supply in the town o f  Collon 

from sands and gravels located near the river at this point. It is thought that this m ay have an 

effect on the river discharge and this issue is being investigated by Louth County Council, 

with no findings available as yet. One final known com plication in the catchm ent, as outlined 

in C hapter 4 also, is that the M attock river becom es perched near the catchm ent outlet, with 

the bedrock groundw ater level being 11 m below the river. These com plexities are difficult to
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fully represent in a lumped model such as NAM . fhe bias in Table 7-2 for Collon W eir and 

B erril’s is reduced substantially when the w ater being pum ped at Collon W eir is accounted 

for. These com plexities are further investigated in C hapter 8 when a fully distributed model 

is applied to the M attock catchment.

7.7.3 Validation

Validation, as discussed in Section 7.7.3, was carried out to assess the closeness o f  fit 

between the sim ulated and observed discharge for the six month period directly after the 

calibration period. The pathway contributions for these periods are also presented for this 

period Table 7-3, but should not be viewed as part o f  the validation process.

In general, there is a decrease in the perform ance o f  the objective functions, which is to be 

expected as there are new data to model situations that have not been calibrated for. The 

trends for the validation are som ewhat sim ilar to  those o f  the calibration discussed in Section 

7.7.2, with the catchm ents perform ing well in general with the exception o f  the M attock, 

where the model perform s less well due to the same com plexities outlined in Section 7.7.2. 

The bias again varies between positive and negative values, with som e im provem ents on the 

bias encountered in the calibration process. O m itting the tw o worst perform ing 

subcatchm ents (M attock Collon W eir and Glen Burn Subcatchm ent), the validation is on 

average 90%  o f  the calibrated value for R~ and 93%  for V ^ .  These validations are for a 

period o f  six m onths after the calibration period; it is assum ed that the objective function 

perform ances would decrease for longer tim efram es as the sim ulations m ove further and 

further from the conditions under which they were calibrated.

The M attock Collon W eir and Glen Burn Subcatchm ent were om itted due to issues arising 

from the observed discharges for these two subcatchm ents. In the G len Burn subcatchm ent, 

the perform ance o f  the R' was -0.67, a value representing a worse fit with the observed 

discharge than obtained from m odelling this observed discharge using a straight line through 

the data with the value o f  the mean discharge. On closer inspection o f  the sim ulated and 

observed discharges, it was evident that the m easured discharges for the subcatchm ent 

appeared to be offset above w hat w ould seem feasible (Figure 7-19). These tw o hydrom etric 

stations are located less than a kilom etre apart with no tributaries located betw een them , 

therefore, the Subcatchm ent discharge is typically sim ilar to the O utlet discharge, generally 

m arginally less. In February there was an issue with the logger and it was reset, but it appears
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to have been set too high (as shown from A pril to August 2012). I f  the Outlet discharge is 

used as an approximate for the subcatchment data, an o f 0.93, an o f 0.9 and a bias o f 

0.007, providing a good match with the data (Figure 7-20). Unfortunately the Collon Weir 

discharge errors are more subtle and not as readily remedied. It can be seen in Figure 7-21 

that the discharge at Collon Weir typically exceeds the discharge at the Diversion Weir by 

approximately 0.1 m /s. However in Figure 7-22, the discharge at Collon Weir is 

approximately the same as at the Diversion Weir during the validation period for March and 

April but continues to decrease until it is less than the Diversion Weir discharge in June. At 

the end o f  Figure 7-21 it can be seen that there is a break in the discharge recorded at Collon 

Weir; when this time series resumes in 2012, it starts above the Diversion Weir discharge but 

the difference slowly decreases until the Collon W eir discharge is actually less than the 

Diversion Weir discharge (Figure 7-22). As this is a gradual and non regular decay o f the 

difference o f  the two discharges it is very d ifficu lt to obtain an accurate time series with 

which to validate the predicted discharges.

Oullel Obseri'ed (m *3/s| - - - - - - -  Sucatchment Obsewed |m *3/sj

E
<uep

0 5:
u
Q

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
2011 2011 2011 2011 2012 2012 2012 2012 2012 2012 2012 2012

Figure 7-19. Comparison of Glen Burn Outlet and Subcatchment observed discharges (Sept 20122 — Aug 

2012).
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Figure 7-20. Com parison of Glen Burn observed O utlet discharge and sim ulated Subcatchm ent discharge 

(A pr 2 0 1 2 -A u g  2012).
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Figure 7-21. Observed discharge in the M attock for the Diversion W eir and Collon W eir (Nov -  Dec 

2011).
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Figure 7-22. Observed discharge in the M attock for the Diversion W e ir and Colion W eir (M a r  — July 

2012).

Overall N A M  performs well at reproducing the observed discharges for the calibration 

period, with a decrease in the performance o f the simulations in the validation period, though 

not a substantial one. The separations obtained from the calibration period are in general 

agreement w ith those o f the physical hydrograph separations in Chapter 6. The validation 

separations in Table 7-3 are broadly similar to those o f the calibration process, but as these 

are not actually observed separations, they do not represent a proper validation o f  the 

simulated separations and as such are o f less importance than the overall discharge for the 

validation process.
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8 Catchment Modelling; Finite Difference Modelling

8.1 Introduction

The M attock catchm ent has been assessed applying physical hydrograph separation and 

tem perature tracer m ethods (Chapter 6) and sem i-distributed lumped m odelling 

(Chapter 7). In this chapter, the groundw ater system will be further investigated 

im plem enting a fully distributed fm ite-difference model. The objective is to  obtain 

further insight into the groundw ater surface-w ater interactions and to evaluate the 

applicability o f  a distributed m odelling approach given that limited data are available, 

though more inform ation is available for the M attock than most catchm ents in general. 

The M attock is shown in Figure 8-1.

The am ount o f  data required to populate a finite difference model and calibrate it is an 

im portant aspect o f  applying a distributed model to a catchm ent such as the M attock. 

These types o f  m odels required a spatial distribution o f  hydraulic conductivity and 

storage properties as well as the location o f  the w ater table at certain points in order to 

calibrate the model. These data can be difficult to acquire in a catchm ent that does not 

have a long history o f  detailed field studies or where a national database o f  this 

inform ation does not exist. The approach o f  this chapter will further highlight this.
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Figure 8-1. M attock catchm ent with borehole locations.

8.2 MODFLOW

As reviewed in C hapter 3, M ODFLOW  is a finite difference groundw ater flow model 

developed by the United States Geological Survey (M cD onald and Harbaugh, 1984). its 

m odular structure allow s the insertion o f  necessary program s into the m odel only when 

required, such as the well package when assessing pum ping well effects, and facilitates 

the easy im plem entation o f  any newly developed packages for the model. As a result o f  

this, there are a lot o f  file m anagem ent requirem ents so that M ODFLOW  is generally 

im plem ented using a graphical user interface (GU I) as the front end o f  the m odel. This 

research utilizes Ground W ater V istas to im plem ent M ODFLOW  in the M attock 

catchm ent to further investigate the groundw ater-surface w ater interactions in this 

catchm ent. A sam ple screenshot o f  the program  can be seen in Figure 8-2.
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Figure 8-2. Screenshot o f  Ground W ater Vistas showing different bedrock units and the catchm ent 

orientated to align with major faulting in the bedrock.

MODFLOW computes the head within the cells o f the model in order to calculate the 

three-dimensional groundwater flow in the catchment. This is achieved by the finite- 

difference solution to Equation 3-i that describes flow o f water through a porous 

material with the water having constant density.

S /  S h \  S  /  , S h \  5 f  S h \  . , ^ 5h
8-1

where K  is hydraulic conductivity in the axis direction [m/day], xx, yy  and zz are the 

axis directions, h is hydraulic head [m], x ,y  and z, are the dimensions o f the cells in the 

corresponding directions [m], W  is change in water flux [day’’], Ss is specific storage o f 

the aquifer material [m ''], and t is time [day]. From the finite-difference solution, a

contoured groundwater table can be determined along with the flows in each cell and
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subsequently discharges to the river, as well as discharges from the river to the 

groundwater.

The solution o f  Equation 3-1 requires values o f  hydraulic conductivity in each direction, 

the specific storage o f  the bedrock along with recharge and abstraction data for the 

catchm ent. These data requirem ents are challenging to satisfy spatially and tem porally 

within the M attock catchm ent. The m ethods o f  approxim ating each o f  these are 

discussed in Section 8.3. The im portance o f  boundary conditions is also considered in 

Section 8.3 as these will greatly influence the flow conditions in an aquifer and 

therefore the interactions between the surface w ater and the groundwater. These will 

include defining the extent o f  the groundw ater catchm ent, the location o f  rivers and the 

outlet point o f  the catchm ent. Once the catchm ent has been set up within M ODFLOW , 

the model requires daily recharge to provide the water that will affect the flow within 

the aquifer and a tim e series o f  the boundary conditions, such as river head, that affects 

the constraints on the groundw ater flow. These are also exam ined in Section 8.3. The 

autom ated calibration software PEST (D oherty et al., 1994) was applied to calibrate 

data within the model, with this software contained within Ground W ater Vistas.

8.3 Conceptual model and model design

Applying a num erical model to a catchm ent requires a sim plification o f  the physical 

processes occurring within the catchm ent. The different hydrostratigraphic units and 

boundary conditions m ust be identified. E lem ents o f  the model such as abstraction 

wells, drains and rivers, need to be identified. The conceptual m odel is a pictorial 

representation o f  the groundw ater flow system , frequently in the form  o f  a block 

diagram or a cross-section (Anderson and W oessner, 1992). A pplying this approach we 

can see in Figure 4-20 and Figure 4-19, a representation o f  the catchm ent at B erril’s and 

at Collon. In these figures an estim ation o f  the depth to bedrock and the type o f  subsoil 

overlying this bedrock can be obtained for these locations. M apping, carried out by the 

Geological Society o f  Ireland (G Sl), o f  depth to bedrock and perm eability o f  the 

overburden, provides a useful starting point for conceptualisation o f  the catchm ent. A
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selection o f  the types o f  data that can be acquired from these sources is presented in 

Figure 8-3 and Figure 8-4.

The model is bounded by the topographical highs to the north, south and east. The 

conceptual model o f  the groundw ater flow is that it originates from m ore permeable 

bedrock (shallow  groundw ater) and less perm eable bedrock (deep groundw ater). The 

shallow and deep groundw ater are divided into layers based on reducing hydraulic 

conductivity with depth, taking discrete intervals o f  depth and applying the hydraulic 

conductivity related to that depth to  the layer (as will be discussed further in Section 

8.3.3). The bedrock w ithin the catchm ent can be classified between volcanic bedrock 

(basalt and rhyolite as shown in Figure 8-6(a)) and m etasedim ent bedrock (Ordivician- 

Silurian greyw acke and turbidite as shown in Figure 8-6(a)). The m etasedim ent bedrock 

to the east o f  the catchm ent is classified as a Pu aquifer, with the volcanic and 

m etasedim ent bedrock to  the west o f  this classified as PI (Figure 8-6(b)). Pu aquifers 

are poorly productive aquifers (i.e. sm all storage and low transm issivity), w hile the PI 

aquifer typically have higher storage and transm issivity values, but still exhibit the 

characteristics o f  a poorly productive aquifer. The river at Berril’s is above the bedrock 

water levels in the MK3 boreholes adjacent to the river (Figure 8-1), suggesting that the 

river is perched at this location (as discussed in C hapter 4). The elevation o f  the river is 

approxim ately 11 m above the groundw ater table in the boreholes. This was shown in 

C hapter 4 in Figure 4-20.

A long with the bedrock aquifers in the catchm ent, there are two sand and gravel 

aquifers, one located at Collon and the other along the tributary by borehole 3 and 4 

(BH3 and BH4) in Figure 8-1. An indication o f  their extent can be inferred from the 

High (H) perm eability subsoil m apped in Figure 8-4 and from the cross-section at 

Collon (Figure 4-19). The extent o f  the different bedrock and sand and gravels 

m odelled are presented in Figure 8-9. There is a confining layer o f  clay present in the 

sands and gravels at Collon. This requires a layer with low hydraulic conductivity to be 

inserted in this area between the upper and lower sand and gravel units. The upper unit 

is conceptually less connected to the lower sands and gravels and therefore will most 

likely be com prised o f  w ater flowing into it laterally from surrounding bedrock and 

recharge infiltrating from the surface. In contrast the lower sand and gravel unit will 

contain w ater flowing from the bedrock underlying it as well as lateral inflow. These
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sands and gravels also supply three boreholes located there, abstracting approxim ately 

1300 mVday o f  water. This abstraction rate along with an estim ated o f  the hydraulic 

conductivity o f  these sands and gravels are taken from a groundw ater protection study 

undertaken by CDM  (2010).

The subsoils, as can be seen in Figure 8-4, have generally Low (L) draining potential, 

the term N/A in the legend refers to subsoil less than three m etres in depth that are 

generally poorly draining soils and subsoils (as described in C hapter 4). As such, most 

recharge to the bedrock layers will occur near the catchm ent divide where soils are 

shallower and at the locations o f  High (H) and M edium  (M) perm eability subsoils in 

Figure 8-4.

Mattock Depth to Bedrock 

I H I I  1-3 m 

| | | | | | |  3-5 m

I | 5-10m

Figure 8-3. Depth to bedrock m apping in the M attock.
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Mattock Permeability
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Figure 8-4 . Su bso il perm eab ility  in the M attock.

2 •The topographical catchm ent dram s an area o f  16.9 km , with the neighbourm g

catchm ents m odelled in order to com pute the groundw ater catchm ent to the outlet point 

at Berril’s (see Section 8.4.1). The M attock and the surrounding catchm ents drain an 

area o f  120.4 km^.

8.3.1 Modelling the continuous surface

The grid o f  num erical m odels used for groundw ater flow sim ulations requires the input 

param eters to be represented at each cell location. These param eters are often only 

sampled at discrete locations sparsely distributed throughout the study area. In order to 

obtain values for all the cells located between measured points, interpolation that 

reflects the actual field conditions is required to estim ate these input parameters. 

Kriging interpolation (Krige, 1951) was applied to estim ate these surfaces due to its 

ability to m aintain the observed values at their locations in the continuous surface space 

unlike other interpolation m ethods. 20 m Digital Elevation M odel (D EM ) data, that 

provide elevation points o f  the land surface, w ere processed and then inputted into the 

contouring software SURFER in order to create a three-dim ensional representation o f 

the conceptual model. A survey o f  the river bed w as carried out using the Trim ble 4700 

GPS system. This provided an accurate elevation o f  the riverbed that updated the DEM
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files for the channels topography. The topology o f  the catchm ent was then determ ined 

using Surfer, as shown in Figure 8-5.

250mC®
240mOD
230m00
220m00
210m 00
200m00
190n00
180m00
I70m00
160m00
150mOD
UOmOO
130m00
120m 00
llOmOO
lOOmOO
90m00
SOmOO
70mOD
eOmOD
50m00
40n00
30n>00

Figure 8-5. Three dim ensional rendering o f M attock surface (note, vertical scale exaggerated).

8.3.2 Layer elevations

Utilising the depth to bedrock m apping (F igure 8-3), the depth from the surface to 

bedrock was calculated with SURFER to create a continuous surface o f  the top o f  the 

bedrock. C ross-sections at Collon (Figure 4-19) and at B erril’s (Figure 4-20), com bined 

with observations from borehole logs from the drilling o f  the M K l ,  M K2 and MK3 

borehole clusters and other boreholes that have been located w ithin and surrounding the 

catchm ent, shown in Figure 8-1, helped to refine the depth to bedrock mapping.

Applying the borehole logs from the M K clusters, an average shallow  groundw ater 

layer depth was defined as an offset from the base o f  the subsoil layer. Conceptually, 

this shallow  groundw ater layer is m ost perm eable at the top o f  the layer where the 

highly weathered rock is in contact with the overlying subsoil. The perm eability is
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represented as decreasing with depth (see Section 8.3.3) due to decreasing exposure to 

w eathering effects and less chance o f  fracturing due to the bedrock becoming m ore 

com petent. The shallow groundw ater layer was further subdivided into 4 m intervals to 

accom m odate these increm ents in perm eability.

The deep groundw ater layer was defined as a further offset from the overlying shallow 

groundw ater layer. This deeper, less fractured bedrock w as subdivided into two zones 

to reflect the assum ed reduction in perm eability with depth. These subdivisions were 

relatively large (10 m ) due to the small changes in perm eability that were expected.

8.3.3 Hydraulic conductivity

Hydraulic conductivity ranges were calculated based on the bedrock type and aquifer 

classification in the catchm ent. The changes in bedrock type were identified with GSI 

mapping, Figure 8-6. The turbidite bedrock, identified as the Pu aquifer type, has been 

related to turbidite bedrock that has been studied in the Glen Burn catchm ent for initial 

estim ates o f  hydraulic conductivity. Hydraulic conductivity o f  this type o f  bedrock has 

been observed to be inversely proportional to the depth below the surface o f  the 

bedrock by Equation 8-11 (Com te et al., 2012).

K =  8-II

where K  is the hydraulic conductivity [m/day] at depth d  [m]. Equation 8-11 was used to 

assign hydraulic conductivity values to the shallow  and deep groundw ater layers in the 

turbidite bedrock. The bedrock and aquifer type m apping in com bination with a table 

provided by the GSI to relate these two m aps to  transm issivities formed the basis o f  

transferring the hydraulic conductivity in the turbidite to the other volcanic and 

m etasedim ent bedrock types. The transm issivity o f  the turbidite was thus related to the 

other bedrocks with the Equation 8-II relationship applied to transform  the hydraulic 

conductivities. The relationship between depth and hydraulic conductivity is illustrated 

for turbidite in Figure 8-7 with a schematic o f  decreasing weathering and fracturing 

with depth and a graph o f  decreasing hydraulic conductivity with depth based on 

Equation 8-II. Data w ere also provided by Janka N itsche (Queens University Belfast) 

from pum ping tests carried out in the MK boreholes, which were also utilised to help
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constrain the hydraulic conductivity at the catchment outlet; these are presented in 

Table 8-1. The sands and gravels located at Col Ion are o f particular interest as discussed 

in Chapter 4 and a cross-section o f this area is illustrated in Figure 4-19. As discussed 

in Section 8.3, the groundwater protection study carried out by CDM (2010) provided 

the initial estimations o f hydraulic conductivity in these sands. These sands and gravels 

are represented within the model as areas o f higher hydraulic conductivity that are 

located in the upper layers o f the model, with a lower hydraulic conductivity layer 

located in the middle o f the sand and gravel layers to represent the clay layer in Figure 

4-19. This is then underlain by bedrock. The final ranges o f  the hydraulic conductivities 

implemented in the model are shown in Table 8-4.

MiiHock Betliock
m  Basaft - andestte, tufr. siate & mudslone 
I— 1 Rnyoite. rfvomc tutr & state
( I Deep mann«, Slate, shale, mnor sandstone & sittstone
i m  ‘ Moffat shaleT facies (Ordovician - Silunan). Shale & greywacKe
I I Deep manne turt^dile sequence. Mudstone, greywacke & conglomerate

Mattock Aquirer

Figure 8-6. (a) Bedrock in the Mattock and (b) aquifer type.
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Subsoil

Shallow Groundwater 

> = :

Deep Groundwater

Figure 8-7. Decreasing hydrau l ic  conductivity  with d ep th  and  frac tu r ing /w ea th e r ing  fo r  tu rb id i te .

Table 8-1. H ydrau lic  conductivity  and  s to ra tiv ity  d a ta  from the M K  boreholes (da ta  p rovided by 

J a n k a  Ntsche, QUB).

Saturated 
thickness (m) Storativity

Hydraculic
Conductivity

(m /d)
MKl Deep 39.9 0.0017 0.003

Shallow 16.2 0.398 0.004
MK2 Deep 33.6 0.584 0.461
MK3 Deep 21.3 0.0466 0.220

Shallow 6.1 0.152 0.004

8.3.4 Storage characteristics

The shallow groundw ater layers w ere sim ulated as containing the groundw ater table at 

different locations throughout the catchm ent (Section 8.4.2) and as such are m odelled as 

being unconfm ed aquifers with specific yields varying according to  bedrock type. 

Specific yields were obtained using values from M orris and Johnson (1967), as shown 

in Table 8-2. Specific yield has a relatively small range, varying by an order o f
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magnitude as opposed to many orders o f magnitude when compared to the ranges o f 

hydraulic conductivity and specific storage (see Table 8-3). As the lower layers o f the 

deep groundwater layer remained confined throughout the simulation, they only 

required the specific storage parameter. The remaining layers required both specific 

yield and specific storage parameters depending on whether they were confined or not 

by the layer overlying them. The sands and gravels w ith in the model, as per their 

hydraulic conductivity in Section 8.3.3, were assigned in itia l values o f specific storage 

and specific yield higher than that o f the bedrock. Estimates o f  storativity outlined in 

Table 8-1 also assisted in constraining the specific storage and specific yield values, but 

as can be seen from the unrealistically high values storativity for M K l Shallow, MK2 

Deep and MK3 Deep, the error that can be involved in field sampling o f these values 

can lead to misguiding values being obtained. The final calibrated ranges o f  specific 

storage and specific yield are presented in Table 8-5.

Table 8-2.Specific Yield ranges (M orris  and Johnson, 1967).

Material
No. of 

analyses Range
Arithmetic

mean

Sedimenary materials
Sandstone (fine) 47 0.02-0.40 0.21
Sandstone (medium) 10 0.12-0.41 0.27
Siltstone 13 0.01-0.33 0.12
Sand (fine) 287 0.01-0.46 0.33
Sand (medium) 297 0.16-0.46 0.32
Sand (coarse) 143 0.18-0.43 0.3
Gravel (fine) 33 0.13-0.40 0.28
Gravel (medium) 13 0.17-0.44 0.24
Gravel (coarse) 9 0.13-0.25 0.21
Siltstone 299 0.01-0.39 0.2
Clay 27 0.01-0.18 0.06
Limestone 32 0-0.36 0.14

Wind-laid materials
Loess 5 0.14-0.22 0.18
Eolian sand 14 0.32-0.47 0.38

Rock
Schist 11 0.22-0.33 0.26
Tuff 90 0.02-0.47 0.21
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Table 8-3. Specific Storage ranges, adapted from Domenico (1972).

Material Specific storage (Sg) (m' )̂

Plastic clay 2.0 X 10'^-2.6 X 10'^
Stiff clay 2.6 X 10'^-1.3 X 10'^
Medium-hard clay 1.3 X 10'^-9.2  X 10-^
Loose sand 1.0 X 10'^-4.9  X 10-^
Dense sand 2 . 0 x  lO''*- 1. 3x  10'^
Dense sandy gravel I.Ox 10-'‘ - 4 .9 x  10'®
Rock, fissured, jointed 6. 9x10' ®- 3 . 3x10- ®
Rock,sound Less than 3.3 x 10*®

8.3 .5  B ou n d ary  con d ition s

Applying the correct boundary conditions to a groundw ater model is a critical part o f  

sim ulating the groundw ater flow. The setting o f  boundary conditions is the step in 

model design that is m ost subject to serious error (Franke et al., 1987). There are three 

types o f  m athem atical conditions that can represent a boundary:

1. Dirichlet condition (Dirichlet, 1839), w here a head value is assigned to a cell in 

the model. This is also known as specified head boundary.

2. N eum ann condition (Neum ann and W itherspoon, 1970), where the flux across 

the boundary is assigned. This is also known as a specified flow boundary. This 

would include the no-flow  boundary condition o f  zero flux.

3. H ead-dependent flow boundary. This boundary condition defines the flux across 

a boundary based on head. This is also known as a m ixed boundary.

These boundary conditions are defined within the model to constrain the flow pattern 

within the aquifer being m odelled. The D irichlet boundary is usually selected for the 

catchm ent outlet position to provide a sink for w ater within the catchm ent to drain to. 

The Neum ann boundary is typically applied as a no-flow  condition to define the 

groundw ater catchm ent divide, where no groundw ater flow can leave or enter the 

m odelled area laterally. The head-dependent flow boundary is applied for rivers where 

the flow entering or leaving the river is determ ined by the head in the river and the head 

in the aquifer. These three boundary types are em ployed in the M attock model and can
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be seen in Figure 8-2, with the black cells representing the no-flow  boundary, the blue 

lines representing the head dependent flow boundaries for the rivers in the catchm ent 

and the constant head located under the furthest river cell to the right o f  the figure.

8.3.6 Recharge

Recharge to the aquifer was calculated by im plem enting the FAO soil m oisture 

accounting m ethod (Allen et al., 1998) outlined in C hapter 4, with the am ount o f  excess 

w ater infiltrating into the groundw ater determ ined by the recharge coefficients approach 

outlined in C hapter 5. This recharge was then apportioned across the catchm ent in 

proportion to the percentage recharge expected based on the soils and subsoils, also 

calculated by the recharge coefficient approach. The tim e step o f  transient model (see 

Section 8.4.3) was one day. Therefore, recharge calculated in this m anner was assum ed 

to occur on the day o f  the rainfall. This assum ption was m ade due to the lim ited options 

in M OD FLOW  to sim ulate flow in the unsaturated zone, discussed in Section 8.7.5.5.

8.3.7 Target heads

In order to calibrate M ODFLOW , known head values located around the M attock 

catchm ent and neighbouring catchm ents were required. Tw elve target values were 

identified utilising datasets from the MK borehole clusters in the catchm ent, available 

data from private wells (Crockford, 2010; Quigley, 2011) and data from drilling o f  

private wells carried out in the catchm ent with data records that were held by the GSI. 

These target heads provided calibration targets for the steady-state sim ulations. Som e o f  

these wells were pum ped irregularly, and the variation in w ater level was not recorded 

throughout the day. Consequently, these target values were assigned a lower w eighting 

than those that were not pum ped and continuously m onitored in the calibration o f  the 

m odel. The MK boreholes had loggers installed to m onitor the w ater levels in these 

boreholes resulting in a continuous tim e series that were utilised for target data for 

transient sim ulations.
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8.4 Model Design

In order to investigate the im pact groundw ater flow has on discharge in the M attock 

river, three model set-ups were im plemented:

1. Steady-state sim ulation that included the M attock catchm ent and eight

neighbouring catchm ents.

2. Steady-state sim ulation o f  the delineated M attock groundw ater catchm ent.

3. Transient sim ulation o f  the delineated M attock groundw ater catchm ent.

Each o f  these sim ulations is outlined in the following subsections, with the results 

assessed in Section 8.5.

8.4.1 Model set-up 1

This was a coarse model that used large cell sizes (150 m x 150 m) and ju s t three layers 

to represent shallow and deep groundw ater pathw ays in the aquifer. The cells were 

refined to a m inimum o f  75 m x 75 m near the M attock to facilitate a m ore detailed 

delineation o f  the contributing catchm ent utilising eight neighbouring catchm ents 

(Figure 8-8). This was carried out in order to com pute the contributing groundw ater 

catchm ent to the outlet in the M attock. DEM data w ere assessed inside ArcGIS to 

delineate each catchm ent’s contributing area based on topography. The heads o f  the 

river were defined utilising the DEM elevation data and the river survey data from the 

M attock (Chapter 5). The mean difference between the heads surveyed and the DEM 

data corresponding to the same locations w ere subtracted from the DEM  elevations in 

the surrounding catchm ents to define the river heads. This approach was also em ployed 

when defining the constant heads at the outlet point o f  each catchm ent. Recharge was 

calculated using the discharge records in the M attock to calculate the recharge required 

to sustain the discharge m easured on the day the river survey was carried out in June 

2012, for above baseflow  conditions. The recharge was then apportioned across the 

catchm ent as described in Section 8.3.6. Tw elve head targets were utilised for the 

calibration o f  the model for this steady state period as per Section 8.3.7. The m odel was 

then run as a steady-state sim ulation with the M ODPATH model add-in being utilised
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to carry out particle tracking in order to define the contributing groundw ater catchm ent 

o f  the M attock.

B ou n d ary  R ivers

Mattock

MetersV i-

2.600

Figure 8-8. M attock catchm ent with surrounding rivers in neighbouring catchm ents acting as 

boundary conditions.

8.4.2 Model set-up 2

After determ ining the contributing groundw ater catchm ent for the M attock in M odel 

set-up 1, a more refined m odel was designed with ju st the M attock considered. Cell 

sizes em ployed w ere 40 m x 40 m to provide enough cells to account for variation 

between different hydraulic conductivities w ithin the m odel as recom m ended in 

(H aitjem a et al., 2001). This also provided more detail on the contouring o f  the water 

table in the catchm ent. Five layers were used this tim e to further investigate the effect 

o f  decreasing hydraulic conductivity with depth, as described in Section 8.3.3. The 

heads o f  the M attock river and its tributaries w ere defined using the river survey data, 

with the constant head at the outlet selected using borehole data from the M K l
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boreholes near the catchm ent outlet. The public w ater supply located in the sands and 

gravels at Collon was set with a pum ping rate o f  1300 mVday, as per Section 8.3.3. 

Recharge was calculated according to model set-up 1. N ine target groundw ater heads 

w ere used for the calibration o f  this m odel set-up, with three being om itted from model 

set-up 1 as they lay outside the groundw ater catchm ent. The model was run for steady- 

state conditions. This sim ulation encountered difficulties in m odelling the perched 

conditions o f  the M attock river at the MK3 borehole cluster next to the river, as 

outlined in Section 8.3. As a result, hydraulic conductivity was increased approaching 

the river from the catchm ent divide in this area to provide the necessary transm issivity 

required to reproduce the perch conditions. The variations o f  hydraulic conductivity 

zones are shown in Figure 8-9.

..ttnlinniiii...
.iiiiiiiiiiiiiiiliiiiliiiiii...

Figure 8-9. Hydraulic conductivity zones in the M attock. Red and light blue zones are the 

m etasedim ent bedrock with yellow the volcanic bedrocks. The green and pink zones are the 

increased hydraulic conductivity zones required to simulate the perched river conditions at the 

catchm ent outlet. The purple zones are the areas o f  sands and gravels in the catchm ent.
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8.4.3 Model set-up 3

Following on from the calibration process, the w ater table heads and the target heads in 

model set-up 2, together with the model boundary conditions, were all m odified for a 

transient sim ulation o f  the groundw ater and surface w ater interactions for the same 

period as was m odelled with NAM  in C hapter 7 (February 2011 to February 2012). The 

tim e step for the transient model was one day to reflect the slow m oving nature o f  

groundwater. This can be observed by evaluating the tim e constants o f  38 hours and 83 

hours for the shallow groundw ater pathw ay o f  Collon W eir and Berril’s respectively, 

taken from the m aster recession curve analysis in C hapter 6. It was necessary to select 

the boundary conditions for the sim ulation period: river heads, the constant head 

boundary at the outlet and the recharge boundary conditions needed to be defined. The 

river heads were estim ated using the daily recorded stages at B erril’s, Collon W eir and 

the D iversion W eir to approxim ate changes in head across the catchm ent. This was 

achieved by relating the percentage change in head from the surveyed head at each 

hydrom etric station to the next station linearly. The calculated percentage change along 

the course o f  the river was then applied to the surveyed river heads. This was com puted 

for each tim e step o f  a day. Recharge was calculated applying the approach outlined in 

Section 8.3.6. The constant head at the outlet was varied proportionately to the change 

in head o f  the shallow and deep groundw ater at MKl .  As this was a transient 

sim ulation, storage characteristics were required to run the model. Storage values were 

applied as described in Section 8.3.4. The model was first run as a steady-state 

sim ulation to define initial heads across the catchm ent, and then in transient m ode at 

daily tim e steps.

8.5 Results 

8.5.1 Model set-up 1

Em ploying the coarse model set up and utilising M ODPATH , the catchm ent area along 

the edges o f  the M attock catchm ent was defined. The outline o f  the M attock catchm ent 

com puted using DEM data along with a selection o f  particle traces are show n in Figure 

8-10 to dem onstrate how the groundw ater catchm ent was delineated, the extent o f  

which was presented previously in Figure 8-9. As can be seen from Figure 8-10, the 

particle trace shows w ater m oving from inside the topographical catchm ent (defined by
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the green line) to neighbouring topographical catchments indicating that the surface 

water catchment and groundwater catchment are not coincident. In other sections o f  the 

catchment the opposite was true with water from outside the surface water catchment 

being computed as part o f the Mattock groundwater catchment according to the set-up 

o f the model.

Figure 8-10. Selected particle traces carried  out in model set-up 1.

Once this had been completed for the entire Mattock catchment, this approach was 

applied internally to the catchment to compute the groundwater contributing area for 

each o f the three subcatchments. These calculated areas o f the Mattock catchment and

subcatchments are summarised in Table 8-6, with the groundwater catchment area o f
• 2 2 Mattock computed as bemg 16.7 km , compared with 16.9 km as determined using the

topography o f  the catchment.
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8.5.2 Model set-up 2

Im plem enting the refined model and PEST as the calibration tool to m inim ise the 

difference between observed heads and sim ulated heads by varying the hydraulic 

conductivities o f  the different layers, the w ater table within the calculated groundw ater 

catchm ent o f  the M attock was com puted as shown in Figure 8 -1 1. In this sim ulation the 

cells that are contributing flow to the river can be determ ined by exam ining w hether the 

water table head is located in the cell. Figure 8-12 displays the top layer o f  the model 

(conceptually the m ost fractured upper part o f  the shallow groundw ater pathway). As 

can be seen from this figure, the active cells are those next to the river. There is 

generally a trend o f  increasing num ber o f  active cells with depth as would be expected. 

Shallow groundw ater is conceptualised as being the upper three layers as these have the 

highest hydraulic conductivity. The tw o bottom layers are conceptually the deep 

groundw ater pathways. The m ass balance o f  this sim ulation has an error o f  0.04% 

difference between inflows and outflows, with 57% o f  groundw ater discharge to the 

river originating from deep groundw ater pathways and 43%  being contributed by 

shallow groundw ater pathways. The RMS difference between observed and sim ulated 

heads for the nine target heads was 3.03 with a plot o f  observed versus com puted heads 

presented in Figure 8-13.
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Figure 8-11. Model set-up 2 w ater table contours in m etres above Datum.

Figure 8-12. Model set-up 2 sim ulation of contributing cells to the river in upper layer. Purple cells 

are dry  cells with white cells being cells tha t have w ater contributing to discharge in the river. The 

head contour lines are  m etres above Datum.
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Observed vs. Computed Target Values
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Figure 8-13. Observed versus computed heads for target values.
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8.5.3 Model set-up 3

Once the model had been calibrated in model set-up 2, a transient sim ulation was 

required to calculate the contribution o f  the groundw ater pathways to the river over 

tim e. As described in Section 8.4.3, the sim ulation w as for the same period as the NAM  

sim ulation for the M attock (see C hapter 7). The contribution o f  each pathway was 

com puted along with the percentage error betw een inflows and outflow s in the mass 

balance. The m ean difference com puted in the m ass balance was 0.15%  with a 

m axim um  difference o f  7.1%  observed. T im e series o f  the shallow  and deep 

groundw ater pathw ays generated are plotted in Figure 8-14, Figure 8-16 and Figure 

8-18, along with the NAM  shallow and deep groundw ater sim ulations for each o f  the 

three subcatchm ents. D iversion Weir, Collon W eir and B erril’s, respectively. 

C om parisons o f  the com bined groundw ater pathw ays obtained from M O DFLO W  and 

NAM  are also included in Figure 8-15, F igure 8-17 and Figure 8-19.

As can be seen in these figures, there is a considerable difference between the 

groundw ater tim e series com puted with NA M  and those sim ulated using M ODFLOW , 

particularly during baseflow  conditions. In general, NA M  generates higher groundw ater
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discharges during the w inter periods but recedes to very low contributions during the 

sum m er period. The M O DFLO W  groundw ater contributions do not display the same 

range o f  discharges as the NAM  pathways, with spikes in discharges noticed 

(particularly for the M ODFLOW  and NAM  shallow groundw ater pathway) during 

periods o f  recharge as marked by sharp rises in the hydrographs containing all the 

pathways.

MODFLOW and NAM groundw ater pathways a t Diversion Weir

12000

10000

—  MODFLOW ShaDow 

— MODFLOW Deep 

— NAM G roundw ater
f  6000

4000

2000

27-01*2011 07-05*2011 15-08*2011 
Date (day-m onth-year)

Figure 8-14. Deep and shallow groundw ater pathways sim ulated by M ODFLO W  and groundw ater  

simulated by NAM in the M attock at Diversion W eir (Feb 2011 -  Feb 2012).
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MODFLOW and NAM sim ulated flow s at Diversion Weir
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Figure 8-15. NAM and M ODFLOW  groundw ater contributions to discharge in the M attock at 

Diversion W eir (Feb 2011 -  Feb 2012).

MODFLOW and NAM groundw ater pathw ays at Collon Weir
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Figure 8-16. Deep and shallow groundw ater pathways sim ulated by M ODFLOW  and NAM at 

Collon W eir (Feb 2011 -  Feb 2012).
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NAM and MODFLOW sim ulated flows at Collon Weir
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Figure 8-17. NAM and M ODFLOW  groundw ater contributions to discharge at Collon W eir (Feb 

2011 -  Feb 2012).
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Figure 8-18. Deep and shallow groundw ater pathways sim ulated by M ODFLOW  and NAM the 

catchm ent outlet at B erril’s (Feb 2011 -  Feb 2012).
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NAM and MODFLOW sim u la ted  flows a t  Berrlls'
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Figure 8-19. NAM and MODFLOW  groundwater contributions to discharge at Berril’s (Feb 2011 

- F e b  2012).

The transient sim ulation was calibrated by varying the specific storage and specific 

yield values utilising the data from the MK boreholes near the catchm ent outlet, as 

these were the only data available to constrain the storage param eters o f  the model. As 

shown in Figure 8-1, these boreholes are only representative o f  the bedrock near the 

catchm ent outlet. A s noted in Section 8.5.2, the bedrock in this area was assum ed to be 

more transm issive than in the rest o f  the catchm ent in order to achieve the perched river 

conditions. A com parison o f  the sim ulated heads at a borehole o f  each cluster is 

presented in Figure 8-20.
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Figure 8-20. Sim ulated and modelled heads in the M K l, MK2 and MK3 Deep boreholes.

The com parison between observed and sim ulated w ater levels in the M K boreholes 

shown in Figure 8-20, suggest a reasonable com parison was obtained between the 

simulated levels at M K2 and M K3. M K2 largely matches the recession o f  the observed 

data, with the shape o f  the rise in the groundw ater levels for the second h a lf o f  the 

graph sim ilar to the sim ulated rise, but offset higher. This is most likely related to the 

recharge during large rainfall events during this period, with recharge being over

estim ated. There are small oscillations in all three o f  the borehole’s observed 

groundw ater levels that m ay be linked to tidal effects on the ground. These rises and 

falls in the observed data m atch local tidal data (Jenny D eakin, personal 

com m unication, 2010) which w ould account for the inability o f  M OD FLOW  to 

sim ulate these oscillations not derived from recharge. The rate recession o f  MK3 is 

generally well m atched by the sim ulated groundw ater levels, though a rate slightly less 

than what is observed. The com parison o f  the observed and sim ulated groundw ater 

levels at M K l is o f  m ost concern, with the rate o f  recession and rise o f  the sim ulated
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levels slow than that o f  the observed data. This was the best calibration that could be 

obtained taking all three boreholes into account, the effects o f  varying param eter values 

around the ones utilised in Table 8-4 and Table 8-5, to sim ulate the groundw ater levels 

in Figure 8-20 are exam ined in Section 8.6. The higher end o f  the hydraulic 

conductivity ranges are taken from the shallow  groundw ater layers, while the lower 

ranges are taken from deep groundw ater layers.

Table 8-4. Summ ary o f the range of hydraulic conductivity values applied in shallow  and deep 

groundw ater bedrock units.

Hydraulic Kx (m/d) Kz (m/d)

C onductivity Upper Lower Upper Lower
PI M etasedim ents 1.53 0.021 0.08 0.007
Pu M etasedim ents 0.21 0.002 0.04 0.003
Adjusted Pu 17.60 0.037 1.86 0.013
Volcanics 1.54 0.02 0.11 0.006
Sands and gravels 14.40 1.542 1.02 0.114
Clay confining layer in 
sands and gravels 1.70E-03 4.10E-04

Table 8-5. Summ ary o f  storage values im plem ented for the different bedrock units.

Storage PI and Pu M etasedim ents Volcanics Adjusted Pu Sands and gravels
SX Sy Ss(nr^) Sy

More fractured 
shallow groundwater

1.76E-05 0.012 3.20E-05 0.024 4.80E-04 0.1108 6.00E-04 0.168

Less fractured shallow 
groundwater

4.15E-06 0.01 5.40E-06 0.012 4.80E04 0.1108 Clay layer

Deep groundwater 3.61 E-06 0.008 5.00E-06 0.006 3.12E05 0.015 5.00E03 0.01

The com parison o f  catchm ent area calculated by M ODFLOW  and com puted with DEM 

GIS data, the com parison o f  the contribution yearly o f  each pathway, the change in 

groundw ater storage and the average percentage error between inflows and outflow s o f  

the M OD FLO W  m odel are presented in Table 8-6, with the discussion o f  these results 

in Section 8.7.3.
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Table 8-6. Results o f  M ODFLO W  modelling in the M attock

MODFLOW DEM
Catchiment

Area
I<m2

MODFLOW NAM

AS

m m /year

Average
Error

%

Catchiment
Area
i<m2

Deep
GW

m m /year

Shiallow GW 

m m /year

Deep GW Siiallow GW 

m m /year m m /year
Diversion Weir 6.6 7 49.57 31.82 71.75 1.23 0.11
Collon Weir 11.8 11.6 36.39 39.42 26.09 50.71 1.98 0.15
Berril's 16.7 16.9 46.70 27.63 50.65 31.72 2.35 0.15

8.6 Sensitivity analysis o f transient simulation

In order to assess the effect that increasing and decreasing param eter values had on the 

results o f  the transient m odelling in Section 8.5.3, the model was rerun with storage 

values increased by 20%  and decreased by 20%  and then separately rerun with 

hydraulic conductivity values increased by 20%  and then decreased by 20% . The effect 

that these sim ulations had on the transient calibration plots in Figure 8-20 and the 

overall discharge sim ulated in the catchm ent are presented in this section (Figure 8-21 

to Figure 8-24) and discussed in Section 8.7.4.
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Figure 8-21. Com parison of sim ulated and observed groundw ater levels in M K boreholes with the 

effects of increasing and decreasing the values of specific storage and specific yield by 20%  of their 

calibrated value.
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Figure 8-22 Comparison o f simulated and observed groundw ater levels in MK boreholes with the 

effects o f increasing and decreasing the values o f hydraulic conductivity by 20% o f their calibrated  

value.
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NAM and MODFLOW simulated flows at Berrils'
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Figure 8-23 Com parison of M ODFLOW  and NAM discharges at B erril’s with the effects of 

increasing and decreasing the values of specific storage and specific yield by 20%  of their 

calibrated value for the M ODFLOW  simulations.
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Figure 8-24. Com parison of M ODFLOW  and NAM discharges a t B erril’s with the effects of 

increasing and decreasing the values of hydraulic conductivity by 20%  of their calibrated value for 

the M ODFLOW  simulations.

255



Chapter 8: C atchm ent M odelling: Finite Difference M odelling

8.7 Discussion

The three model designs em ployed for the sim ulations in this chapter provide learning 

outcom es that could not be determ ined from a lumped m odelling approach as described 

in Chapter 7. N onetheless, there are m any assum ptions involved in im plem enting a 

distributed m odelling approach that m ust be appreciated w hen considering the results.

8.7.1 Model set-up 1

The objective o f  the first model set-up was to identify the contributing area to each o f  

the hydrom etric stations in the catchm ent. This was im portant as the general assum ption 

applying NAM  was that the surface catchm ent area and groundw ater catchm ent area 

were coincident. In Table 8-6 it is shown that w hile there w ere differences in the areas 

calculated, there was close agreem ent between the areas o f  the overall catchm ent to the 

outlet at B erril’s and between the subcatchm ents.

Utilising the neighbouring catchm ents and the estim ations o f  the elevations o f  the river 

heads from DEM data and the river survey (as described in Section 8.4.1), the 

contributing areas w ere com puted. This m ethod o f  calculating the contributing area is 

advantageous when com pared to assum ing a catchm ent divide based on topography or 

geology or a com bination o f  both. This approach takes into account both topography 

and geology, but also the boundary conditions o f  the rivers that the catchm ent divide 

separates. Consequently, more confidence can be associated with the groundw ater 

catchm ent areas applying this approach. W hile this is a particular case involving one 

catchment, and therefore is difficult to generalise from, it is reassuring that the two 

different m ethods o f  calculating the groundw ater catchm ent area provide com parable 

results.

There are a num ber o f  ways that this approach could be im proved upon. An accurate 

survey o f  the river heads w ould provide m ore certainty in the delineations determ ined. 

The current grid o f  20 m x 20 m DEM available does not have a sufficiently high 

spatial resolution to obtain this, which subsequently requires the estim ations o f  head in 

the river, outside o f  the river survey com pleted for the M attock. A better understanding 

o f  the distribution o f  hydraulic conductivity from boreholes providing know n values o f  

head in the catchm ents would also im prove the accuracy o f  results. The dem and for
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accurate data with improved spatial distribution will always be a requirem ent o f  a 

distributed model, as will be observed when discussing the model set-up 2 and 3.

8.7.2 M odel se t-u p  2

The objective o f  the second model set-up was to sim ulate the heads w ithin the layers o f  

the com puted groundw ater catchm ent o f  the M attock. The finer grid utilised in this 

model allowed a more detailed surface o f  heads to be calculated in each layer than was 

achieved in the model set-up I. The addition o f  tw o m ore aquifer layers also allowed 

the declining hydraulic conductivity with depth relationship (as considered in Section 

8.3.3) to be m ore effectively approxim ated.

Once more, the target heads from boreholes in the catchm ent w ere used, though some 

o f  these were private wells that were pum ped irregularly (as discussed in Section 8.3.7) 

and so were assigned less weight in the calibration than non-pum ped borehole target 

heads. Despite the inclusion o f  these pum ped boreholes, target data for calibration 

within the catchm ent were scarce, with only 9 borehole locations providing target head 

values for a 16.7 km^ catchment. As such, while the heads in these locations were in 

agreem ent with sim ulated values, outside o f  the surrounding areas o f  these target 

boreholes, m uch more uncertainty is present, particularly to the north and south o f  the 

catchm ent.

The river elevation survey in June 2012 provided m id-range levels o f  discharge; 

generally, flows would be expected to be lower for this tim e o f  the year, but due to high 

rainfall in the M attock in sum m er 2012 (184 mm o f  rainfall for June), heads elevations 

could not be obtained for low flow conditions. If  data were not available for a transient 

sim ulation, such as distributed recharge and change in river head estim ations, the 

approach o f  model set-up 2 for high flow and low flow conditions w ould help 

approxim ate the contribution o f  groundw ater to the river for sum m er and w inter 

conditions and hence provide an estim ation o f  river discharge derived from 

groundw ater annually.

Im provem ents in DEM data spatial resolution w ould help better define topography and 

hence the surface o f  the aquifer that is calculated from this, utilising depth to bedrock 

GIS inform ation (Section 8.3.2). As with m odel set-up 1, a higher quality o f  hydraulic
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conductivity and borehole target data w ould help improve the accuracy o f  m odel 

outputs.

8.7.3 Model set-up 3

The objective o f  model set-up 3 w as to identify how the contribution o f  the 

groundw ater pathways to the river varied throughout the year starting February 7 ’̂’ 2011 

and ending February 7̂ '’ 2012. The initial heads o f  the sim ulation were calculated from 

approxim ating the river heads using the tim es series o f  river stages from the 

hydrom etric stations as per Section 8.4.3. The model was initialized utilising the steady- 

state sim ulation (i.e. model set-up 2) to m atch these head values. The grid layout and 

layers o f  the model were the same as in the model set-up 2. Recharge was calculated for 

each daily tim e step o f  the model follow ing the approach outlined in Section 8.3.6.

Applying this approach, the tim e series o f  the deep and shallow groundwater pathways 

were com puted and these were com pared with those com puted in Chapter 7 from the 

NAM  m odelling (Figure 8-14 to Figure 8-19). It is observed that while the overall 

contributions o f  com bined groundw ater for the year were sim ilar (Table 8-6), the 

tem poral distribution o f  these pathways displayed greater variation. In the com bined 

groundw ater contribution plots for both M O D FLO W  and NAM  (Figure 8-15, Figure 

8-17 and Figure 8-19), the M ODFLOW  contributions to the river discharge, during low 

flow periods, are too large to be discharged into the river as the flow at the hydrom etric 

stations confirm s in Figure 8-25. This figure indicates that the contribution o f  

groundw ater being predicted during this m onth was higher than can be accounted for in 

the river, except for periods when rainfall causes the river discharge to increase sharply. 

This increase in flow and subsequent fast recession im plies that this increase was as a 

result o f  quicker responding pathw ays that are m ost likely not groundwater. A s such, 

the tem poral distribution o f  groundw ater discharges being predicted by M OD FLO W  

w ould suggest errors during these periods
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Figure 8-25. M ODFLOW  and NAM groundwater contributions along with total river discharge 

measure at Berril’s (June T ' -  June 30"' 2011).

One likely source o f  error that would account for these differences would be the storage 

param eters used in the sim ulation. Initial values o f  these were taken from literature and 

pum ping test data (Section 8.3.4) with calibration carried out with the continuous 

m onitoring o f  the borehole levels in the MKl ,  MK3 and MK3 boreholes. Though, as 

considered in Section 8.3.4, som e o f  these storage values from the pum ping tests appear 

unrepresentative and as such, were not included when estim ating initial values o f  

storage. The continuous m onitoring provided a tim e series that could be utilised for 

predicting the storage values appropriate for the M attock. These boreholes though, are 

not very representative o f  the catchm ent bedrock as a w hole as they are located near the 

catchm ent outlet -  and are only representative o f  one rock type. A lso they are located 

where the river is perched and as such m ay represent a situation o f  disconnect between 

the river and the aquifer that is lim ited to this location in the catchm ent. It was therefore 

difficult to im plem ent a calibration that w ould be representative o f  the catchm ent even 

though com parable heads were obtained at the borehole clusters, as shown in Figure 

8 -20 .
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Also o f  note are the changes in storage for the annual period. One assum ption from 

Chapter 4 is that when assessing the annual w ater balances o f  the catchm ent, the change 

in storage o f  the catchm ent was negligible over the period o f  a year, provided that 

sim ilar hydrological conditions were present for the start and the end o f  the year. Table 

8-6 presents these data as calculated by M ODFLOW , and the results are consistent with 

the assum ption o f  negligible storage change, being approxim ately 0.35%  o f  effective 

rainfall for the catchm ent for 2011 as calculated in C hapter 4. This small change must 

be viewed cautiously, though, due to the large discrepancies between the sim ulated 

contribution o f  groundw ater to the river and the actual discharge observed in the river. 

Since the overall change in storage was very low and the recharge coefficients approach 

o f  Chapter 4 was applied to obtain the recharge to the groundw ater pathways, it is 

reassuring that the annual M ODFLOW  groundw ater contributions to the river are 

com parable to the NAM  annual groundw ater pathways contributions.

As with the other two model set-ups there are m any ways in which this model set-up 

would have benefited from more accurate and spatially distributed data. In addition, as 

this model was set up as a transient sim ulation, an im provem ent o f  the temporal 

distribution o f  data would have assisted in providing m ore confidence in the results 

obtained. An accurate tim e series o f  the variations o f  the river heads throughout the 

year would facilitate improved boundary conditions to be applied throughout the 

simulation. Increased num bers o f  target heads from a well distributed selection o f  

boreholes in the catchm ent with daily m easurem ents o f  head would also assist in 

im proving the calibration o f  the storage coefficients. The limitations o f  the model due 

to the availability o f  data are considered in m ore detail in the next subsection.

8.7.4 Sensitivity Analysis

In order to further investigate the effects that these storage values (and the hydraulic 

conductivities) were having on both the sim ulated groundw ater levels and discharge to 

the river, a sensitivity analysis was carried out. Four additional sim ulations were run o f  

this model set-up, tw o with storage values increased and decreased by 20%  respectively 

and two with hydraulic conductivity values increased and decreased by 20% 

respectively. The work, presented in Section 8.6, indicates that with the current model 

set-up, any m arginal im provem ents in sim ulating groundw ater levels in one borehole
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will result in a decrease in the accuracy at which the groundw ater levels are sim ulated 

in another borehole as can be seen in Figure 8-21 when storage is varied. W hen 

com paring these results with those o f  Figure 8-22 for the variation in hydraulic 

conductivity values, it is evident that these values are im portant for the initial starting 

point o f  the groundw ater level in the sim ulation but after that the shape o f  the change in 

groundw ater level for the three sim ulations are com parable. This suggests that the 

hydraulic conductivities are o f  most im portance for the starting values o f  the 

groundw ater levels (particularly in the case o f  MK3 in Figure 8-22), with the shape o f  

the variation o f  the groundw ater levels m ore dependent on the storage coefficients.

Figure 8-23 and Figure 8-24 indicate that by increasing or decreasing the param eters, a 

noticeable im provem ent in the sim ulation o f  the low flow conditions can be obtained, 

though still unrealistically high. This suggests that with the current model, that an 

im provem ent in the sim ulated discharges can be acquired by varying the storage and 

hydraulic conductivity param eters, but that this will com e at the expense o f  the 

accuracy with which the groundw ater levels are sim ulated (particularly when varying 

the hydraulic conductivity). It is therefore im portant to assess what is o f  m ost value, 

with regards to the outcom e o f  the model results, when applying a model such as this. 

As M ODFLOW  is being im plemented as a tool o f  investigation in this chapter, the 

m atching o f  the sim ulated and observed groundw ater levels were o f  more im portance 

than the com parison o f  simulated discharges with sim ulated NAM  discharges, as this 

provides the sim ulated discharges predicted when the best calibration o f  sim ulated 

groundw ater levels were achieved. The difference between the observed and sim ulated 

groundw ater levels are a concern (m ost notably M K l in Figure 8-20), as is the higher 

than observed discharge in the river (highlighted in Figure 8-25). This w ould suggest 

that that a different m ethod o f  distributing the different storage and hydraulic 

conductivity values throughout the catchm ent, other than by bedrock type, m ay be 

appropriate. W ithout further inform ation on variation o f  these param eters w ithin the 

bedrock units, such an approach w ould not be based on available data.

8.7.5 Limitations o f distributed modelling

A distributed model can provide m any inform ative learning outcom es when applied as 

an investigative tool, as it has been in this chapter. Nevertheless, one m ust be aw are o f

261



C hapter 8: Catchm ent M odelling: Finite D ifference M odelling

the m any assum ptions m ade when im plem enting a model such as M ODFLOW  and the 

assum ptions made when com puting values to be used as input data to the m odel. The 

M attock is a well instrum ented catchm ent by Irish standards, but throughout this 

chapter it is evident that there are m any instances where improved data quality w ould 

have benefited the conclusions drawn from sim ulation results. The effects o f  the 

different param eters required to run M O D FLO W  on these limitations are discussed 

now. Bedrock topography, hydraulic conductivity, storage param eters, river heads and 

recharge are considered here.

8.7.5.1 Bedrock topography

The bedrock topography is an im portant input to the model as this defines the m odel 

extent. This dataset is informed by two spatially distributed GIS databases; depth to 

bedrock and DEM . A poorly defined topography will result in an inaccurate 

developm ent o f  hydraulic gradients, with aquifers becom ing unconfm ed when they 

should be confined and other such storage issues. DEM datasets available to this 

research were at 20 m x 20 m grid resolution and depth to bedrock m apping is available 

for Ireland, though this only provides bands o f  possible depth, for exam ple greater than 

10 m to bedrock from the surface.

5.7.5.2 Hydraulic conductivity

Hydraulic conductivity is one o f  the m ost im portant param eters in the model as the 

values define how water flows through the aquifer by itself in the steady-state 

sim ulation and, along with the storage param eters, in the transient sim ulation. These 

data are generally difficult to obtain with accuracy across a catchm ent as pum ping tests 

are typically only reflective o f  a small area around the borehole in which the test takes 

place. General relationships between bedrock type and hydraulic conductivity do exist, 

but these provide w ide ranges o f  values (Section 8.3.3). This relationship o f  decreasing 

hydraulic conductivity with depth is with the m ore fractured shallow groundw ater 

layers o f  the m odel providing the higher values in Table 8-4, with the lower values from 

the deep groundw ater layers

5.7.5.3 Storage

Storage param eters consist o f  specific storage for confined aquifers and specific yield 

for unconfined aquifers. Specific yield is generally orders o f  m agnitude larger than 

specific storage as shown in Table 8-5. These values will have an im portant effect on
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water taken into and released from storage during transient sim ulations and therefore 

accurate values are vital for prediction o f  groundw ater contribution to the river, as can 

be seen from the sensitivity analysis in Section 8.7.4. As discussed in Section 8.5.3, 

storage values calculated from the MK boreholes were m ost likely not representative o f  

the catchm ent as a w hole and provide a significant source o f  the differences between 

com puted groundw ater contribution to the river and the discharge observed in the river, 

though as suggested, the changing o f  the m odel structure m ay assist in reducing these 

differences. Unfortunately due to the scarcity o f  storage data in the M attock, basing the 

structure, other than on bedrock type, is difficult.

8.7.5.4 River heads

Boundary conditions have a significant role w ithin M ODFLO W  for the constraining o f  

sim ulations. It is therefore im portant to set these as correctly as possible. R iver heads 

will affect the hydraulic gradient between water in the aquifer and w ater in the river. 

Where inaccuracies are present, M ODFLOW  will sim ulate inaccurate contributions o f  

water to or from the river. The river heads used in this model were based on a river 

survey carried out in the catchm ent (see C hapter 5), with the approach taken to  estim ate 

the variations in river head described in Section 8.3.5. A s the tem poral distribution o f  

these heads required estim ation due to a lack o f  inform ation, this w ould have influenced 

the calculated contributions o f  groundw ater to the river.

5.7.5.5 Recharge

The calculation o f  recharge was considered in Section 8.3.6. This involved a soil 

m oisture budgeting approach com bined with the recharge coefficient approach 

calculating the recharge the aquifer received each day. This sim plistic approach 

assum ed that the recharge infiltrated through the soil and subsoil to the aquifer on the 

day it occurred. This assum ed that the recharge that entered the soil and subsoil 

displaced the sam e quantity o f  w ater at the base o f  this layer into the aquifer. A better 

approach would be to investigate the vertical infiltration o f  this w ater through the 

unsaturated zone tow ards the saturated groundw ater. How ever, i f  this m ethod o f  

calculating the recharge was im plem ented it w ould include all the uncertainty outlined 

in this section in th is one aspect o f  the m odel, as the soil and subsoil topography would 

need to be defined, as would hydraulic conductivity, storage and again the river heads 

would influence w ater infiltrating into this zone. Extra param eters for the calculation o f
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the recharge, such as m oisture content o f  the subsoil, w ould also be required. It w as due 

to the added uncertainty that such an approach would provide, that the soil m oisture 

budgeting and recharge coefficient approach was adopted. A pplying a distributed 

approach w ould result in a large am ount o f  uncertainty that w ould not be warranted 

even though this type o f  calculation w ould provide a better approxim ation o f  the 

physical processes involved. A gain, this highlights the lim itations o f  a distributed 

approach when the necessary data required to populate the model are not available at 

the scale o f  catchm ent that is being investigated.
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9 Generalisation of NAM Parameters

9.1 Introduction

The general purpose o f  an investigation o f  a system  is to understand the controlling 

factors that m ost influence the output o f  that system . Consequently, it is necessary that 

the insights obtained from the hydrograph separation techniques, recharge coefficients, 

tem perature data and hydrological m odelling, can be assessed and related back to 

specific characteristics o f  the geology and iand-use within a catchm ent. The flow 

pathway separation results are sum m arised for the study catchm ents at the end o f  

C hapter 7 and for the supplem entary catchm ents in A ppendix C. These separations are 

considered reasonable based on the assessm ent o f  the data available and from a 

qualitative understanding o f  the geological setting o f  the catchm ents. The param eters 

implemented in NAM  to generate these separations, require relationships to be 

developed between the param eters and characteristics o f  the catchm ents, by applying 

the different GIS layers available. These relationships will provide NA M  with likely 

values for each o f  the param eters allowing the m odel to predict separations in ungauged 

catchm ents o f  com parable geological settings, once the m eteorological data to run 

NAM are available for those areas. As such, the NAM  param eters for the study 

catchm ents, and the supplem entary catchm ents o f  Appendix A, were utilised to develop 

the relationships in this chapter. W ith these equations it is therefore possible to sim ulate 

the pathway separations in ungauged catchm ents. This is the last necessary step in 

developing a fram ew ork for separating the hydrograph into the pathw ays o f  the 

conceptual model in C hapter 1. This fram ew ork is outlined in Section 9.6.2. The 

uncertainty associated with these relationships and the effect that this uncertainty will 

have on model outputs will be further investigated in C hapter 10.

9.2 NAM M odelling

The objective o f  the m odelling, carried out by N A M , was to separate the hydrograph 

into the different pathway tim e series w ithin feasible limits based on the different
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separation methods and knowledge o f the catchment in question. Once NAM had been 

applied to simulate these pathways, the NAM parameters applied in the model must be 

related back to catchment descriptors available in GIS format. When these relations are 

established, NAM can be applied to ungauged catchments, provided that rainfall and 

evapotranspiration data are available to simulate the likely discharges.

9.2.1 NAM parameters

The following is a list o f the NAM parameters required for a simulation o f  the four 

pathway conceptual model employed in this research:

U m ax- volume o f upper storage in the catchment.

Iw f lx -  volume o f lower storage in the catchment.

percentage o f  excess water that is released as overland flow.

C /v /F -constan t that controls the release o f  interflow from storage.

CK  -  time constant for overland flow.

C K B F -\\m Q  constant for shallow groundwater.

CKLow -  time constant for deep groundwater.

CQLow -  separating value o f  shallow and deep groundwater.

r O -  threshold needed to be surpassed in the lower storage for overland flow to occur. 

7 7 - threshold needed to be surpassed in the lower storage for interflow to occur.

TG -  threshold needed to be surpassed in the lower storage for recharge to occur.

Table 9-1 contains the parameter values for the study catchments based on the 

hydrograph separation work as discussed in Chapters 6 and 7.
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Table 9-1. NAM parameters of the study catchments.

UmaM Lmax CQOF CKIF CK TOP TIF TG CKBF CKLow CQf.DW

GortinlievE 11.971 B1.L75 0,485 55.557 1.99= C.695 0.35! 0.502 i:6 .8 ii 50.10i 12B3.815

Glen Burn [Sub] 9.229 17=, 517 0.897 1C9,686 iASl C.765 0.75? C,82 85.C17 64.366 =15,904

Glen Bum jOutlel) 10^9 197,459 0.868 166.104 8.885 C.791 0.752 C,g7 125,52 33.-̂ 5 i:C5.6

Matlock (Div Weir] 11,369 124,728 0.69 110,472 1987 C.446 0.67s C.71 222.581

Msttock (Collon] 13.632 153.31 0.496 Z5'5,309 Z985 C,486 0.1^ 0.904 ^:4.551 37.052 li5C.933

Mattock [B erii'sj 14,5S5 lSi,112 0.964 1:5.029
M

ta C,525 0.553 0.401 571.182 64.668 1300.21

r^uenna (Castk) 20.198 182 0.206 S84.3 43.065 C,S76 0.811 0.879 741 51578 1=13.34

NuennalRDcky] 14.742 170 0.161 IH 63.22 39.293 :.p O.IL 0.9 528.8 419 257C.342

Nuenna (Mon] 10.142 172,54 0.104 557.89 39.90^ C.953 0.537 0.948 315.835 37.465 212C.348
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The groundwater-surtace water interaction study (RPS, 2008), which implemented NAM to 

simulate flows, related the Umax, CQOF CKIF  and CKBF  parameters to catchment 

parameters. This was achieved by providing broad ranges o f values for these parameters that 

were dictated by decision tables directing the user. There are certain incompatibilities with 

the ranges o f  the RPS report and this research as a result o f  different conceptual models being 

employed. In the case o f Umax and CKIF, for example, this research found that the 

parameters given in Table 9-2 and Table 9-3 are located within lower ranges than those o f 

this research. This is a consequence o f the interflow and shallow groundwater flow being 

combined into an ‘intermediate flow’ pathway in the RPS study. Larger discharges with 

slower response times were therefore required o f this pathway than in the present research, 

where these pathways have been separated. In order to obtain the larger discharges with 

slower response times, the RPS report required higher Umax and higher CKIF  parameters. 

The CQOF  parameters were similarly affected due to the Umax being smaller, with less 

rainfall was required to saturate this reservoir, therefore more water will tend to overflow 

from this surface storage, resulting in more water being available for recharging the 

groundwater reservoirs and also generating overland flow. The CKBF  parameter from the 

RPS report was more comparable with the CQLow  parameter in this thesis, as both o f these 

control the rate o f discharge from the deep groundwater reservoir. These parameters were in 

close agreement due to the similarity in the conceptual model for deep groundwater utilised 

in this research and the RPS report.
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Table 9-2. Surface w ater-G roundwater approach to determ ining Umax (RPS, 2008).

N .\M  
Pm  a in e te i C o r in e

B ro a d  
1 a iig e  o f  
N A M  
p n ia m e te r  
v a lu f

Slope L ak es
P oorly
d ra in ed
so ih

I'rb a ii P ilo t
c a tch m e iii

1 M.AM

(inin)

5*.
For«tr\- 
& Semi- 
nacural 
areas

I f - ;?

Steep slope 
( 5*.) 

lower end 
of limit U le s

1*.
1 5 - 2 0

High 
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o f poorly 

dramed soils 
{ 50*.) 

end of 
limit

If 2*. 
urban 
areas 
upper 
e ^  of 
limit

Boro Bnde

Forestn-
0 - 5 ‘ .&
Pasturei

40*.

10- ; o

RelaD\iely 
flat slope 
( 5‘ .) 
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o f limit

Low 
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o f poorly 

dramed soils

Suck D eel/ 
Ryewater 
Shoumagb

Forfstn- 
0*.. ■ 

Pastures 
40*. 

and Bare 
rock:o*.

S- 15

(
lower end of 

limit

Owenduff

Table 9-3. Surface w ater-G roundw ater approach to calculating CKIF (RPS,  2008).

NAM
Parameter

Slope /
Bedrock
aquifer

Reflueineut of NAM parameter 
value aud subsoils

Pilot
catchment

CKif
(hours)

Slope >0.07 -2 0 0 Owenduff

Slope 0.03 -  0.07 -4 0 0

Low penneability 
subsoils > 40®/o

400-
800 Boro

Low permeability’ 
subsoils 20% - 

40?o

300-
600

Low penneability' 
subsoils < 20®'b
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300

Shoimiagh
Bride
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Slope <0.03 >600 Deel / 
Ryewater

Kaist or 
productive 

fisswed bedrock 
aquifer

<400 If > 50?'o peat: > 600 Suck
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9.3 Catchment Characteristics

In order to relate the param eters o f  NAM  to catchm ent characteristics, GIS datasets were 

interrogated. There were m any GIS datasets available from a m ultitude o f  public and private 

organisations in Ireland. The datasets utilised here were soils, subsoils, aquifer classification, 

vulnerability, bedrock type, C orine land-use, DEM  files and River Basin District river and 

stream m apping. All o f  these w ere available from the G eological Survey o f  Ireland (GSI) and 

the Environm ental Protection A gency (EPA).

9.3.1 GIS database

Due to the variety o f  classifications within each dataset, a simplification o f  each data type 

was made to enable a statistical analysis o f  significant catchm ent characteristics. The main 

datasets and their subsets are illustrated in Figure 9-1.

DEM

W et

O th e r

GIS D a ta

Karst

M od

V ery High

Till

O th e r

F o res t

Regional
G ravel

Dry

P e s t

W etland

Soils

High

Land U seSubsoils

D rainage
D ensity

S a n d /G ra v e A gricu ltu re Low

Rivers

Local G ravel

Regional
F rac tu re

Rock

W ater

Rock

A q u ife r Class

Local F rac tu re

P o o r F rac tu re

L ascu s trin e /
Alluvium

Slope C a tch m en tA rea

Figure 9-1. Classification of catchm ent descriptors.
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Some subgroups had the potential to be represented as continuums which would help reduce 

the complexity o f  this set up, but may reduce the ability to assess regressions intuitively and 

to identify ‘lurking’ variables (see Section 9.6.1). An obvious example would be slope that 

could be redefined as an average slope that is present in the catchment, with each slope 

weighted to maintain the importance o f  proximity o f  the river. Another example would be to 

apply approximate permeability values to reduce the number o f  types o f  soil and subsoil 

subgroups.

The different classification o f  each dataset was based on combining soils o f  similar 

characteristics into the same subgroup for the statistical analysis. The group and subgroup 

composition o f  the datasets are outlined in Table 9-4.

Table 9-4. Catchm ent descriptors group (red), subgroups (blue) and subgroup breakdown (black).

Soils Subsoil

Lascustrine
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.•Mhnium
Peat

Drainage
Land U se Catchm ent A rea Densitj-

Impermeable Agriculture Forest Water Wetland Rock Other

Urban Pasture
Broad
leaved

Water
bodies

Moors Bare rocks
miscella

neous DEM files used to
DEM and 

RBD

Koads -Arable Mixed
Sea and 
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Kaist Fractured Gravel Fractured Gravel Low Moderate Hieh High

Regionalh' 
important - 

Karst

Regionalh- 
important - 
fractured

Regionally
important

gravel

moderateh-
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These classifications were based on a conceptual understanding o f  the general properties o f  

each dataset and not on rigorous quantification o f  fundamental param eters such as 

perm eability and storativity. The slope intervals were calculated in order to identify four 

different slope types: waxing, waning, free face and constant slope (W ood, 1942; Kent, 

2011). The catchm ent area was defined as the surface area draining to the point at which 

discharge was m easured in the river, with the drainage density being the total length o f  rivers 

and stream s in the catchm ent divided by the catchm ent area.

In order to reclassify each dataset and calculate the areas o f  each classification in a 

catchment, several routines were written in ArcGIS. These essentially cut out the area o f  a 

catchment, added a new field in the attribute table for the new classification type, then 

recalculated the area o f  each classification. This was carried out for soils, subsoils, land-use 

and aquifer classification. The slope calculation required a raster DEM file to be m asked by 

the catchm ent area, followed by the slope calculation tool being applied, the slope intervals 

being defined and then converted to a new dataset for the area o f  each slope classification to 

be calculated.

Once the areas o f  each new classification o f  the different datasets had been calculated, 

another routine converted each polygon in the file to a point in order to identify the centroid 

o f  each polygon. This was then utilised to calculate a distance to the nearest stream  within the 

catchment. This was carried out in order to ensure that a polygon located near the catchm ent 

boundary was not ranked the sam e as one intersecting a river. The attribute tables were then 

exported to excel. Each polygon area was weighted by dividing by the distance it was from a 

stream and then these products were norm alised by dividing the sum m ation o f  each 

classification by the catchm ent area. This process is presented schem atically in Figure 9-2, 

with input data highlighted in green, routines in blue with a ham m er symbol, yellow  circles 

signify output from one routine that is required in another routine and the red circle is the 

final w eighted and norm alised data output o f  the process.
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DEM

R eclassified
D ata

CentroidD elineate
Catchment

D elineated
Catchment

Centroid
D ata

R eclassify Normalised.
W eighted

D ata

Normalisation

W eighted
D ata

D istance to 
River

Clipped
D ataClip D ata

River D ataGIS D ata

Figure 9-2. Schem atic o f norm alisation and weighted process carried out in ArcGIS.

9.4 Multiple Linear Regression

Regression is one o f the most useful statistical techniques available. It allows the fitting o f 

equations to data in order to predict a response o f interest (Mullins, 2003). In this case the 

response required was each o f the parameters o f  NAM and the data used to predict this were 

the different catchment descriptors. In the case o f linear regression the relationship between 

the predictor and the response is assumed to be linear, i.e. that as the area o f  a certain 

catchment predictor increased the NAM parameter would respond proportionally to this 

change. It is not assumed that one catchment descriptor will be a perfect predictor o f a NAM 

parameter, as there will always be known (systematic) and random variation present in the 

application o f statistical analysis. By utilising multiple predictors, and hence multiple linear 

regression, it was attempted to reduce these random variations to within ranges that provide 

feasible answers when NAM was applied to simulate the flow pathway separations. Each 

parameter will have an error associated with it that will introduce uncertainty as to what the 

actual value o f that parameter is. This error allows confidence intervals to be calculated 

around a predicted NAM parameter, as calculated for Umax in Figure 9-3. Simple linear
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regressions including only one predictor to calculate the response have smooth confidence 

intervals that increase as predictions m ove further away from the mean predictor, thus 

increasing associated error. M ultiple linear regressions have m ore com plex confidence 

intervals. At each response the com bination o f  predictors will result in som e predictors being 

near their mean w hile others will be far from it. This will change at each predicted response, 

producing the jagged com plex confidence intervals observed in Figure 9-3. This interval is 

the range within which a param eter is likely to lie when predicting it using the associated 

catchm ent descriptors. Probability distribution functions were then com puted utilising the 

associated error at these points for sensitivity analysis which will be discussed in C hapter 10.

30
Umax parameter with 95% confidence inter\'als

25

20

  Umax

15

CIUpp«r

10

Predictor values

Figure 9-3. Umax relationship with predictors along with associated 95% confidence intervals.

9.4.1 Statistical model

As outlined in the introduction to Section 9.4, m ultiple linear regression (M LR) involves the 

estim ation o f  a response calculated by the linear com bination o f  predictor variables:

R esp o n se  =  Coef f^x Pred ic to rx +  C o e f f 2 x P r e d i c t o r 2  +  Coeff^xPred ic tor^ +  ... 9-1
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In o rd er to  take accoun t o f  the  e ffec t o f  s ta tistical varia tion  on estim atio n s o f  the  response , the  

N A M  p aram eter in th is case, an underly ing  sta tistica l m odel w as requ ired  for the  da ta  that 

w ere handled  here. M ullins (2003) defines the sta tistical m odel tha t underlies the regression  

analysis as follow s:

•  Independent observations

•  N orm al d istribu tion  o f  a response  at any  sing le  p red ic to r

•  M eans o f  responses can be jo in ed  by a stra igh t line

T h ese  underly ing  assum ptions w ere  required  to  be satisfied  o r  c lose ly  app rox im ated  in order 

for useful reg ressions to  be ob tained  from  th is  analysis. T h e  independence  o f  observ a tio n s 

w as sa tisfied  to  an ex ten t as each N A M  p aram eter w as ca lcu la ted  based  on data  fo r each 

particu la r catchm ent. S tudy  ca tchm ents w ith  sm alle r s tudy  subca tch m en ts  w ith in  them  w ere 

on ly  partia lly  independen t as even though  param eters w ere based  on th a t c a tch m en t’s da ta  

and not surrogated  from  the subcatchm ent, the  se lection  o f  th ese  p aram eters are  affec ted  by 

the subcatchm ent. T h is m ay skew  regressions, but is u navo idab le  due  to  the lim ita tion  on the 

num ber o f  study  ca tchm en ts. T he norm al d istribu tion  o f  a response  due  to  any  single 

p red ic to r w as ca lcu la ted  w ith in  M in itab  softw are. T h is  w as ach ieved  by carry ing  ou t the 

A nderson -D arling  test (A nderson  and  D arling , 1954) that ev a lu a tes  the null hypo thesis  that 

the da ta  w ere  norm ally  d istribu ted . T he final assum ption  o f  the  m ean o f  the  responses being  

located  on a stra igh t line w ill underpin  the su ccess  o f  the reg ression . I f  the  m eans can n o t be 

connected  by stra igh t line, as they  are in F igure 9-3 , a sa tisfac to ry  re la tionsh ip  betw een  the 

p red ic to rs and responses canno t be developed .

9.4.2 Assessing the regression analysis

O nce the  M L R  approach  has been app lied  to  the  data, it m ust be assessed  to  determ ine  

w h e th e r or not the  equa tions developed  w ere  usefu l o r not. T he underly ing  assu m p tio n s m ust 

be investigated  also  in o rd e r to  va lida te  any  in ferences m ade on  re la tionsh ips developed . T he 

analysis  o f  variance  approach  assists in iden tify ing  w heth er th e  p red ic to rs  used in the  M L R  

are  s ign ifican t p red ic to rs o f  the  response, w hile  th e  sam ple  te s t dev ia tion  (5 ), the  coeffic ien t 

o f  d e term ination  (r^) -  no t to  be confused  w ith  the  N ash -S u tc liffe  co effic ien t (R~) — and the 

ad justed  coeffic ien t o f  d e term ination  (r^adj) ob jec tive  functions w ere u tilised  to  check  the
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quality o f  the regression. Residual analysis was then applied to appraise the normal 

distribution underlying assum ption.

9.4.2.1 Analysis of Variance

Statistically, the NA M  response param eters are viewed as a com bination o f  system atic and 

chance com ponents. The system atic com ponent is the part o f  the response that can be 

calculated with the catchm ent predictors. The chance com ponent is the difference between 

the observed NAM  param eter and the predicted value. The objective o f  the M LR was to 

m axim ise the system atic com ponent and sim ultaneously minim ise the chance com ponent. 

M initab produces an ANOVA (AN alysis O f  VAriance) table as an output after each 

regression calculation, an exam ple o f  which is included in Figure 9-4. The coefficient o f  the 

regression equation and the standard error associated with each predictor are displayed, along 

with the T-value and P-value. A P-value o f  less than 0.05 and, depending on the degrees o f  

freedom available, a T-value greater than 2 was generally considered significant (Holder, 

1985; Brezonik and Stadelm ann, 2002; Interlandi and Crockett, 2003). This was taking 

significance as occurring once the mean for a test hypothesis lies outside 95%  o f  the null 

hypothesis mean. The P-value does not depend on degrees o f  freedom  and therefore 

significance can be read straight from the A NO VA  table. Once the P-value was less than 0.05 

it was considered significant, again taking significance as occurring once a test hypothesis 

mean lies outside 95%  o f  the null hypothesis mean. The example shown in Figure 9-4 

illustrates that the each o f  the predictor variables were highly significant, as T -values and P- 

values were much greater than 2 and less than 0.05, respectively.
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R egression  Analysis: Umax v e rsu s  Wet. Dry,...

The regression equation is
Umax = 26.7 - 0.000323 Wet + 0.00482 Dry - 0.0212 Sand/gravels - 0.0130 Regional 

+ 0.00637 Local - 0.0149 Urbanish - 12.4 Drainage Density

Predictor Coef SE Coef T P
Constant 26.724 1.845 14.48 0.000
«et -0.00032294 0.00005048 -6.40 0.000
Dry 0.0048188 0.0003728 12.93 0.000
Sand/gravels -0.021250 0.003649 -5.82 0.001
Regional -0.012967 0.001438 -9.02 0.000
Local 0.006371 0.001010 6.31 0.000
Urbanish -0.014937 0.002472 -6.04 0.001
Drainage Density -12.401 1.529 -8.11 0.000

S - 1.16528 R-Sq • 96.4% R-Sq(adJ) - 92.9%

Analysis of Variance

Source DF SS HS F P
Regression 7 257.189 36.741 27.06 0.000
Residual Error 7 9.505 1.358
Total 14 266.695

Figure 9-4. Example of ANOVA table output from the Umax MLR.

9.4.2.1 Objective functions

In Figure 9-4 there are three outputs o f  the regression that provide a measure o f  the 

performance o f  the MLR analysis. 5” is a measure o f  the standard deviation for the sample o f  

observations, it is computed from the standard deviations o f  each o f  the predictors as shown 

in Equation 9-IL This provided an estimation o f  the variability o f  predicted responses. A low  

value o f  S  would suggest that variations associated with chance variation are small.
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w here  S  is the  estim ate  o f  the response  standard  dev ia tion , ■̂, 2 ,3 are estim ates o f  the p red ic to r 

standard  dev ia tions and np is the  n um ber o f  p red ic to rs used to  ca lcu late  the response  in the 

regression .

R -Sq  (in F igure  9-4) is the coeffic ien t o f  de term ination  r^. T h is  coeffic ien t is a m easu re  o f  the 

‘goodness o f  f it’ o f  the regression  equation  w ith  the observed  data. T he m axim um  va lu e  this 

can  have is 1. T h is is calcu lated  using  sum s o f  squares reg ression  (SSR), w hich  is associated  

w ith  the  system atic  com ponen t o f  the  observed  data  (the d ifferences betw een  the response  

da ta  and the m ean  o f  the ca lcu la ted  response  data  squared) and the sum s o f  squares error 

(SSE), associa ted  w ith  the  chance varia tion  co m ponen t (the d ifference  betw een  the observed  

response  data  and the p red icted  response  data  squared):

SSR SSE
= --------= 1 -------------  9 -1 II

SS SS

w here  SS  is the  total sum s o f  squares, SSR  +  SSE.

R -Sq (adj) (F igure  9-4) is the ad justed  coeffic ien t o f  de term ination  r^adj- T he w eakness o f  the 

standard  is tha t as ex tra  p red ic to rs are  added  to  the  regression  m odel, r  m ust decrease as 

SSE  decreases. T h is  occurs regard less o f  the  increase in / ,  though  S  can increase i f  the  ex tra  

variab le  is a particu larly  poor p red ic to r. T h is w ill resu lt in a M L R  re la tionsh ip  that m ay be 

accu ra te  w ith in  the set o f  observ a tio n s it is based  on, but ou tside  o f  th is its p red ic tion  o f  the 

N A M  param eters w ould  be very  po o r due  to  the  e ffec ts  o f  o ver-param eterisa tion . T o  address 

th is  issue r^adj w as calcu la ted  to  tak e  into accoun t the loss in degrees o f  freedom :

2  _  ^  ( ^  -  1)  SSE  9 _ , y

n - r i p  SS

w here  n is the  num ber o f  observations.

9.4.3 Residual Analysis

In o rd er fo r a  regression  re la tionsh ip  to  have the  po ten tia l o f  being  successfu lly  applied  

ou tside  o f  the  range w ith in  w hich  it w as developed , the  underly ing  assum p tio n s m ust be

adhered  to. R esidual analysis perm its  th e  a ssessm en t o f  the independence o f  observations,

n o rm ality  o f  the  d istribu tion  and also  th a t th e  m eans being  connected  by  a stra igh t line are
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accounting for the system atic variation. Residuals are the deviations o f  the observed data 

from the fitted regression equation:

Residuali =  Observatioui — Predicted Response. 9-V

These residuals, if  the underlying assum ptions are observed, are an estim ate o f  the chance 

variation not explained by the system atic regression Equation, 9-1. As such they should also 

obey the underlying assum ptions. Figure 9-5 illustrates different types o f  residual plots that 

m ay be obtained. Figure 9-5A portrays a plot o f  residuals in which the assum ptions are 

obeyed, there is approxim ately as much data above the line as below, there are no clear trends 

and no large outlier residuals. Figure 9-5B to Figure 9-5F are very different, with the 

norm ality assum ption being violated. In B and C, the residuals are changing depending on the 

value o f  the fitted value, which im plies a lack o f  independence. In D, there is a non-linear 

aspect to the residuals, suggesting that the ability o f  a straight line to fit the data does not hold 

true. E im plies a tim e-dependent aspect to the data, again show ing a lack o f  independence, 

with F also having this problem  due to a relationship with another predictor variable. In this 

research, the residuals should follow the distribution shown in Figure 9-5A if  the regression 

equations are to be o f  a quality that renders them  useful outside o f  the range o f  observations 

they w ere developed from.

R e s id s

Fitted values

R e s id s

g  R esidsR esids

Fitted values

Fitted values

R esids

Time

R esids

Fitted values 

F

Another X variable

Figure 9-5. R esidual p lo ts (M ullins, 2003).
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9.5 Catchment descriptor and NAM parameter relationships

Applying the classifications from Section 9.3.1 as predictors for a statistical multiple linear 

regression, each o f the parameters was predicted using catchment characteristics. The 

equations o f each parameter were calculated from the study catchment data as well as by 

using the supplementary catchments, as listed in Appendix A, in order to generalise the 

equations to other settings in Ireland.

9.5.1 Relationships

The equations fitted to the NAM parameter data, along with the calculated S, and r̂ adj 

indices associated with each, are presented in this section. The standardised residual versus 

the fitted value was plotted for each predicted parameter. This provided an overview of the 

normality o f the distribution o f the residuals. This was an important assessment as the normal 

distribution was an underlying assumption o f this type o f statistical analysis. Each Minitab 

output is discussed and the applicability o f predictors assessed. Each o f the plots o f  residuals 

are also presented. The residuals adhere to the assumptions made for each regression with no 

obvious trends or distributions evident, suggesting that the underlying statistical model 

outlined in Section 9.4.1 was valid for the regressions.

Umax -  the volume o f  upper storage in the catchment

U*ax ■ 26.7 - 0.000323 Wet + 0.00482 Dry - 0.0212 Sand/gEavcls - 0.0130 Regional 
+ 0.00637 Local - 0.0149 Urbanish - 12.4 Drainage Density

Predictor Coef SE Coef T P
Constant 26.724 1.845 14.48 0.000
Wet -0.00032294 0.00005048 -6.40 0.000
Dry 0.0048188 0.0003728 12.93 0.000
Sand/gravels -0.021250 0.003649 -5.82 0.001
Regional -0.012967 0.001438 -9.02 0.000
Local 0.006371 0.001010 6.31 0.000
Urbanish -0.014937 0.002472 -6.04 0.001
Drainage Density -12.401 1.529 -8.11 0.000

S • 1.16528 R-Sq - 96.4% R-Sq(adj) - 92.9%

Figure 9-6. Minitab output of Umax regression.
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In Figure 9-6 , it is shown that for the U m ax parameter, so ils  (W et and Dry) are important, 

along with aquifer type and drainage density. This is intuitive as these parameters have an 

influence on recharge and overland flow  generation.

Versus Fits
(response is Umax)
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Figure 9-7. Residuals o f Umax.

LntdX — the volume o f  lower storage in the catchment

Lmsx • 178 - 0.0745 Sand/grovels + 0.0221 Forest - 0.0238 Wetland + 0.00395 Peat 
+ 0.000586 Low - 0.00137 Foot + 0.000958 Agii - 0.0714 Area

Predictor Coef SE Coef T P
Cor̂ stant 177.737 4.316 41.18 0.000
Sand/gravels -0.07451 0.01997 -3.73 0.010
Forest 0.022111 0.003295 6.71 0.001
Wetland -0.023839 0.002662 -8.95 0.000
Peat 0.0039537 0.0007514 5.26 0.002
Low 0.0005860 0.0002034 2.88 0.028
Poor -0.0013678 0.0005001 -2.73 0.034
Agri 0.0009576 0.0002710 3.53 0.012
ktCA -0.07140 0.01810 -3.95 0.008

S - 9.04512 R-Sq • 97.8% R-Sq(ad]) • 94.8%

Figure 9-8. M initab output o f Lmax regression.
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Figure 9-8 outlines land-use (W etland, A griculture and Forest) and subsoils (Sands and 

Gravels and Peat) as the most im portant predictors o f  the lower storage reservoir in NAM . 

This reservoir reflects field capacity to an extent o f  which land-use will partly reflect field 

capacity and soils are typically derived from subsoils. Area is a surprising predictor but this 

m ay be related to the response tim e o f  the catchm ent, as larger catchm ents typically  respond 

more slowly, with the ability to store more w ater in the soils and subsoils a factor in how 

quickly a catchm ent can respond.
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Figure 9-9. Residuals of Lmax.
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CQOF -  the percentage o f  excess water that is released as overland flow

CQOF = 0.126 + 0.000098 Uet + 0.000800 Sand/gcavels - 0.000095 Las/Aliuvium 
- 0.000119 Peat + 0.000012 Agri - 0.000123 Wetland

Predictor Coef SE Coef T P
Constant 0.12589 0.04763 2.64 0.030
Wet 0.00009827 0.00001109 8.86 0.000
Sand/gravels 0.0007995 0.0001327 6.03 0.000
Las/Alluvium -0.00009548 0.00001131 -8.44 0.000
Peat -0.00011922 0.00001489 -8.01 0.000
Agri 0.00001194 0.00000197 6.05 0.000
Wetland -0.00012301 0.00002100 -5.86 0.000

S = 0.0803405 R-Sq = 94.9% R-Sq(adj) = 91.1%

Figure 9-10. Minitab output of C gO F regression.

In Figure 9-10, it is observed that soils and subsoils are important for generating overland 

flow and recharge as controlled by CQOF. This is analogous to the controlling factors in the 

recharge coefficient approach outlined in Chapters 2 and 6.
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Figure 9-11 Residuals of CQOF.
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CKIF -  the constant that controls the release oJ interflow from storage

CKIF - 4274 + 0.231 Dry + 213 Uater - 1.15 Las/Alluviim + 0.0774 Moderate
+ 599 Very High + 0.0593 Poor -»■ 1.40 Urbanish + 0.162 Forest
- 3781 Drainage Density - 8.82 Area

Predictor Coef SE Coef T P
Constant 4274.05 74.90 57.07 0.000
Dry 0.230925 0.007000 32.99 0.000
Uater 213.199 6.598 32.31 0.000
Las/Alluviuii -1.14725 0.02629 -43.64 0.000
Moderate 0.077435 0.002326 33.29 0.000
Very High 599.46 13.78 43.50 0.000
Poor 0.059340 0.002013 29.49 0.000
Urbanish 1.39885 0.02730 51.23 0.000
Forest 0.161672 0.004860 33.27 0.000
Drainage Density -3781.13 73.45 -51.48 0.000
Area -8.8157 0.2808 -31.40 0.000

S - 11.5858 R-Sq - 100.0% R-Sq(adJ) - 99. 9%

Figure 9-12. M initab output of C /f/F  regression.

CKIF, the main 

drainage density  

w hich is to be 

expected.

S oils, slopes and drainage density are determined as being important for 

control on interflow, as show n in Figure 9-12. This w ould suggest that the 

and the so ils and slopes surrounding them greatly influence interflow.

Versus Fits
(response is CKIF)
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Figure 9-13. Residuals of CKIF.
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C K —the time constant fo r  overland flow

CK = 24,0 - 0.000694 Wet + 1.38 Water + 0.00832 Till + 0.0824 Rock
- 0.000693 Lou + 0.0119 Local - 0.00153 Poor - 71.3 Drainage Density

Predictor Coef SE Coef T P
Constant 24.010 2.236 10.74 0.000
Wet -0.00069372 0.00004342 -15.98 0.000
Water 1.37862 0.07872 17.51 0.000
Till 0.0083164 0.0006509 12.78 0.000
Rock 0.082374 0.007999 10.30 0.000
Lou -0.00069328 0.00007298 -9.50 0.000
Local 0.0119237 0.0009347 12.76 0.000
Poor -0.0015337 0.0001328 -11.55 0.000
Drainage Density -71.311 4.422 -16.13 0.000

S - 1.95521 R-Sq • 99.7% R-Sq(ad3 ) - 99.3%

Figure 9-14. M initab ou tput o f CK  regression.

Figure 9-14 highlights wet soils and poorly productive aquifers as being the best predictors o f  

the overland flow response. These predictors, like the CQOF  predictors, would be 

comparable to those o f  the recharge coefficient approach as the controlling factors o f  runoff 

generation.
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Figure 9-15. Residuals o f CK.
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C K B F - the time constant fo r  shallow groundwater

CKBF = 590 + 0.0988 Wet - 18.1 Water - 0.904 Rock - 0.0334 Moderate
- 59.4 Very High

Predictor Coef SE Coef T P
Constant 589.87 44.05 13.39 0.000
¥et 0.098827 0.002485 39.77 0.000
Uater -18.070 1.421 -12.72 0.000
Rock -0.90357 0.09354 -9.66 0.000
Moderate -0.033356 0.004044 -8.25 0.000
Very High -59.379 1.304 -45.55 0.000

S = 48.6473 R-Sq = 99.6% R-Sq(adj) = 99.4%

Figure 9-16. M initab output of CKBF  regression.

Slope and soil type are the m ost im portant predictors o f  shallow groundw ater response 

according to Figure 9-16. W ater is surprisingly included but this m ay be the influence o f  

water features in the B lackwater catchm ents that are not reflected elsew here. The inclusion o f  

further catchm ents containing lakes would assist in determ ining the actual impact o f  w ater on 

CKBF.
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Figure 9-17. Residuals o f CKBF.
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CKjow  -  the time constant fo r  deep groundwater

CKLow - 4472 - 1.02 Uet + 0.138 Moderate + 543 Very High + 0.474 Local 
+ 2.55 Forest + 75.7 Uater_l + 911 Drainage Density

12 cases used, 3 cases contain missing values

Predictor Coe£ SE Coef T P
Constant 4472.1 211.1 21.18 0.000
Wet -1.02148 0.09810 -10.41 0.000
Moderate 0.13841 0.01616 8. 56 0.001
Very High 542.65 53. 33 10.18 0.001
Local 0.47403 0.03481 13.62 0.000
Forest 2.5543 0.2806 9.10 0.001
Uater_l 75.713 6.578 11. 51 0.000
Drainage Density 911.2 185.1 4.92 0.008

S - 56.4245 R-Sq - 99.7% R-Sq(ad3 ) - 99.2%

Figure 9-18. IMinitab ou tput of CKLow  regression.

A gain, soil type and slope are important for this groundwater response constant as they were 

for the shallow  groundwater response, as indicated in Figure 9-18. This factor is one o f  the 

less sensitive parameters, as w ill be discussed in Chapter 10, so it is difficult to assess som e  

o f  the other predictors included here w ithout further catchm ents being included in the 

regression.
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Versus Fits
(response ts CKLow)
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Figure 9-19. Residuals o f CKLow.

TO  -  the threshold value fo r  overland flow

TO = 0.845 - 0.000022 Poor - 0.000045 Forest - 0.000005 let - 0.00586 Water 
+ 0.000086 Regional + 0.000048 Local

Predictor Coef SE Coef T P
Constant 0.84496 0.02704 31.25 0.000
Poor -0.00002218 0.00000238 -9.31 0.000
Forest -0.00004496 0.00001035 -4.34 0.002
Wet -0.00000479 0.00000079 -6.05 0.000
Water -0.005863 0.001374 -4.27 0.003
Regional 0.00008559 0.00002673 3.20 0.013
Local 0.00004848 0.00001530 3.17 0.013

S = 0.0379347 R-Sq = 97.7% R-Sq(adj) = 96.0%

Figure 9-20. M initab ou tput of TO regression.

TO affects when overland flow occurs, as such, it is reasonable that influences on the 

‘flashiness’ are the most important predictors. In Figure 9-20 aquifer classification is 

important (poorly and locally productive and regionally important) with wet soil and forested

288



Chapter 9: Generalisation o f  NAM Parameters

land-use also playing a role. Water is also identified as an important predictor. This, as was 

the case with the CKBF  parameter, may be related to high runoff in the supplementary 

catchments presented in Appendix A, such as Blackwater catchments.
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Figure 9-21. Residuals for TO.

7 7 -  the threshold value fo r  interflow

TI = 0.298 + 0.000077 Local -  0.000046 Peat + 0.G00187 F o re s t  + 0.000454 Rock

P red ic to r  Coef SE Coef T P
Constant G.2977 0.1894 1.57 0.147
Local 0.00007687 0.00005763 1.33 0.212
Peat -0.00004618 0.00001690 -2.73 0.021
F o re s t  0.00018665 0.00007368 2.53 0.030
Rock 0.0004536 0.0003475 1.31 0.221

S = 0.225916 R-Sq = 52.0^ R-Sq(adj) = 32.8^

Figure 9-22. M initab ou tput of T! regression.
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T he M LR  could  not relate the catchm ent p red ic to rs to  the 77 param eter successfu lly . A  low 

r^adj value o f  32 .8%  w as ob tained , w ith  tw o o f  the  fou r p red ictors (locally  productive  aqu ifers 

and rock ou tcrop) deem ed not sign ifican t in F igure 9-22. T h is is m ost likely  a resu lt o f  the 

insensitiv ity  o f  the  77 p aram eter as w ill be d iscussed  in C hap ter 10. A s a resu lt o f  th is 

insensitiv ity , m any  values o f  77 w ould  p roduce  sim ilar ou tcom es and  so a consisten t 

rela tionsh ip  betw een  the  pred ic to rs and  77 is d ifficu lt to  establish .
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Figure 9-23. R esiduals fo r 77.
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TG  -  the threshold value fo r  groundwater recharge

TG = 0.939 + 0 000097 Local - 0.0241 Water - 0.000011 Agri + 0.000613 Area
- 0.000004 Wet - 0.000344 Sand/gravels

Predictor Coef SE Coef T P
Constant 0.93855 0.02705 34.69 0.000
Local 0.00009729 0.00002341 4.16 0.003
later -0.024110 0.004632 -5.20 0.001
Agri -0.00001080 0.00000113 -9.57 0.000
Area 0.0006126 0.0002219 2.76 0.025
Wet -0.00000369 0.00000130 -2.84 0.022
Sand/grave Is -0.0003440 0.0001424 -2.42 0.042

S = 0.0540409 R-Sq = 96.4^ R-Sq(adj) = 93.7%

Figure 9-24. M initab output o f TG regression.

Figure 9-24 indicates that there are a number o f important predictors o f  TG. Aquifer type 

(locally productive), soils (wet) and subsoils (sands and gravels) are logical inclusions, as is 

agriculture land-use as this reflects the soil type which impacts the recharge to groundwater 

like the other predictors mentioned. Water and area are surprising inclusions, area may be a 

reflection o f  the relatively small sizes o f the study catchments as most o f  these are ‘flashy’ in 

nature, but again water is more difficult to explain. Again, like TO and CKBF, this may be 

the effect o f  the Blackwater catchments and the till soil coverage. This would require further 

catchments for the MLR analysis to assess if  the regressions are being skewed by the 

presence o f the Blackwater catchments.
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Figure 9-25. Residuals for TG.

The MLR was successfully applied for the different NAM Parameters, with the exception o f 

77. Omitting TI, the lowest r^adj, the most important when fit was being assessed, was 91.1% 

for the CQOF  parameter. While this was the lowest r\,dj, this may not be the regression that 

will have the most variation associated with it during simulations o f flow separations. Small 

changes in a parameter with a very good regression fit, such as CKBF, may have a large 

effect on separations predicted. The uncertainty involved in a simulation, due to the 

sensitivity o f parameters, particularly 77, is investigated in Chapter 10.

In order to assess the performance o f the regression equations, two catchments were selected 

to populate the NAM parameters by implementing these regression equations. NAM was 

applied with these parameters for the same periods as calibration and validation in Chapter 7. 

The catchments selected were Mount Stewart Outlet, a ‘flashy’ catchment reflecting the 

majority o f  the observed data, upon which the regression equations were based, and Mattock 

Diversion Weir as the only “three-pathway” catchment amongst the study catchments. The 

contribution o f each pathway, the Nash-Sutcliffe coefficient (7?‘), the root Nash-Sutcliffe 

coefficient ( V ^ )  and the bias were compared in Table 9-5. The regression equations 

selection o f parameters compare well with the calibration and validation period, though this 

would be expected as these catchments were utilised to develop the regression equations.
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Table 9-5. Results o f  application o f generalised param eters in Glen Burn Outlet and M attock Diversion 

W eir catchm ents.

Calibration V alidation 
Period Period

G eneralised
Calibration

Period

G eneralised
Validation

Period

G len Burn O utle t 
Pathw ay
D eep GW

5km ^

4.9% 3.9% 3.8% 3.0%
Shallow GW 7.8% 6.0% 5.2% 4.8%
Interflow 43.6% 48.8% 49.0% 51.2%
Overland 43.7% 41.3% 42.0% 41.0%

O bjective Function

0.95 0.95 0.94 0.92

0.94 0.94 0.90 0.90
Bias 0.0036 0.0066 0.0080 0.0110

M attock Diversion W eir

Pathw ay
G roundw ater

6.99 km^

16.1% 16.6% 12.3% 11.9%
Interflow 51.2% 46.1% 66.4% 59.8%
Overland 32.7% 37.3% 21.3% 28.0%

O biective Function
0.84 0.74 0.80 0.75

0.96 0.92 0.86 0.90
Bias -0.0028 -0.0145 -0.0053 -0.0098

9.6 Discussion

In C hapter 7, the pathw ay separations were assessed. Follow ing on from this, this chapter 

related the param eters required for the NAM  m odelling o f  each o f  the catchm ents to the 

different catchm ent descriptors available in GIS format. Soils, subsoils, land-use, aquifer 

classification, DEM and river datasets were utilised to define all the descriptors. These data 

were then em ployed to create predictor characteristics for each study and supplem entary 

catchm ent, with m ultiple linear regression equations relating these descriptors to the NAM  

param eters o f  the catchm ents.
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In a previous study, NAM  was applied to model a m ultitude o f  catchm ents in Ireland in the 

RPS groundw ater-surface w ater interaction report (2008). In the RPS report, key physical 

characteristics o f  the selected catchm ents were utilised to derive guiding values for the NAM  

param eters assigned to the sim ulation o f  these catchm ents. Decision tables were developed in 

that study to guide the selection o f  param eters, but this resulted in tables that had a large 

range o f  suggested values rather than providing equations to calculate a suitable value for a 

param eter as is achieved in this chapter. Certain land-use types were also om itted from the 

list o f  predictors considered for catchm ent characteristics, with classification o f  datasets 

being rudim entary, rather than the m ore com prehensive classification em ployed in this 

chapter. The RPS study also lumped interflow and shallow groundw ater flow together, which 

affected the selection o f  param eters for sim ulations and also resulted in underestim ates o f  the 

groundw ater contribution to river discharge. A crucial difference between the predictors 

utilised here and in that earlier study is the w eighting given here to the datasets based on the 

distance from the nearest stream or river. This assisted in differentiating between land located 

at the catchm ent boundary that is most likely to affect recharge, com pared with land located 

at the stream ’s edge and thus more likely to have a significant influence on the fast- 

responding overland and interflow pathways.

M ultiple linear regression was used to define the relationships between catchm ent 

characteristics, based on the predictors outlined in Section 9.3, and NAM  param eters. The 

regression equations were then applied for the sam e calibration and validation periods as in 

Chapter 7 for Glen Burn Outlet and M attock Diversion W eir catchm ents. As can be observed 

in Table 9-5, there was good agreem ent for both catchm ents for the calibration period and 

validation period using the auto-calibration approach (informed by the separation techniques 

o f  Chapter 6), and the regression equations developed from these sim ulations. This is 

particularly true o f  the Outlet catchm ent, with m ore variation present in the Diversion W eir 

as interflow is calculated as being higher from the regression equations approach, with 

overland flow consequently having a sm aller contribution. It was anticipated that there w ould 

typically be good agreem ent, as both o f  these catchm ents were among a limited num ber o f  

catchm ents involved in the developm ent o f  the regression equations, but as the num ber o f  

catchm ents increases, assessm ents such as this will becom e more and m ore indicative o f  the 

success o f  the generalisation. These equations can then be applied to ungauged catchm ents 

with m ore confidence. Currently, the num bers o f  predictors are quite large com pared to  the 

num ber o f  calculated values o f  each NAM  param eter. Therefore further catchm ents would be
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requ ired  to  im prove the genera lity  and  the v a lid ity  o f  these  equa tions and prov ide valida tion  

opportun ities.

9.6.1 Limitations of regression

W hile the  resu lts o f  the  reg ression  equa tions ou tlined  in th is chap ter w ere  successfu l, w ith 

m ost r^adj va lues g rea te r than  90% , these  m ust be v iew ed w ith  a caveat in m ind. T hese 

equa tions w ere fitted  to  values tha t w ere  observed  to  provide reasonab le  separa tions in the 

ca tchm en ts in question , tak ing  the  d iffe ren t separa tion  m ethods in to  accoun t. T he param eters  

u tilised  for these  ca tchm en ts m ay  be close  to  the  ‘b e s t’ com bination  bu t there  is no certa in ty  

abou t th is. A s such, the regression  equ a tio n s in th is  study  w ere fo r the  set o f  param eters tha t 

w ere  im plem ented , not n ecessarily  the  op tim um  and  also  these  reg ression  equations w ill be 

less app licab le  ou tside  the ranges w ith in  w hich  they  w ere developed . T h is is o f  particu lar 

im portance in ca tchm en ts w ith  unusual features tha t w ere  not covered  by  the ca tchm en ts that 

w ere em ployed  to  deve lop  these  equations. C a tch m en ts  w ith large karst condu it system s are 

an ex am p le  o f  situa tions tha t these  equa tions m ay  not be ab le to rep resen t adequate ly .

A n o th er lim itation  o f  regression  is the  lack o f  connection  betw een co rre la tion  and causality . 

A p red ic to r m ay have a sta tistical re la tionsh ip  w ith  a response but th is  m ay be a resu lt o f  

co in c id en ce  and not due to  any  system atic  re la tionsh ip  betw een tw o  variab les. P red ic to r 

values have  been d iv ided  by  ca tch m en t area in th is  study to  help  avo id  such  spurious 

re la tionsh ips being  developed , as the actual d ifference  in descrip to rs betw een  ca tchm en ts can 

be m ore  read ily  observed  once the da ta  have been  norm alised  by ca tch m en t area . A pp ly ing  

ava ilab le  sc ien tific  know ledge  to  avo id  non-causal re la tionsh ips w ill a lso  help . For exam ple, 

tha t the  type o f  soil in a ca tchm en t in fluences the  su rface storage is in tu itive  as soil type  w ill 

have a bearing  on how  m uch w ater can  in filtra te  and hence how  m uch sto rage th ere  is on the  

surface. ‘L urk in g ’ variab les, as referred  to  by  B ox (1966), are  o f  concern  fo r the  issue o f  

co rre la tion  and  causality . T h is is w hen  a n on -re la ted  pred ic to r reac ts  s im ila rly  to  ano ther 

im portan t p red ic to r and  m asks the im portance  o f  tha t p red ictor. A n ex am p le  w ould  be pasture  

land fo r cattle  be ing  genera lly  w ell d ra ined . I f  ca ttle  stock ing  d ensity  in the field  w ere  applied  

as a p red ic to r o f  d ra inage  ab ility  o f  the  land, th is  m ay  perform  w ell i f  cattle  w ere  coun ted  

d u ring  the  sum m er in one  ca tch m en t but poorly  i f  th ey  w ere  coun ted  du ring  the  w in te r in 

an o th e r ca tchm en t a fte r th ey  have been  taken  indoors. A s such, the  land -use  is the  im portan t 

p red ic to r not the  cattle  stock ing  density , w hich  is behav ing  in th is  exam ple  as a lu rk ing
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variab le . W hen using  regression  it is alw ays im portan t to  assess developed  re la tionsh ips w ith  

these  lim ita tions in m ind.

O verall the reg ression  equa tions su ccessfu lly  p red ic t the  N A M  param eters em ployed  fo r the 

m odelling  in C hap te r 7 and A p p en d ix  C. T he excep tion  to  th is  is the regression  equation  

developed  fo r the  77 param eter. T h e  r^adj for th is  regression  w as low  (32 .8% ). H ow ever, it is 

suggested  in the N A M  user m anual tha t th is  param eter m ay be re la tive ly  insensitive  

com pared  to  the  o ther param eters  in the m odel in tem pera te  clim ates. T h is w ould  acco u n t for 

the d ifficu lty  in de term in ing  a M L R  equation  to  p red ic t th is param eter, as a w ide  range o f  

values m ay p roduce  com parab le  ou tcom es from  the  m odelling . It is therefo re  u n reasonab le  to  

expect an equation  to  be ab le to  p red ic t these  p aram eter va lues for m any ca tchm en ts i f  77 is 

indeed qu ite  insensitive. T he sensitiv ity  o f  77 and the  o ther p aram eters are  considered  in 

detail in C hap te r 10.

9.6.2 Framework for determining pathway contributions to Irish rivers.

T he developed  regression  equa tions prov ide the final p iece o f  the fram ew ork  requ ired  for 

separa ting  the hydrograph  into its constitu en t pa thw ays, as ou tlined  in C h ap te r 5. T h is 

fram ew ork  is illustra ted  in the flow  ch art in F igure  9-26.
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Figure 9-26. Framework for hydrograph separation in Ireland.

For all studies in Ireland, the Recharge coefficient approach (C hapter 6) will be applicable as 

GIS data can be obtained for the whole o f  the country. A fter this it is necessary to check if  

discharge data for the catchm ent being studied are available. I f  discharge data are not 

available, it is necessary to exam ine if  there is access to rainfall and potential 

evapotranspiration (PE) data. If  these data are accessible, the recession equations o f  this 

chapter can be utilised to carry out NAM  m odelling that will provide separations based on the 

study catchm ents and supplem entary catchm ents. A lthough the four pathw ays will be 

m odelled, the only actual constraints on these pathways, based on inform ation from the 

catchm ent being studied, will be from the recharge coefficient approach. Therefore, only 

assessm ents o f  quick flow (overland flow and interflow) and com bined groundw ater flow 

(deep and shallow groundw ater flow) can be used for adjustm ents o f  the NAM  param eters. 

The effects o f  adjusting the param eters are discussed in more detail in C hapter 10. I f  rainfall
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and PE data are not available, only relative quick flow and groundw ater contributions that 

would be appropriate for a hydraulic year are calculated from the available data.

When there are discharge data for the catchm ent being studied, further estim ations o f  the 

pathways contributions to the river can be obtained by applying the m aster recession curve 

(M RC) analysis and the m odified Lyne and Hollick algorithm  (Chapter 5). If rainfall and PE 

data are available, the output from these separation m ethods can be utilised to constrain NAM  

modelling. W hen rainfall and PE data are not available, an annual assessm ent o f  the w ater in 

the river derived from the pathways is obtained from the recharge coefficient approach and 

the MRC analysis. The m odified Lyne and Hollick algorithm  provides the overall 

contribution o f  the pathways, and also their tem poral distribution during the period o f  the 

observed discharge data.

If  discharge, rainfall and PE time series data are available for a catchm ent NAM is applied to 

the data with the hydrograph separation techniques used to constrain the output. T im e series 

o f  the four conceptual pathways are obtained, with the contributions o f  each o f  the pathways 

being com pared with the constraints. The ability o f  these pathways to reproduce the observed 

discharge is also assessed. If  the pathway separations and sim ulated discharge are not 

consistent with the available data the m odelling process is im plemented until a suitable 

sim ulation is achieved. This is the iterative process highlighted in the green box in Figure 

9-26. As discussed in C hapter 7, the frequency o f  the input data will affect the ability o f  the 

model to sim ulate the quicker responding pathw ays present, particularly in sm aller ‘flashy’ 

catchm ents.

Once this process has been carried out, the outputs should be further assessed through the 

collection o f  more detailed data that will m ost likely require field investigations. This will 

include observations m ade in the field (such as when certain pathways are active), chemical 

hydrograph separation and attenuation m odelling (both o f  which will require sam pling o f  the 

river and pathways w here possible) that will provide inform ation on the pathways not based 

on the response tim e o f  the pathways. A ttenuation m odelling provides further insight into the 

m ovem ent o f  pollutants, such as phosphorus or nitrogen, can help indicate if  pathways 

associated with these pollutants are contributing significantly to the river.
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10 Uncertainty Analysis

10.1 Introduction

U ncertainty o f  the predictions m ade in m odelling is one o f  the m ost im portant aspects 

o f  sim ulating pathw ays in an ungauged catchm ent. This chapter investigates the errors 

associated with the sim ulated pathw ay flows and evaluates the range o f  these errors and 

the NAM  param eters they are m ost associated with. Error is generally  associated with 

accuracy and precision as illustrated in Figure lO -l. Accuracy is the ability o f  the model 

to generate discharges that are close to the observed discharges. The error between 

sim ulated and observed data is a result o f  system atic error inherent in the model, 

whereas, precision is the ability o f  a model to generate discharges that are consistently 

close to  one another. In the case o f  precision, a good match with observed values is not 

necessary but all generated data should be consistently near the sam e value. Precision is 

not an issue as a model will always sim ulate the same discharge value provided the 

input data and param eters are the same. The uncertainty assessed here will be based on 

the change in accuracy caused by a change in the NAM  param eters.

Good Precision Poor Precision

Good Accuracy

Poor Accuracy

Figure 10-1. The effects of accuracy and precision on errors.
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10.2 Regression Equation Error

In Chapter 9, a relationship between the NAM parameters and the characteristic 

catchment descriptors was developed using multiple linear regression. The error 

associated with these regression relationships provides a means o f examining the effect 

these parameters have on the accuracy o f NAM when generating the discharges o f the 

different pathways. Each regression equation has an associated calculated standard 

deviation that is a combination o f the error associated with each o f the predictors 

implemented in the regression equation, as outlined in Chapter 9. Utilising these 

calculated standard deviations associated with each o f the parameters, confidence 

intervals were calculated within which the value o f the NAM parameter, representative 

o f the catchment in question, was expected to be located. Confidence was set at 95%; 

i.e. it was expected that 95% o f the time the representative value o f the NAM 

parameter, applying the regression equation, would be located within the confidence 

intervals. These confidence intervals, with the mean predicted value o f  each NAM 

parameter, defined the distributions o f the representative value o f  each NAM parameter 

based on the multiple linear regression equations. For example. Figure 10-2 depicts the 

distribution obtained for the Umax NAM parameter for the Glen Burn catchment 

applying this approach. Here the distribution is normal about a mean o f 19.75 mm.

Umax

Figure 10-2. Distribution of Umax parameter for Glen Burn Outlet catchment using regression 

equation.
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10.3 Sensitivity Analysis

Identifying the parameters that have the most effect on model output is important for 

calibration but also for assessing the performance o f  the regression equation at 

predicting parameter values. When the regression equations were defined in Chapter 9, 

the associated performance function o f r^adj was evaluated as the best means o f 

determining the overall performance o f the regression. This performance function, 

while assessing the effectiveness o f the regression, does not reflect the importance o f  

the parameter on the overall performance o f  NAM. For example, an r̂ adj o f  0.9 could be 

obtained for a parameter that is relatively insensitive, i.e. does not affect model results 

to a great extent, and so this relatively poor fit for a regression could perform 

acceptably well in the model. Alternatively, an r^adj o f  0.96 could be computed for a 

parameter that is very sensitive, so even small deviations from the target parameter 

value could have large effects on model output. Consequently, a sensitivity analysis is 

an important aspect o f assessing the uncertainty in the NAM model, when applying the 

regression equations.

10.3.1 One at a time sensitivity analysis

One at a time (OAT) sensitivity analysis (Hamby, 1994) involves evaluating the change 

in output o f a model by incrementing one parameter o f the model’s set up per run o f the 

model. This approach allows the effect o f a single parameter to be assessed each time 

the model is run. In the case o f  NAM, the effect o f changing each parameter will be 

determined by selecting a single value from a distribution o f the parameter values each 

time and then evaluating the simulated discharges and pathway separations. A Monte- 

Carlo simulation was set up, utilising MATLAB to define the distributions and then call 

the NAM model through command line prompts (see Section 10.3.4). The output was 

assessed with the Nash-Sutcliffe coefficient {R') (Nash and Sutcliffe, 1970), the square- 

root R~ coefficient ( V ^ )  and bias, with the contribution o f  each pathway to river 

discharge also evaluated. These were then compared with the calibration results from 

Chapter 7.
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10.3.2 Evaluation of sensitivity

In order to compare sensitivities o f each parameter between catchments and with other 

parameters a method for normalising the results o f  the analyses was required. The 

method implemented was that o f McCuen (1973) in which the changes in the objective 

functions applied, R~, and bias, per run, were normalised by the calibrated 

objective function value divided by the calibrated parameter value as in Equation lO-I:

A P F / A p i
5,. =  -■ V, , -  10-1PFIpi

where 5, is the sensitivity o f parameter pf for the zth NAM parameter, PF  is the 

performance function being evaluated.

10.3.3 Parameter prediction distributions

95% confidence intervals were selected as the bounds to the mean predicted values 

from the regression equations. 95% was chosen as the confidence level based on 

previous statistical studies in hydrology (Binley et al., 1991; Moradkhani et al., 2005; 

Wentz et al., 2007), with the confidence intervals and parameter predicted means 

obtained utilising the statistical software Minitab when developing the regression 

equations. Applying these values, distributions were then developed for the Monte- 

Carlo simulations. A routine was written in MATLAB that implemented the normrnd 

function to compute a normally distributed probability density function, with a defined 

mean and standard deviation based on the difference between the mean and the 

confidence intervals. The standard deviation was defined as a quarter o f  the difference 

between the two confidence intervals (as the 95% confidence interval is generally 

located two standard deviations from the mean). Because the confidence intervals were 

set as boundaries within which all parameter values were likely to be situated, the 5% of 

values predicted outside o f these boundaries were reset as the mean o f  all values that 

had occurred before this in the distribution. This also allowed for distributions that were 

slightly skewed, a situation when one confidence interval was further from the mean 

than the other, to be approximated as close to normality as possible. Parameters with 

means near a limit o f feasibility such as 0 or 1 in the case o f  CQOF, had the confidence 

interval reset to these limits after the calculation o f the standard deviation to avoid 

values that would cause NAM to crash.
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10.3.4 MATLAB/NAM syncing

Batch runs o f NAM were implemented with the routine programmed in MATLAB. 

This was carried out with the distributions o f each parameter that were computed as per 

Section 10.2, by selecting a value at random and assigning this to the model parameter. 

The other parameters were set as predicted by the regression equations determined in 

Chapter 9. This was achieved by rewriting the input files for each iteration o f the 

model. The model was then run with these parameter settings by calling the model from 

MATLAB with command line prompts. The output o f each simulation was stored and 

assessed, implementing the objective functions that were selected in Section 10.3.2. The 

outputs o f  these functions were then utilised to determine the sensitivity o f  each 

parameter for the catchment applications. The results o f these sensitivity runs are 

outlined in the following Section 10.4 and in Appendix D for the supplementary 

catchments. Each simulation required approximately 12 seconds to run. Ten parameters 

were evaluated for their sensitivity in each catchment with four hydrological pathways 

identified and nine in catchments with three pathways. 1000 iterations were used for the 

Monte-Carlo simulations for each parameter, with the exception o f TO, TI and TG 

where only 500 iterations were applied per parameter. This was as a result o f  the 

apparent insensitivity o f 77, as discussed in Chapter 9. In order to fully evaluate this 

insensitivity, the maximum upper and lower boundaries were implemented as the 

confidence intervals for these three parameters, i.e. from zero to one. As TO and TG 

function in the same manner as 77, this approach was applied to these parameters also. 

In total, the simulations required a net computation time o f approximately 420 hours for 

the 15 catchments.

10.4 Results

Once the simulations had been completed the data were processed in MATLAB in 

order to assess the performance o f each simulation, applying the three objective 

functions discussed in Section 10.3.1 as well as evaluating the contributions to 

discharge from each o f the hydrological pathways. The sensitivity o f  each NAM 

parameter was determined by applying Equation 10-1. The sensitivity o f each 

parameter, with reference to the objective functions and each o f the pathway 

contributions, is summarised in Table 10-1. The values for sensitivity provided within
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this table have no units and provide a relative scale o f sensitivity within each column. 

The highest value indicates the most sensitive parameter (marked in red), followed by 

the second most sensitive (orange) and the third most sensitive (green), with sensitivity 

o f parameters decreasing with decreasing values in the column. The magnitudes o f  

values between columns are not comparable due to different variations associated with 

each column, such as a variation o f 0.0004 about 0.96 for Umca in Figure 10-3 with 

0.02 about 0.29 for Umax in Figure 10-4. Within each o f the objective function columns 

and pathway contribution columns, a value greater than one is o f importance, as this 

indicates that the output o f the Monte-Carlo simulations has more variation than the 

inputted parameter values. This highlights parameters that have a substantial impact on 

results obtained from simulations, as is the case with CQOF  for shallow groundwater, 

(although it should be noted that it also has a value just less than one with respect to its 

influence on the deep groundwater pathway (see Table 10-1)).

Table 10-1. S u m m ary  o f  sensitivity analysis. T he  most influential p a ra m e te r  is indicated  in red , 

with the second a n d  th i rd  most influential ind icated  in o range  and  green respectively.

vR- Bias Deep Shallow Interflow Overland
Umax 0.0444 0.0233 0.1667 0.3025 0.3956 0.8912 0.4342
Lmax 0.0263 0.0227 0.3283 0.0979 0.1362 0.4653 0.0578
CQOF 0.1265 0.0505 1.2979 0.9209 1.3028 0.1768 0.8307
CKIF 0.0137 0.0144 0.0421 0.2329 0.2617 0.6687 0.3211
CK 0.3533 0.0809 0.0258 0.0040 0.0040 0.0045 0.0041
CKBF 0.0126 0.0133 0.5816 0.0140 0.0869 0.0149 0.0204
CKLow 0.0047 0.0180 0.0541 0.0304 0.0033 0,0033 0.0033
TO 0.0969 0.0505 0.2268 0.3469 0.5144 0.1073 0.3287
Ti 0.0161 0.0178 0.0739 0.0650 0.0705 0.1044 0.1041
TG 0.0670 0.0580 0.0484 0.7242 0.8478 0.2887 0.3448

Table 10-2 presents an example o f a detailed breakdown o f the output computed from 

the Monte-Carlo simulations, here the output from the Monument catchment in Nuenna 

is examined. Each one o f  the NAM parameters is listed along the left-hand side o f  the 

table, with the mean value o f that parameter and an upper and lower boundary, upon 

which the distribution o f the Monte-Carlo simulation was based. The ranges o f  

contributions o f  each o f  the pathways are presented in the next four sets o f columns. As

304



Chapter 10: Uncertainty Analysis

explained in Chapter 7, the deep and shallow groundwater labels have been replaced by 

‘diffuse’ and ‘conduit’ to represent the slower and quicker responding groundwater 

karst pathways. The performance o f the objective functions are then outlined in the 

final three sets o f columns, with R ', yJW  and bias being assessed. The R~ and ‘diffuse’ 

ranges are graphically presented in Figure 10-3 and Figure 10-4, respectively. These 

plots, for each o f the NAM parameters, provide a better indication o f  the distribution o f 

the output from the simulations between the upper and lower bounds for and the 

‘diffuse’ contributions. As can been seen from these plots, the majority o f the output is 

close to 0.96 for R~ and 29% for the ‘diffuse’ contribution. The parameters that provide 

the output with the greatest variation are CQOF  and TG for and CQOF  and TG for 

the ‘diffuse’ contribution. As is evident from Table 10-1, CQOF  is an important 

parameter for achieving a high /?", whereas TG is fourth in the sensitivity ranking. 

However, due to relatively large range o f values utilised for TG. TG values are between 

0 and 1 varying around a mean o f  0.5. This would provide a normalised range o f 2, 

calculated by dividing the range by the mean. If the same calculation was computed for 

CQOF, with values between 0.08 and 0.283 around a mean o f 0.182, a normalised 

range o f  0.36 is obtained, much less than the TG normalised range. This is why TG 

appears to have the most variability, but this is a reflection o f the variability o f the 

inputted TG values as well variability o f the output, the advantage o f applying Equation 

lO-I to assess the sensitivity. In addition, it should be noted that both CQOF  and TG 

rank highly for deep/’diffuse’ groundwater in Table 10-1.
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Table 10-2. Sum m ary o f the variation o f  the Nam param eters and the range o f results obtained im plem enting them into a M onte-Carlo sim ulation for the 

Nuenna M onum ent subcatchm ent.

NAM Parameters '5l[>w Drffuse' 'Quick Diffuse' Interflow Overiand RI 2 Bias

% h % % % % %

mean min rraK min m|K min max min max min max min maK min max min max

Umax 13.2 7.S 12.6 27.8 2S,5 46.2 49.S lO.B 17.0 9.0 9.8 3.963 0.S63 0,970 0,971 1,1 LI
Lmax 177.e 157.7 187.4 2S.7 2S.7 48.3 48.1 13.B 13.9 9.4 9.4 3.963 0.S51 0,971 0,972 0,8 1.2

COF 12 11 0,3 23.6 2S,i 38.3 49.5 13.5 13.9 7.3 24.S bo oo 0.963 0,932 0.972 0,5 5.0

CKIF 6B9.e 553.2 715.9 2S.5 2g.8 47.7 48.3 13.5 14.4 9.3 9.4 3.963 0.963 0.971 0.972 11 1.2

CKIF -D.9 38.1 43,6 2B.7 28,7 48.1 48.1 13.B 13.8 9.4 9.4 3.95B 0.S61 0,970 0,972 1.1 1.1
CKBF 613.S 550,3 567.5 2B.6 28,8 47.9 48.3 13.B 13.9 9.4 9.4 3.95B 0.S61 0,959 0.973 0,6 1.9

CKLow 2163.2 208C.5 2245,B 23.5 28,7 47.1 48.1 13.6 13.8 91.1 9.4 3.95B 0.S51 0,969 0,972 1,0 1.1

TO 3.5 D.C 1.0 2B.1 28,5 45.9 48.C 13.7 13.8 9.6 11.3 3.953 0.S52 0,956 C',971 1,1 1.3

Tl D.5 3.C 1.0 2B.5 25.1 47.7 49.C 12.3 14.4 9.3 9.6 3.953 0.962 0.959 0.972 1.0 1.2
TG D.5 D.C 1,0 2B.6 32.4 47.9 55.1 10.9 13.9 1.6 9.7 3.905 0.963 0.893 0,971 1,1 3.1
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Figure 10-4. Variation o f ‘diffuse’ patliway annual contribution to river discharge in the Nuenna Monument catchment.
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In order to assess the impact that the variation o f the NAM parameters has on the 

simulated discharges, the Gortinlieve EPA Weir subcatchment is further assessed. 

Analysing a rainfall event that takes place at the end o f October 2011 (Figure 10-5), the 

blue line is the observed discharge at the weir, while the red line is the maximum 

simulated discharge and the green line is the minimum simulated discharge. By varying 

the model parameters, it is not just the relative contribution o f each pathway that is 

altered but the overall discharge simulated (both the shape o f the hydrograph and the 

quantity o f discharge being simulated). This reflects the variation o f parameters, such as 

Umax and Lmax, as these affect the storage available within the soils, resuhing in the 

model being able to hold more water in these storages, thus reducing simulated 

discharge. It is for this reason that the objective functions values vary within this 

chapter. The maximum and minimum simulated discharges were chosen from all 8,500 

simulations carried out for the sensitivity analysis o f  this subcatchment. The maximum 

was taken from the Monte-Carlo simulations o f the CK  parameter, while the minimum 

was taken from the CQOF, these were both highlighted in Table 10-1, as being among 

the three most sensitive parameters for R~, a good indication o f  the ability o f simulated 

discharges to match observed discharges (as discussed in Chapter 7).
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Figure 10-5. M ax im um  and  m in im um  sim ulated  d ischarges fo r  ra infall  event in G ortin lieve  a t  the 

EPA W eir  su b ca tch m en t (O ctober  2011). Blue is observed d ischarge, red is m ax im um  simulated 

d ischarge  and  green is m in im um  sim ulated  discharge.

Along with the maximum and minimum overall discharges, the individual variations o f 

the simulated pathways are plotted in Figure 10-6 to Figure 10-9. The variation 

observed between the minimum and maximum discharges reflects the percentage o f the 

overall discharge that is derived from that pathway for the simulation, i.e. pathways that 

contribute most to the river are most affected by changes in the parameters relating to 

them. In Figure 10-6, the maximum deep groundwater contribution was obtained from 

the TO parameter, while the minimum deep groundwater contribution was obtained 

from the CQOF parameter again. Both o f these parameters are listed as being in the top 

three most sensitive parameters for the deep groundwater pathway.
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0.16

0.14

E

J Zu
(/>o

30 - 10-201129 - 10-2011 31 - 10-2011
Date (day-month-year)

Figure 10-6. M ax im um  an d  m in im um  sim ula ted  deep g ro u n d w a te r  at the  EPA W e ir  subca tchm ent  

(O ctober  2011). Blue is observed d ischarge; red is m ax im u m  sim ula ted  deep g ro u n d w a te r  and  

green is m in im um  s im ula ted  deep g roundw ater .

Figure 10-7 illustrates the variation between the maximum and minimum discharges 

from shallow groundwater for this event. The contribution o f  this pathway is larger than 

in the case o f the deep groundwater, but overall makes up only a small proportion o f the 

observed discharge (as is expected in this ‘flashy’ catchment). The TO parameter is 

once more the parameter responsible for the maximum shallow groundwater 

contribution, while the CQOF parameter is again the dominant parameter for the 

minimum discharges.
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Figure 10-7. M ax im um  and  m in im um  sim ula ted  shallow g ro u n d w a te r  a t  the EPA W eir  

subca tchm en t (O c tob er  2011). Blue is observed d ischarge; red  is the m ax im um  and  green is the 

min im um  sim ulated  shallow g ro u nd w ate r .

Interflow has been calculated as having the biggest contribution to discharge in the river 

in Gortinlieve (as discussed in Chapters 6 and 7). This is reflected by the larger 

contribution to the event discharge than from either o f the groundwater pathways, and 

by the larger variation between the simulated maximum and minimum interflows in 

Figure 10-8. The CKIF and Umax parameters were responsible for the maximum and 

minimum interflow contributions respectively. This again is to be expected as both of 

these parameters have been highlighted in Table 10-1.
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Figure 10-8. Maximum and minimum simulated interflow at the EPA W eir subcatchment (October 

2011). Blue is observed discharge; red is maximum simulated interflow and green is minimum 

simulated interflow.

As can be seen in Figure 10-9, overland flow has the ability to dominate the 

contribution o f  flow  to the river during an event, particularly at its maximum, as this is 

actually greater than the observed discharge for the period. The maximum and 

minimum overland flows are both taken from the CQOF Monte-Carlo simulation, 

highlighting the importance o f this parameter for overland flow  generation. Once again, 

as w ith interflow, the higher proportion o f river discharge derived from overland flow 

results in a large variation between the maximum and minimum values.
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Maximum and minimum simulated overland f low
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Figure 10-9. M axim um  an d  m in im um  sim ulated  overland  flow a t  the  EPA W e ir  sub ca tchm en t  

(O ctober  2011). The blue line is observed d ischarge; red is m ax im um  sim ulated  interflow and  

g reen is m in im um  sim ulated  interflow.

The mean contribution o f  the different pathways and the mean perform ance o f  the 

objective functions in each o f  the catchm ents from all the M onte-Carlo sim ulations are 

sum m arised in Table 10-3. This table also presents the calibrated results o f  the 

hydrological m odelling carried out in the sam e catchm ents for the sam e periods using 

NAM for com parison. In this way the average responses expected from a representative 

value taken from the distribution o f  the param eters based on the different regression 

equations are computed.
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Table 10-3. Summ ary o f  average response for the percentage o f the river hydrograph derived from each pathway and the perform ance o f the sim ulations for 

R^ V ^ a n d  bias, o f all the M onte-Carlo sim ulations in each catchm ent using the predicted NAM param eter sets. These results are com pared w ith the 

calibrated results o f the ‘best' separations obtained in Chapter 8.
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10.5 Discussion

The M onte-Carlo sim ulation technique, in conjunction with the NA M  param eter 

regression equations and associated error, provided a suitable m eans o f  assessing the 

sensitivity o f  the NAM  pathw ay sim ulations to its different param eters. This is 

discussed in term s o f  the perform ance o f  the regression equations and the sensitivity 

observed in the NAM  param eters for each objective function and pathway contribution 

to river discharge.

10.5.1 Performance o f predictors equations

The assessm ent o f  the associated variation o f  results, obtained when implementing the 

regression equations, assisted in highlighting the param eters that have the most effect 

on each o f  the criteria applied. Once all the M onte-Carlo sim ulations had been carried 

out, the data were evaluated using the R~, and bias objective functions as outlined 

in C hapter 7. The percentage o f  the river discharge was also assessed. An example o f 

the output obtained for each o f  the param eters in the N uenna M onum ent catchm ent can 

be seen in Table 10-2, with the variation in R~ and the ‘diffuse’ groundwater 

contribution to river discharge for the catchm ent illustrated in Figure 10-3 and Figure 

10-4 respectively.

As previously m entioned, the regression equations provided values for each o f  the 

NAM  param eters, which were then applied as the initial param eters. As such, it was 

important that these predicted param eters provided sim ilar outputs to the calibrated 

param eters, upon which they were based. Table 10-3 sum m arises the com parison o f  the 

averaged output from all the M onte-Carlo sim ulations with the output obtained from the 

hydrological m odelling in C hapter 7. The com parison o f  the data reflects the generally 

well-correlated regression equations with the data from C hapter 9, in that the calibrated 

and predicted values in Table 10-3 are in m oderate agreem ent. There is a general trend 

o f  increased groundw ater contribution in the ‘flashy’ catchm ents (G ortinlieve, Glen 

Burn and the M attock), when com pared to the calibrated results, with the groundwater 

contribution in the groundw ater-dom inated N uenna decreasing. The R' and 

typically decrease, with the perform ance o f  bias varying. The decrease in the 

perform ance param eters is reasonable as calibrated solutions would be expected to be
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the optimum balance between the parameters to match the observed flows (as well as 

indicative pathway splits) compared to the artificially varied parameter sets used for the 

sensitivity analyses. The increase in groundwater contribution is most likely a reflection 

o f  the physical hydrograph separation approaches applied to assess limits to the 

pathway contributions in catchments. Groundwater contributions would have been 

limited in the ‘flashy’ catchments generally as a result o f  the recharge coefficient 

approach, the master recession curves and the digital filtering algorithms as discussed in 

Chapter 6 and this will have influenced the calibration in Chapter 7.

10.5.2 Sensitivity o f discharges to NAM parameters

The sensitivity o f the NAM parameters has also been assessed in relation to the effect 

the parameters have on the contribution o f each o f the pathways to the river. This is 

summarised in Table 10-1, with the three most influential parameters highlighted in 

each situation. This is a significant table that identifies the parameters that are most 

likely to influence simulations and help to identify those that should be altered when 

model results are not in agreement with observations from the field. In addition, it 

assists in identifying the parameters that have a significant impact on simulations. This 

is important in ungauged catchments where qualitative information may be available, 

such as which pathway is likely to be most dominant. In such a scenario, the parameters 

to be changed manually can be identified. These parameters will be altered to reflect the 

qualitative data while maintaining the general catchment response as would be 

predicted by the regression equations. Table 10-1 will assist in this process as it lists 

CK, CQOF  and TO as the most important parameters that affect R', if this is the 

objective function that is required to be maintained, manual adjustments o f pathway 

contributions should avoid these parameters. 77 is identified by the analysis as a 

parameter that is particularly insensitive to the value that is implemented in the model. 

This reinforces the argument made in Chapter 9 that the poor fit o f  the regression for TI 

may be related to its insensitivity. Alternatively to changing parameters manually, in 

catchments where observed data are available, a calibration can be carried out, whereby 

the insensitive parameters can be held constant, thus providing more emphasis on the 

important, sensitive parameters.
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Each o f the column headings o f Table 10-1 are discussed in turn in the next subsections, 

with consideration given to the NAM structure (as outlined in Chapter 7).

10.5.2.1 Nash-Sutcliffe Coefficient (R̂ )

The R' coefficient is most affected by the CK parameter, then the CQOF parameter, 

followed by the TO parameter. CK is an important parameter as this is responsible for 

the rate at which overland flow is discharged into the river. The shape o f peaks is 

greatly influenced by this and as such this has a large impact on R' as higher flows are 

more heavily weighted than lower flows. CQOF also has a substantial influence on R~, 

due to the partitioning o f excess water, from the upper soil storage o f NAM by this 

coefficient, between infiltrating water and overland flow. Therefore, this parameter will 

have a large effect on peaks as well as groundwater discharge, thus impacting the R~ 

value. The third most significant parameter is TO, the parameter controlling the 

threshold point at which overland flow occurs in a catchment. This parameter again will 

have a noticeable effect on simulated peak discharges.

10.5.2.2 Square-root Nash-Sutcliffe coefficient (V ^ )

The coefficient is most affected by CK, TG, CQOF and TO jointly. These are 

similar to the situation for R~ due to the similar objective function format. The 

coefficient tends to place more emphasis on the goodness-of-fit to the lower discharges 

(compared to the R~ coefficient), resulting in the TG parameter being o f  more 

importance than the CQOF and TO parameters. TG affects the water that recharges the 

groundwater, as if  the TG threshold in the lower storage is not surpassed, no recharge 

can occur and all infiltrating water enters the lower storage zone.

10.5.2.3 Bias

The bias accounts for the general water balance between the observed and simulated 

discharges. If there is a negative value, there is more observed discharge than simulated 

discharge and vice-versa in the case o f a positive value. This may be a result o f  too 

much storage in a catchment or that the groundwater pathways are responding too
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slowly to release the water that is recharging them. As such, CQOF, CKBF  and Lmax 

are shown to be the most important parameters for this objective function. CQOF  will 

affect the amount o f water infiltrating, while CKBF  will affect the rate at which 

discharge will leave the groundwater storages and Lmax will define the size o f storage 

in the lower storage zone. Therefore, each o f these parameters will have a significant 

bearing on the bias o f a simulation.

10.5.2.4 Deep and Shallow Groundwater

Deep and shallow groundwater have similar generation mechanisms (as outlined in 

Chapter 8) that rely on the quantity o f  groundwater recharging their storages and the 

rate at which this groundwater is released. O f most importance to the contribution o f 

discharge is the water recharging the storages, as confirmed in Table 10-1, where 

CQOF, TG and TO are the most significant parameters affecting these groundwater 

pathways. As with R~ and these parameters affect how much excess water from 

the upper storage {COF and TO) infiltrates into the ground, followed by how much o f 

this infiltrated water enters the lower storage or recharges the groundwater pathways 

{TG). The CQOF  value in Table 10-1 is close to one for the deep groundwater pathway 

and actually greater than 1 for the shallow groundwater. This suggests that the influence 

o f CQOF  is substantial in the model, as the variation o f the output o f the model is 

greater than the variation o f the input, (i.e., the measure o f  sensitivity in Equation lO-I). 

Therefore, this parameter requires special attention, especially as it is present in all 

columns in Table 10-1 except for interflow.

10.5.2.5 Interflow

Interflow is most influenced by Umax, CKIF  and Lmax parameters. As explained in 

Chapter 7, interflow is discharged from the upper storage. The size o f this storage is 

affected by Umax and the rate o f  discharge is affected by CKIF. Therefore, both o f 

these parameters exert a substantial influence over the generation o f  Interflow. The 

threshold for Interflow to occur is controlled by the percentage o f the lower storage that 

is filled; as such, Lmax (defining the size o f  the lower storage) is the third most 

influential parameter for interflow.
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10.5.2.6 Overland flow

Overland flow is generated by excess water from the upper storage zone being 

partitioned between overland flow and infiltrating water and then being routed to the 

river. The most influential parameters, as indicated in Table 10-1, are CQOF, Umax and 

TG. CQOF, as stated for the other objective functions and contributing pathways 

(except interflow), partitions excess water from the upper storage zone. Umax defines 

the size o f this upper storage zone and therefore the amount o f water that is stored 

during a rainfall event before excess water is produced. The TG parameter has more o f 

an indirect effect on overland flow that emphasises the importance o f carrying out such 

a sensitivity analysis as this. TG affects the recharge entering into the groundwater 

storages and subsequently the infiltrating water that enters into the lower storage. 

Similar to interflow, the threshold for overland flow to occur is controlled by the 

percentage o f the lower storage that is filled. Therefore, as TG affects the filling o f  the 

lower storage, it is the third most important parameter for overland flow generation 

from the results o f the sensitivity analysis.

10.5.3 Identifying upper and lower bounds to pathway contributions

The sensitivity analysis carried out in this chapter also provides the opportunity to 

assess the range o f pathway contributions to rivers and the performance o f objective 

functions implementing the parameter sets obtained from the multiple linear regression 

in Chapter 9. The maximum and minimum contribution o f each pathway to river 

discharge was stored for each iteration o f the Monte-Carlo simulation for each 

parameter, as was the maximum and minimum discharge series for each parameter. In 

Table 10-2, the ranges o f contributions and objective function performances are 

presented for the groundwater-dominated Nuenna Monument catchment, while in 

Figure 10-5 -  Figure 10-9, the upper and lower discharges for the overall discharge and 

each individual pathway are presented for an event in the more ‘flashy’ Gortinlieve 

EPA Weir subcatchment.

It can be seen in Figure 10-5 that the upper and lower discharges almost entirely 

envelope the observed discharge. The start o f  the event is well defined by both 

boundaries until the rising limb o f  the event; at this point the higher boundary follows 

the observed discharge with the greater accuracy until the observed peak occurs. At this
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point, however, the higher boundary continues rising and then peaks at almost twice the 

observed peak. Meanwhile, the lower boundary peaks at almost half the observed peak. 

As the higher boundary recedes to below the observed peak discharge, it corresponds to 

the observed recession until it starts to flatten out too early. This is when the lower 

simulated discharge starts to approximate the observed discharge accurately until it 

continues receding as the observed discharge levels out. Both the upper and lower 

boundaries converge once more at approximately a day and a half after the peak. The 

simulated discharge obtained from the modelling carried out in Chapter 7 is presented 

alongside the upper and lower boundaries in Figure 10-10. The calibrated solution in 

Figure 10-10(a) falls in between the upper and lower boundaries, with the peak being 

underrepresented by the simulated discharge and the recession being quicker than that 

observed. For this single event, this would suggest that a change in the CK  parameter 

would assist in improving the accuracy o f the simulation, but it is likely that this would 

adversely affect the accuracy o f other rainfall events. Figure 10-6 -  Figure 10-9 present 

the individual pathway simulations, with the upper and lower boundaries shown. These 

boundaries again define the possible discharges applying the range o f parameter values 

from the Monte-Carlo simulation and provide an indication o f the type o f  separations 

that may be generated using the multiple linear regression equations for the Gortinlieve 

EPA Weir subcatchment. It is also noted that the difference between the upper and 

lower ranges increases as the contribution to the river discharge increases.
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Figure 10-10. (a) Observed and simulated discharges for the Gortinlieve EPA W eir subcatchment 

and (b) the upper and lower boundaries of discharge obtained from the Monte-Carlo simulation 

for the same period (Oct 2011).

This sensitivity analysis overall provides a framework within which the uncertainty 

associated with the prediction o f N AM  parameter sets using the multiple linear 

equations from Chapter 9 can be assessed. The potential ability o f N A M , utilising these 

parameter sets, to simulate the discharges in a catchment can be evaluated, as well as 

which parameters are having the most influence on the generated simulations. The 

analyses have shown that the CQOF parameter appears as one o f  the top three most 

sensitive parameters in six o f the seven columns in Table 10-1 and therefore, the 

regression equation describing this parameter would be o f most importance to the 

simulations, as discussed in Section 10.3.
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11 Conclusions 

11.1 Introduction

This thesis has proposed a framework for quantifying the proportion o f the hydrograph 

derived from deep and shallow groundwater, interflow and overland flow components, 

as shown in Figure 9-26. This has been developed through the use o f physical 

hydrograph separation techniques, recharge coefficients, temperature data and the 

implementation o f  hydrological models, which have enabled the separations to be 

consistent with the geological setting o f  the catchment in question and the responses 

observed in the river. These separations have been based largely on generating 

separations that designate the fastest responding pathway as overland flow, with 

interflow, shallow groundwater and deep groundwater then identified in turn as the next 

fastest responding pathways. The semi-distributed and lumped conceptual rainfall- 

runoff model NAM was effective at separating the hydrograph into its constituent 

pathways, reflecting the results o f  the separation techniques and, in general, maintaining 

a satisfactory correlation between simulated and observed river discharge, the 

assessment o f which was carried out applying the data monitored in the study 

catchments during the course o f this thesis. The comparison between observed and 

simulated flows was evaluated utilising the Nash-Sutcliffe coefficient R~, and bias.

Groundwater pathways’ contributions to river discharge were further investigated 

applying the fully distributed MODFLOW groundwater model. This finite difference 

model simulated the contributing catchment in the NAM catchment, utilising the 

neighbouring catchments. It also provided a hydrograph o f the contribution o f the 

pathways for the same time period as the NAM simulation for this catchment. The 

comparison o f the two hydrological models highlighted the large demand for high 

spatial resolution data from such a model as MODFLOW. The results obtained 

suggested that in a complex catchment like the Mattock, the data available were not 

sufficient for achieving a good fit between simulated and observed discharge in the 

river, particularly during low flows when it is likely that groundwater was the only 

pathway present. This reinforces the approach o f applying NAM in Irish catchments as
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though data was not sufficiently available across the M attock catchm ent; it w ould be 

considered a well instrum ented catchm ent by Irish standards.

Once these separations had been determ ined from the hydrological m odelling, the 

param eters im plemented in NAM  were related to the different catchm ent 

characteristics, i.e. soil, subsoil, slope, aquifer type etc. This was accom plished utilising 

m ultiple linear regression that related each param eter to a selection o f  catchm ent 

descriptors, enabling NAM  to be im plem ented in ungauged catchm ents o f  sim ilar type 

to the study catchm ents and supplem entary catchm ents o f  this thesis. A pplying the 

uncertainty associated with these regressions, a sensitivity analysis was carried out to 

assess the importance o f  the NAM  param eters. This sensitivity analysis provided a 

ranking o f  the param eters that are o f  m ost im portance, with regard to the separations 

and objective function, when im plem enting the model, particularly when calibrating it.

The conclusions from each o f  the separation, m odelling, generalisation and uncertainty 

analysis chapters, highlighting m odifications and novel contribution to knowledge, are 

discussed in the following sections, with recom m endations for further research outlined 

in Section 11.7.

11.2 Physical Separation Methods 

11.2.1 Recharge coefficient approach

This approach provided an estim ation o f  the effective rainfall (rainfall less actual 

evapotranspiration) that infiltrated into the groundw ater pathways. The m ethod takes 

into account the soil type, subsoil and aquifer classification, providing a com bined 

estim ation o f  groundw ater pathways, and subsequently a com bined estim ation o f  the 

interflow and overland flow, contributing to the river. However, the m ethod does not 

allow  for indirect (point) recharge). This approach was therefore m odified during the 

current research to include the scenario w here surface w ater recharges the groundw ater 

in karst catchm ents through swallow  holes (see C hapter 6). This has im proved upon the 

established approach in Ireland (M isstear et al., 2009a), by availing o f  digital elevation 

model files to delineate surface catchm ents to  sw allow  holes and define recharge in 

these areas as 100% o f  effective rainfall, resulting in an improved estim ation o f  

recharge within the N uenna study catchm ent.
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11.2.2 Master recession curve analysis

This analysis provided an estim ation o f  the response tim e associated with the pathways 

by exam ining the characteristic behaviour o f  observed discharge during periods o f  

recession. An assessm ent o f  the average contribution o f  the pathways could be 

calculated utilising the fitted equations to the different segm ents o f  the m aster recession 

curve. Overland flow was assigned the fastest recession equation, with deep 

groundw ater being assigned the slowest. This m ethod was improved upon from a 

previous study (RPS, 2008), by identifying that the fitted equation relating to a 

pathway, is the superim posed com bination o f  that pathw ay being assessed and any 

slower responding pathway that is present. For example, the fitted interflow equation 

would be a sum m ation o f  the actual interflow equation, the shallow groundw ater 

equation and the deep groundw ater equation. Applying this approach, responses were 

identified for all o f  the pathw ays in all o f  the catchm ents with the exception o f  the 

Diversion W eir in M attock (see C hapter 6), where the groundw ater response could not 

be split between shallow and deep groundw ater. This was m ost likely the result o f  the 

limited recessions that were observed during the period o f  this research; if  m ore data 

were available, then it is likely that these groundw ater pathw ays could be split. A nother 

novel aspect o f  this m ethod was the linking o f  the responses o f  the shallow  and deep 

groundwater and interflow  with a digital filtering algorithm , developed by this research, 

in the next section.

11.2.3 Modified Lyne and Hollick algorithm

This digital filtering algorithm  was based on the sim ple ‘one-param eter’ algorithm 

developed by Lyne and H ollick (1979). This algorithm  relies on a recession constant as 

an input that can be calculated from analysis such as described in Section 11.2.2. The 

‘one-param eter’ algorithm , however, typically predicts the sam e contribution o f  

groundw ater to the river in the region o f  50%. As a result o f  this there have been m any 

variations o f  this algorithm  (Boughton, 1993; Eckhardt, 2005), but these generally add a 

subjective coefficient that can be adjusted until a satisfactory separation is obtained, the 

selection o f  which is based on other investigative studies or som etim es ju st experience. 

This rem oves the investigative potential o f  this m ethod. Therefore, utilising only the 

recession constants obtained from the m aster recession analysis o f  Section 11.2.2, the
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Lyne and Hollick algorithm  was m odified to predict separations o f  the catchm ents 

studied within this thesis. This algorithm  predicts conservative groundw ater 

contributions, as it does not consider any type o f  preferential recharge. A s such, this 

method provided useful lower bounds to the groundw ater contribution that may be 

expected in a catchm ent and the results were in general agreem ent with those from the 

other separation m ethods. D isappointingly, it did not perform  adequately in the N uenna 

catchm ent. This is related to the om ission o f  any type o f  preferential flow, which is 

certainly present in a catchm ent with swallow holes.

11.2.4 Temperature separation

This method em ployed tem perature as a tracer in a sim ple m ixing m odel approxim ation 

o f  the pathways com bining in the river. This is analogous to the geochem ical analysis 

proposed by Pinder and Jones (1969) or End M em ber M ixing Analysis (H ooper et al., 

1990). W hile tem perature is not a chemical, the process is the same -  a signature 

concentration (in this case tem perature) is identified for each pathway and, by knowing 

the tem perature in the river and the river discharge, the pathw ays can be separated. The 

novel aspect o f  this is that tim e series analysis was applied to the tem perature tim e 

series available in the catchm ent from the boreholes and the river to decom pose the 

tem perature tim e series into its constituent signals. This provided a m eans o f  identifying 

the tem perature at each tim e step o f  the m easured discharge, as the tem perature values 

vary throughout the day rather than rem aining a stationary value. The results o f  this 

analysis indicated that interflow m ay be responding as quickly as overland flow during 

rainfall events, suggesting that the quickest responding pathw ay being modelled 

conceptually as overland flow m ay be com prised o f  a quicker responding elem ent o f  

interflow (Chapter 6).

11.3 Lumped Hydrological Modelling

NAM  provided the m eans o f  sim ulating each o f  the pathways, utilising rainfall and 

potential evapotranspiration data as the m odel inputs. This approach to m odelling the 

pathway contributions to river discharge was effective at generating simulated 

discharge which, when assessed using objective functions, provided a good m atch with
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observed discharge (as shown in Chapter 7). The Mattock catchment, though, 

performed the least satisfactorily out o f the study catchments with regards to the match 

between observed and simulated discharge. This was most likely due to the 

complexities o f the Diversion in the upper catchment, the difficulties with the EPA 

hydrometric station at Colion, as well as the abstractions from sands and gravels 

adjacent to the river at Collon and the river becoming perched at the outlet. 

Nonetheless, the calculated contribution o f each pathway to the river was in general 

agreement with the results o f separation methods, outlined in Section 11.2, that were 

also used to constrain the auto-calibration routine embedded in NAM. This approach 

improves upon the work o f Madsen (Madsen, 2000), which only employs R~ and 

catchment water balance as the means o f  assessing the effectiveness o f the calibrations. 

Following this, the parameters implemented in NAM to produce these results allowed 

the development o f a relationship between individual NAM parameters and catchment 

characteristics as discussed in Section 11.5

NAM also provided a means o f assessing the improvement o f simulations with 

increasing temporal resolution o f input data. This research showed that when rainfall 

data were provided at smaller time intervals in ‘flashy’ catchments the Nash-Sutcliffe 

coefficient {R') increased substantially. It was subsequently demonstrated that the same 

substantial increase in R~ was not observed in slow responding catchments such as the 

Nuenna. This helped develop the novel link between the time constant o f quickest 

responding pathway o f the Master Recession Curve analysis indicating the maximum 

time interval for input rainfall data that would produce adequate R' values. The inverse 

o f the T (time constant, see Chapter 6) value o f the fastest responding pathway o f  the 

Master Recession Curve would provide the characteristic response time o f this pathway. 

In this way, the minimum temporal resolution o f rainfall data required to accurately 

simulate this pathway could be predicted. This expands upon the observation o f 

simulations with increased temporal resolution o f  data improving the performance o f 

objective functions (Littlewood et al., 2011), by also linking the required time step for 

accurate simulation o f hydrograph peaks with analysis o f recorded discharge data. This 

can therefore inform the appropriate frequency at which to record rainfall prior to the 

installation o f rain gauges in study catchments, if  discharge data are available.
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A nother useful contribution to know ledge was the distributing o f  the daily potential 

evapotranspiration (PE) data over the day, avoiding the situation where the same rate o f  

PE is occurring during the night as during the day. This approach, involved in the 

preprocessing o f  PE data for NAM , provides a m ore realistic representation o f  PE when 

only daily data are available.

11.4 Distributed Modelling

M ODFLOW  was applied to the M attock catchm ent to assess if  a distributed 

groundw ater model would provide greater insight into the conceptual model, taking into 

account the limited data generally available for this and other catchm ents in Ireland. 

W hile this model produced annual contributions in agreem ent with those com puted 

with the separation m ethods and lumped m odelling, the temporal distribution o f  these 

contributions resulted in overestim ations o f  groundw ater discharge during periods o f  

low flow. Sensitivity analysis suggested that a change in conceptual model structure 

m ay address this issue as varying the param eters improved discharge sim ulations 

m arginally but lead to a decline in the goodness o f  fit between simulated and observed 

groundw ater levels. C urrently the param eters are assigned according to bedrock and 

aquifer type. A change from this approach would be difficult to im plement due to  a lack 

o f  data in the catchm ent to suggest otherw ise.

The model does, however, provide a m eans o f  calculating the contributing area o f  the 

groundw ater catchm ent, which is directly applicable to the NAM  m odelling. U tilising 

neighbouring catchm ents and the rivers w ithin them, M ODFLOW  com puted a 

groundw ater catchm ent area o f  16.7 km^ com pared with 16.9 km^ when calculated with 

the topography o f  the catchm ent. W ithout further information the groundw ater 

catchm ent area is considered coincident with the catchm ent area calculated with 

topography. This is an encouraging result for the lum ped m odelling approach.

O f  im portance is that the change in storage for the period o f  one year was negligible 

(0.35% ). This is a typical assum ption when assessing catchm ent w ater balances 

(Scanlon et al., 2002); another approach that is utilised in this thesis to assess the size o f  

the groundw ater catchm ent. W hile this result m ust be viewed cautiously, it is 

encouraging that the yearly contribution o f  the groundw ater pathways generated by
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M OD FLO W  was com parable to that sim ulated by N A M  and predicted by the recharge 

coefficient approach.

11.5 Generalisation of NAM Parameters

Using the param eters sets for NAM  that were applied in each catchm ent for the 

sim ulation the pathways, m ultiple linear regression was used to develop relationships 

between the param eters and catchm ent descriptors. This is an im portant contribution to 

knowledge, as the developm ent o f  these predictive equations allow NAM  to be applied 

to ungauged catchm ents, provided that rainfall and potential evapotranspiration data are 

available and also that the required catchm ent descriptor data are available as CIS 

layers. This approach had been attem pted before, but not for each NAM  param eter, nor 

utilising the com prehensive list o f  catchm ent descriptors to produce values o f  NAM  

param eters. Equations successfully related the ten NAM  param eters to catchm ent 

descriptors, with the exception o f  the threshold for interflow (77) param eter (as outlined 

in C hapter 9). These regression equations were based upon a limited set o f  catchm ents. 

This will affect their perform ance in catchm ents that significantly differ from the 

geology o f  the catchm ents that the equations were developed for. These different 

regressions had errors associated with them  that enabled the derivation o f  probability 

distribution functions within which the appropriate value for each NAM  param eter (as 

deem ed by the approach taken in this thesis) was likely to be found. This provided a 

distribution o f  the 77 param eter values that allowed a M onte-Carlo sim ulation to assess 

their sensitivity to be carried out as discussed in Section 11.6. Follow ing on from this 

sensitivity analysis, it was concluded that this param eter was insensitive in the Irish 

catchm ent settings investigated w ithin this research and therefore a good regression fit 

was not necessary.

11.6 Uncertainty Analysis

Finally, the uncertainty analysis carried out gave an overview  o f  the range o f  outputs 

expected from the pathway contributions to the river discharge, the perform ance o f  the 

objective functions, and an overview  o f  the sensitivity o f  these to the NAM  param eters.
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This analysis provided an assessment o f  the effectiveness o f  the predicted parameter 

sets applying the derived regression equations, referred to in Section 11.5. Importantly, 

with respect to contribution to knowledge, the sensitivity analysis provided a ranking o f 

the most important parameters relative to the contribution o f each o f the pathways and 

the performance o f the objective functions. This provides the user o f NAM with a set o f 

likely parameters to vary should further information on pathway separations become 

available. The parameter o f most importance to three o f  the four pathways (excluding 

interflow) and all three o f the objective functions was CQOF, the partitioning parameter 

o f excess water from the upper storage between overland flow and infiltrating water.

11.7 Further Research Recommendations

1. Modified Lyne and Hollick algorithm: This algorithm in its current form is 

unable to represent point recharge occurring through swallow holes in the Nuenna and 

other such catchments. Therefore, further modification o f  this technique to incorporate 

this preferential flow through the soils and subsoils is required.

2. Temperature separation approach: This approach has only been applied in the 

Mattock catchment thus far. In catchments where the necessary temperature time series 

are available, it is recommended that this approach be applied with the results compared 

with those o f the Mattock to further investigate if there are other catchments where a 

proportion o f interflow is responding analogous to overland flow. In implementing this 

recommendation, temporally distributed temperature measurements o f overland flow 

would assist in evaluating the accuracy o f the determined overland flow temperature 

time series.

3. Chemical separation and attenuation modelling: The results o f chemical analysis 

currently being undertaken within the Pathways Project will require integration with 

the results o f the pathway separation work carried out within this thesis. The robustness 

o f the predictions would be enhanced if  the chemical separations can improve the 

constraints on the pathways currently being provided by the physical separations and 

hydrological modelling.
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4 . Improved o f  hydrom etric stations: The im provem ent in the accuracy o f  recorded 

data will assist in providing m ore confidence in physical separation m ethods and assist 

in further understanding o f  the com plexities present in catchm ents, particularly in the 

M attock as outlined in Section 11.3. These im provem ents w ould include rem ediation 

work at the EPA W eir in the M attock at Collon and developm ent o f  an enhanced rating 

curve at the outlet o f  G ortinlieve to ensure that data from this catchm ent m ay be 

utilised.

5. Improved tem poral and spatial resolution o f  data: An im provem ent in the 

availability o f  data is recom m ended, as a better representation o f  the variation in rainfall 

and PE data, hydraulic conductivity and storage, spatially and tem porally (in the case o f  

rainfall and PE) will assist future hydrological m odelling in these catchm ents. As 

discussed in C hapter 7, for future im plem entation o f  hydrological models, it would be 

appropriate to use at least hourly rainfall in the case o f  the ‘flashy’ catchm ents, such as 

the Bawn, with daily data being adequate for slow responding catchm ents, such as the 

Nuenna.

6. N um ber o f  catchm ents m odelled: An increase in the num ber o f  catchm ents 

m odelled, applying the fram ework developed by this thesis, will help enhance the 

effectiveness o f  the regression equations developed in C hapter 9. An increase in the 

num ber o f  catchm ents m odelled will assist this, but it is necessary to include 

catchm ents that are not well represented by the study catchm ents and supplem entary 

catchm ents o f  this thesis, such as catchm ents dom inated by karst conduit flow.

7. Application o f  research m ethodology outside Ireland: Finally, the m ethodology 

applied within this research to separate the hydrograph into its constituent pathways is 

applicable to catchm ents outside o f  Ireland, provided the necessary data are available 

and the conceptual m odel is consistent w ith the catchm ent being assessed. If  this 

expansion o f  the research m ethodology internationally is successful, it can provide 

further robustness to the regression equations o f  C hapter 9.
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Figure A-1. Locations of supplem entary catchments.



Table A .I. Supplem entary catchm ent characteristics.

Catchment Descriptors
Area Land-use

Aquifer
Classification

.Annual Actual Net 
Rainfall Evapotranspiration Rainfall

km̂ T>T)e (%) T}T)e ( % ) mm mm mm
Bawn 4.9 Pasture (100) PI (100) 1039 447 592

Owenshree 34.5
Pasture (41.1) 

Peat (27.9)
PI (75.71 1528 524 1004

Ballycahalan 47.7 Forest (37.5) 
Peat (31.6)

P I(85) 1542 531 1011

Owendallulagh 89.3 Pasture (49.6) 
Forest (31.1)

PI (92.3) 1568 540 1028

Fyanstown 187.6 Pasture (86.5)
LI (34.7) 
PI (59.7)

1020 476 544

Deel 283.1 Pasture (78.6) Ll(88.1i 973 481 492
Blackwater (Kells) 699 Pasture (80.1) PI (74.1) 1026 491 535
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APPENDIX B -  Supplementary Physical Separations

Table B .l. Summ ary o f  the results o f physical hydrograph separation approaches.

Catchment
Area
(km^)

Deep
Groundwater

Shallow
Groundwater Groundwater Interflow Overland Quick

Flow

MRC
Mod
Lyne

MRC
Mod
Lyne

Recharge
Coeff

MRC
Mod
Lyne

MRC
Mod
Lyne

Recharge
Coeff

% % % % % % % % % %
Bawn 4.9 12.7 7.8 11 7.3 36.3 46.6 40 38.3
Owenshree 34.5 12.3 7 8.3 6.8 14.2 42.1 48.9 37.3 37.3 85.8
Ballycahalan 47.7 10.3 5.4 7.1 5.6 11.7 33.9 42.7 48.7 46.3 88.3
Owendullalagh 89.3 16.1 8.1 8.1 27.4 50.2 56.5 41.7 91.9
Fyanstown 187.6 15.3 7.6 4.9 7 21.5 42.3 48.1 37.5 37.3 78.5
Dee! 283.1 28.9 6 12.1 6.2 28.7 32.9 53.1 26.1 34.7 71.3
Blackwater (Kells) 699 18.2 8 10.5 7.3 19.7 42.5 48 28.8 36.7 80.3
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Recharge Coefficients Approach
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Figure B.l. Bawn soils and subsoils mapping.
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Figure B.5. Fyanstown recharge coefficient mapping.
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Figure B.7. Blackwater (K ells) recharge coefficient mapping.



Appendix B: Supplementary Physical Separations

Master Recession Curve Analysis
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Figure B.8. Bawn m aster recession curve, tabulation method.

Matching Strip Method7.29

2.70

1.00

0.37 I y = 0 .2162e-‘>®ii’'

0.14

0.05

0.02

0.01
200 300 

Time (hours)

400 500100

Figure B.9. Bawn m aster recession curve, m atching strip  method.
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Figure B .ll .  Owenshree m aster recession curve, m atching strip  method.
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Figure B.I3. Ballycahalan m aster recession curve, matching strip  method.
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Figure B.I7. Fyanstown m aster recession curve, m atching strip  method.
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Figure B.20. Blackwater (Kells) m aster recession curve, tabulation method.
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Modified Digital Filter Algorithm
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Figure B.22. Bawn modified Lyne and  Hollick a lgor ithm  h y d ro g ra p h  separa tions  (Sept 2006 -  O ct  2006).
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Figure B.25. Owendullalagh modified Lyne and H o llick  algorithm  hydrograph separations (Sept 2007 -  
Sept 2007).
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Figure B.26. Fyanstown modified Lyne and Hollick algorithm hydrograph separations (M ar 1997 - J u l y  
1998).
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Figure B.27. Deel modifled Lyne and Hollick algorithm  hydrograph separations (M ar 1997- O c t  1999).
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Blackwater (K ells)
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Figure B.28. B lackwater (Kells) modiried Lyne and Hollick algorithm  hydrograph separations (M ar 1997 
— A pr 2001).



Appendix C: Supplementary N A M  M odelling

APPENDIX C -  Supplementary NAM Modelling

Table C . l .  Results o f  NAM modelling fo r  sup p lem en ta ry  catchments .

Catchment
Area

(km^)
Deep Shallow 

Groundwater Groundwater
Interflow Overland r' Bias

% % % %
Bawn 4.9 6 2.7 36.3 55 0.87 0.89 0.0430
Owenshree 34.5 13.6 42.7 43.7 0.85 0.83 0.0250
Ballycahalan 47.7 7.1 24.6 68.3 0.9 0.91 -0.0600
Owendullalagh 89.3 9.9 28.2 61.9 0.89 0.86 -0.3400
Fyanstown 187.6 15.6 5.1 43.9 35.4 0.83 0.87 -0.2700
Dee! 283.1 29.7 14.7 26.8 28.7 0.9 0.94 0.3500
Blackwater (Kells) 699 8.6 6.7 50.8 33.8 0.92 0.91 -0.5000
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Figure C .l Bawn catchm ent showing observed discharge with sim ulated discharge; sim ulated pathway 

flows with observed discharge; and sim ulated subsurface pathway flows (Aug 2006 — Jan  2007).
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Figure C.2 Owenshree catchm ent showing observed discharge with sim ulated discharge; sim ulated 

pathway flows with observed discharge; and sim ulated subsurface pathway flows (Nov 2007 -  Feb 2008).
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Figure C.3 Ballycahalan catchm ent showing observed discharge with sim ulated discharge; sim ulated 

pathway flows with observed discharge; and sim ulated subsurface pathway flows (Nov 2007 — Feb 2008).
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Owendullalagh

Oi»«riaaiJS5[hCtB««dJm*3/!] —  Ow«nXM<^S<nJgle<<[n''3A| —

30

10

0

2007 2007 2M8

Cwrtnc**i«5fi<:to«v«J|m*J«] —    K«fV>w|m^l--------Ĉ rt«Ur>l(iTr3ftJ —

1 0 -

GxiMivaCer |n*3A) -------- |m*3/ij --------

I

I

2007

Figure C.4 Owendullalagh catchm ent showing observed discharge with sim ulated discharge; sim ulated 

pathway flows with observed discharge; and sim ulated subsurface pathway flows (Nov 2007 -  Jan  2008).
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Figure C.S Fyanstown catchment showing observed discharge w ith  simulated discharge; simulated 

pathway flows w ith observed discharge; and simulated subsurface pathway flows (M a r 1995 —Oct 1996).
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Figure C.6 Deel catchm ent showing observed discharge with sim ulated discharge and sim ulated pathway 

flows with observed discharge (June 1994 -  Sept 1996).
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Blackwater (Kells)
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Figure C.6 Blackwater (Kells) catchm ent showing observed discharge with sim ulated discharge; 

sim ulated pathway flows with observed discharge; and sim ulated subsurface pathway flows (May 1994 -  

July 1996).
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APPENDIX D -  Supplementary Catchments’ Regression Performance

Table D .l. Sum m ary o f  average response for the percentage o f  the river hydrograph derived from each pathway and the perform ance o f  the sim ulations for 

V ^ a n d  bias, o f  all the M onte-Carlo sim ulations in each supplem entary catchm ent using the predicted NAM param eter sets. These results are com pared with the 

calibrated results o f the ‘best' separations presented in Appendix C.

Catchment
Area

(krr^
Desp Groundwater

Shalow
Groundwater

Interflow uverland Flovr Bias

C jlibratcd Prsdietee l>iedict»d Cal b n ts d P r td irte d C alib ra te Predict »d Calibr:t»d Predicted ^ l i t r a te d Pr»dirte.d Ca is ra ttd  P ied n » d

H % % % « H %
Bawn a.9 6 5.1 2.7 15 36.H 416 55 48.3 0.87 0.87 0.89 0.9 0.3430 0.'3450
Owenshrae J4.5 13.6 18.1 42,7 39,1 43.7 42.3 0.85 0.82 0,83 3.93 0.3250 0.3340
Cwendulalagh 89.3 S.3 113 28.2 23.9 5L9 67.3 0.89 0.87 0,86 3.87 -Cl 3400 -0.1140
FyanslDwn 187.6 15 6 U.5 5.1 3.8 43.S 43.1 35.4 36.5 0.83 a8 0,87 3.79 -Cl. 2700 -0.3250
Dcel 283.1 2?,7 35.5 14.7 16 26,8 13,3 28.7 33.2 0.9 0.9 0,9^ 3.92 0.3500 0.3390
Biackwatsr (Kellsl 599 £.5 13.4 6.7 3.1 50.£ 47-: 33.8 30.1 0.92 0.9- 0.91 3.86 -C.5000 -0.1170


