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9 Modelling and forecasting

9.1 Summary of key messages

9.1.1 Conceptual models summarise our understanding

A model is a representation of conceptual understanding of a scenario or situation. We
usually refer to models as the set-ups within modelling software that generate a set of
numerical results. By crystallising the understanding and concepts governing a
problem, well-designed models can generally provide a beneficial contribution to a
project.

If there is no time for anything else, it is worth preparing a conceptual model. A first
step is to draw a sketch summarising the scenario in question. As such, it provides a
valuable basis for common understanding and discussions between project members
and stakeholders.

Understanding the flow regime is fundamental, even if solute transport is the primary
focus. A conceptual model of a flow regime considers a given area (volume), and looks
at inflows, outflows and (for transient models) changes in storage, forming what is often
referred to as a ‘water balance’.

Where the development of conceptual model highlights a lack of understanding in
some important aspect, it may be necessary to return to the problem and collect more
data, or revisit the literature to understand a process better. This will save time in the
long run, as there will only need to be one subsequent attempt at modelling.

The exact nature of the conceptual model is not fixed: it depends, for instance, on the
scale of the problem, and the time-scale of interest (steady state versus transient).

It is always worthwhile trying to do some level of calculations. They may highlight data
shortfalls or inconsistencies in understanding. The calculations can provide a basis for
subsequent judgment of reasonableness of results from any modelling software, and
may help in setting model parameters. Maybe, for a given level of confidence, simple
calculations will avoid the need for modelling.

9.1.2 Numerical models quantify our understanding

Most numerical models are used to quantify or explore a given conceptual model —
they can'’t highlight missing components. It is therefore worth taking time to formulate
the conceptual model carefully.

Models use ‘parameters’ as input, which may be based on physical processes or
empirical relationships (see later). They produce predictions of levels and flows (flow
models), or concentrations and mass loads (solute models) as output.

Models are available in a range of sophistications — it is important to choose the level
that is appropriate to your decision. Things that affect your choice are available data,
scale (regional versus local), budget and time scale of project, required confidence in
results, availability of trained personnel or consultants and importance of the issue.

A tiered approach is more established in some branches of the science (e.g. risk
assessment) than in others. However, the principles of a tiered approach are certainly
transferable: as tiers increase, more detail (data and/or numerical complexity) is
required, but greater confidence in results may be achieved, and less uncertainty may
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be inherent. Progressing through the tiers ensures early, usually conservative, ‘results’
(a useful fall-back position if difficulties are encountered at a later stage), and a growing
understanding of the problem (even a simple model may vyield useful insight, whereas
struggling to build up a complex model from scratch may end up absorbing too much
time). A tiered approach may mean progressing through different types of modelling
software and/or collecting more data at each tier to support the modelling.

Few models explicitly allow explicit detailed representation of the hyporheic zone.
However, some modelling software may be used in a non-standard way by
experienced modellers to take account of the particular conditions.

Simple models may give a mistaken impression of accuracy or certainty. In reality the
simplicity of the model is likely to have been achieved by making simplifications in the
assumptions e.g. uniform horizontal flow in analytical solutions. For this reason, it is
always worth checking the assumptions of modelling software before use.

9.1.3 Making predictions and dealing with uncertain  ty

Uncertainty arises from several sources, including uncertainty in what is happening
(processes and scenarios), uncertainty in how to represent it in a numerical model, and
uncertainty in what parameters to use in a model.

Remember that all predictions have uncertainty, and factor this into your decisions.
Conversely, an appropriate model used with plausible parameter values should be
valued as providing the best estimate of the outcome of the conceptual understanding.
Sensitivity analysis allows you to investigate whether uncertain parameters (e.g.
through data inadequacies) or processes are important (sensitive), and estimate the
band-range of outcomes of a calculation. This is carried out by looking at result of
changing parameters, e.g. hydraulic conductivity, according to plausible range of
values. Sensitivity analysis may indicate which parameters it is worth spending time in
refining your estimates of.

Traditionally sensitivity analysis has been used to find a ‘worst case scenario’, although
decision-making based on the worst case may be costly, impractical and unnecessarily
protective.

Probabilistic models attempt to quantify the uncertainty or results based on uncertainty
of input parameters. They allow decision-making based on e.g. a 95" percentile, as
being more practical than the worst case (100" percentile).

9.2 Review of the science
9.2.1 Introduction

Decisions about environmental management are based on a wide range of information.
This will usually include some predictions about the consequences of the decision, and
such predictions will come from a model of some kind. This handbook is intended to
explain when decisions should take account of groundwater — surface interactions and
this chapter provides a basic guide to how models can (or cannot) be used to provide
predictions. It is written to help non-modellers know when a model can be used and the
questions to ask if working with an expert. It explains the kinds of model that are
available for routine use, their data needs, and the predictions that can be made with
the right combination of model and data.

The above implies that a model is a method of making quantitative predictions, and this
is how they are usually seen, especially by non-experts; a number of examples are
given in later parts of this chapter. Modelling is also a tool to enhance understanding of
a problem by requiring one to build a consistent interpretation based on a logical
description of the situation and quantification of the variables. Figure 9.1 shows how a
mathematical model was used to understand down- and up-welling of flows through
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riffles. A deeper understanding of how a system works will help the decision-maker,
even if quantitative predictions are not possible.

Figure 9.1 Flow patterns beneath riffles for differ ~ ent groundwater influxes.

Small arrows are relative groundwater velocities; t he dashed black line is a
dividing streamline which separates the interfacial exchange zone from deeper
zones dominated by ambient underflow or upwelling g roundwater flow
(Cardenas and Wilson, 2006).

Why model? The environment management context for the groundwater — surface
water interface was set out in Chapter 2, and included a sample of the environment
management questions that might be asked (Section 2.2). Modelling can help to
answer these questions by predicting the likely outcome of future activities which arise
from different types of environmental management, for example:

Policy : how important are riverbed attenuation processes on the flux of
diffuse pollutants in groundwater discharging to rivers?

Regulatory : how does a proposed abstraction of groundwater affect the
ecology into a nearby stream or wetland through changes in discharge or
water level?

Operations : how will a proposed re-meandering scheme affect fish
spawning by changing the location and quality of groundwater discharge to
the river?

Unfortunately, not all such questions can routinely be tackled with models, as will
become clear in the remainder of this chapter.

Scales. The environmental management questions also concern different scales. The
policy question above is concerned with the overall effect at catchment or river basin
scale; the detail of where and why attenuation might occur is not very important for
deciding whether controls on diffuse pollution are required. The example regulatory
guestion is at scales from local to water body and the answer will be affected by the
detailed structure and properties of the river-aquifer interface. The operational question
on the design of a river restoration may require an answer at the scale of bedforms,
i.e. very localised.

Different variables must be predicted to help with different questions. Thus the question
on catchment scale diffuse pollution requires estimates of flux of pollutants (e.g. grams
per day per km of river), which in turn is likely to be estimated as flow (discharge of
groundwater) times concentration. Predicting the impact of a new abstraction on a
wetland would require estimates of changes in flow and changes in water level. The re-
meandering problem is one of predicting pathways through the hyporheic zone and
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bedforms; there are likely to be critical times of year for spawning, and estimates must
be at this timescale. Overall, the most common variables to be modelled are:

Flow, usually the change in groundwater — surface water exchange flow
that happens in response to a change in the system.
Concentrations and patrticularly the attenuation of pollutants.

Scope of chapter. The review covers interactions in either direction between
groundwater and surface water, including groundwater dependant riparian wetlands
and hyporheic exchange flows. It does not discuss transitional (estuarine) waters or
surface water dominated wetlands controlled by sluices. It does not discuss modelling
of non-aqueous phase liquids (NAPLS) or sediment transport, and only deals lightly
with modelling of ecological responses. It does explain in simple terms the wide range
of model types that are available (Section 9.2.2), catalogues approaches to the most
common modelling questions for the groundwater — surface water interface (Sections
9.2.3-5), and ends by identifying the questions that cannot yet be modelled, except
possibly in research contexts (Section 9.2.6).

9.2.2 Types of model

We will consider here some of the main types of models, with reference to examples of
some specific modelling software in common use (see Table 9.1). For a more
comprehensive review of models which can represent river-aquifer interactions see
Parkin et al. (in preparation).

Empirical Models . In general, models can be classified into empirical and physics-
based. Empirical models are those which aim to find a relationship between sets of
variables, without attempting to define any physical basis to the relationship (for
example, fitting a line to observed data or artificial neural networks).

Physics based Models . A physics-based model is one which, at least in principle, is
constructed on the basis of mathematical relationships which define a set of underlying
principles, for example, flows as a function of water level gradients in space. Although
there are some examples of empirical models used in the context of river-aquifer
interactions, the majority take a physics-based approach, so we will concentrate on
these.

Lumped Models . Different types of spatial arrangement can be used to represent field
areas (Figure 9.2). The simplest modelling approach is that of lumped models. In
these, a region is specified (usually a catchment), and a water balance assessment is
made generally at annual or sometimes monthly timescales involving calculation of all
inflows (e.g. precipitation), outflows (e.g. river discharge, evapotranspiration,
abstractions), and changes in storage (usually dominated by changes in groundwater
storage). Lumped models are a useful first step in a tiered risk-based approach to
representing river-aquifer interactions. For example, a simple lumped model of an
aquifer could, be used to assess annual contribution of groundwater flow to a river, or a
more complex lumped model such as Resource Assessment Methodology (RAM;
Environment Agency, 2002) can be used to help manage groundwater systems, with
abstracted quantities being allocated to more than one river. From a catchment
perspective, a calculation of baseflow index (BFI, the ratio of baseflow to total river
flow) represents the total bulk exchange of groundwater with a river.
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a) lumped (black box)

No spatial information used; mass balances
calculated for a whole system (e.g. aquifer or
catchment), rate of change in storage = sum
of inflows — sum of outflows

Recharc

Abstraction

Discharge
Change in
storage

c) spatially distributed finite difference grid
Detailed spatial information used,;
calculations carried out on a regular grid
overlain on the catchment or aquifer; spatial
detail depends on scale of grid discretisation;
difficult to represent shapes of landscape
features accurately

Figure 9.2 Model spatial structures.

Spatially Distributed Models

b) conceptual (division into hydrological units)
Some spatial information used based on
natural hydrological units (typically catchments,
but can be based on aquifer units); lumped
model calculations carried out for each
hydrological unit

d) spatially distributed finite element mesh
Detailed spatial information used; calculations
carried out on a mesh of irregular triangles or
guadrilaterals; can represent local areas in
detail and landscape features such as rivers
more accurately than finite-differences, but at
cost of more complicated numerical schemes

. Lumped models do not provide any representation of

how water moves within catchments or aquifers; for example where a river is losing
over some reaches and gaining over others. As many water management questions
need to take into consideration the relative positions of abstractions and discharges,
and the timing of impacts over shorter timescales, spatially-distributed models are
required. These models are based on mathematical (partial differential) equations

describing processes as a function of hydraulic head, h, distributed in space in one, two
or three dimensions (X, y, z), and time (t). The equations represent how water moves at
any general location so, to construct a specific case study, it is necessary to define the
geometry of the region over which the equations apply (i.e. the location of the
boundaries, aquifer thicknesses etc), the boundary conditions (e.g. river or lake levels),
physical properties and how they vary over space (e.g. hydraulic conductivities, river
roughness coefficients), inputs and outputs (including precipitation, potential
evapotranspiration, abstractions etc), and initial conditions for a transient model (e.g.
groundwater levels at the start of a period of time for which predictions of water level
changes are required).
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Analytical Methods . Under certain simplifying conditions (typically including
homogeneity and uniform thickness of aquifer), an analytical solution to the equations
can be found (i.e. one in which the hydraulic head, h, can be written as a mathematical
function of all other variables). The most relevant software is the IGARF code
(Environment Agency, 2004); an example application of IGARF is discussed in 9.2.3.

Numerical Methods . If an analytical solution is not possible (which it is not for many
realistic problems), then a solution to the equations can be found using numerical
methods, e.g. finite differences or finite elements, where a grid or mesh is set up over
the region, and hydraulic head values are calculated at a finite set of nodal points. This
results in a simplified representation of the conceptual model, as illustrated in Figure
9.3.

a) Conceptual model b) Numerical representation
Groundwater flows converge in the vicinity Most numerical groundwater models represent
of a river with vertical flows beneath the the effects of river-aquifer interactions with a
river, and in some cases additional conductance term that includes the effects both
resistance to flow due to river bed of the conductivity of the river bed sediments
sediments with lower hydraulic and the convergent flows with a simplified local
conductivity than the underlying aquifer. geometry.
v
- T . 1t —
—_ -—
e -—
A A

Figure 9.3 Simplified representations of river-aqui  fer interactions in numerical
models.

Groundwater models. The most common types of numerical groundwater model that
have been used to represent groundwater-surface water interactions are based on
finite-difference methods, including MODFLOW (together with various add-on
components, see Table 9.1). Many of these models use a grid or mesh size that is
appropriate to represent the aquifer or catchment scale, with spacings of 200 to 250 m
being typical for Environment Agency regional scale groundwater models (smaller grid
spacings may be used where smaller scale, specific sites are to be assessed), and
include representation of changing boundary conditions (particularly river levels) at a
monthly (or sometimes weekly) timescale. These scales are adequate to model bulk
exchange flows between groundwater and surface water (i.e. representing baseflow
contributions to runoff) and to characterise their regional scale variations, but do not
include river flow dynamics at the timescale of storm events and their feedbacks. There
are a number of integrated modelling systems which have been designed to represent
groundwater and surface water flows and their interactions at these scales, including
the ‘SHE’ models (MikeShe and SHETRAN; Ewen et al., 2000) and Hydrogeosphere
(Therrien et al., 2004). These typically work at the hourly timescale (although timesteps
may vary from minutes to days, depending on hydrological conditions).

Outputs calculated by these models include groundwater and river levels, bulk
exchange flows between rivers and groundwater, and river flows (total flow from
integrated models or only baseflow from groundwater models). It is possible to
generate data from these outputs for use in assessment of water quality and aquatic
ecology. For example, river velocities can be estimated for use in assessment of
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habitat suitability for salmonids based on assumptions about river cross-sections, and
average residence times in the hyporheic zone can be estimated from bulk flows for
use in determining attenuation rates of diffuse pollutants. However, when applied at the
catchment or aquifer scale these models generally cannot represent the spatial
variations in flow distributions along river corridors at the scale of geomorphological
features such as pool-riffle sequences and of local scale heterogeneities in river bed
sediments which are increasingly recognised as being critical for making accurate
assessments of biodiversity and water quality status of rivers.

There are essentially two approaches that can be used to refine the spatial scale of
model calculations. Firstly, nested models can be used for which data (e.g.
groundwater levels) are taken from the outputs of a regional model, and a smaller scale
local model is set up using these data as boundary conditions (Figure 9.4). This
approach can be used to represent, for example, local scale dynamics of a wetland or
flood plain. Some software interfaces are designed to allow appropriate boundary
conditions for local models to be set up automatically. A more elegant solution is to
refine the grid within a regional scale model around the area of interest. Traditionally,
most finite-difference models allowed a limited degree of grid refinement across the
whole grid, but more recently software has been developed which allows localised grid
refinement anywhere within a groundwater model, although these are not yet in
common use. This approach is used in the ZOOM model (BGS, 2004).

a) Nested local model b) Quad tree grid refinement

A fine grid is set up for the local model, The grid refinement is integrated into the
which is run separately from the regional solution scheme within a single multi-
model, with head boundary conditions scale model, with progressive levels of
interpolated from the solution on the grid refinement around a local area of
coarser grid of the regional model to the interest within the regional model

finer grid of the local model

G- [ ] [ Bt

Figure 9.4 Nested regional and local models.

River models. Codes such as Simcat (Environment Agency, 2006) have been widely
used to model hydraulic and solute behaviour at a catchment scale. These often use
assumed groundwater inflow as a boundary condition, but some models have been
coupled to groundwater or catchment models to provide an integrated modelling
capability. These externally coupled models can provide some feedback between
groundwater and surface water if used properly. The use of this type of approach for
modelling contaminant transport is still at an early stage. A type of model that has been
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used to make useful calculations of contaminant exchange in the hyporheic zone is
known as transient storage modelling (e.g. the Otis model, Runkel, 1998). These are
often implemented as one-dimensional models of transport across the surface water —
hyporheic zone — groundwater pathway, and can represent mixing zone behaviour at
individual reaches.

Model Choice. The choice of an appropriate model for a given application depends on
a range of factors, including purpose, data availability, level of conceptual
understanding, and time/resources available to complete a study. In general, the more
complex spatially-distributed models require substantial amounts of effort and data and
should be developed only after concluding initial scoping calculations using simpler
models. However, for any of these models, questions of model calibration and
validation and estimations of predictive uncertainty have to be addressed.

9.2.3 Modelling changes in flows

This section describes how to predict the impacts on flow or stage felt by rivers, springs
and wetlands, as a result of human activity, including groundwater abstraction, mining,
quarrying and river modification. The Water Framework Directive describes these
human activities as pressures.

We will consider ways of estimating both the size and the timing of the impacts. For
each pressure we first describe the simple methods for estimating the impacts. These
are quick and crude but they nearly always offer valuable insights into our problem.
This is especially true if we also make a range of estimates with different plausible
input data so that we give ourselves an idea of how sensitive our estimates are to the
uncertainty in the input data.

The more complex methods follow; we tend to assume that these more complex
representations will give predictions in which we have more confidence. However, this
is only likely to be so if we have invested in data in which we have sufficient
confidence; a complex model with poor data will still be a poor model.

Finally, we generally have more confidence in our estimates of difference and trends
than our estimates of absolute value and so we focus here on techniques for estimating
differences.

9.2.3.1 Impacts of groundwater abstraction

One of the problems with estimating the depletion in flow to surface water feature such
as a river is that we cannot measure it. It is the difference between the flow in the river
when the well is pumping (which we can measure) and what it would have been had
the groundwater well not been pumping (which we can usually only infer). Hence we
have no observed depletions against which to check our estimates when we use the
methods described below and the approach becomes one of gathering clues rather
than hard evidence. Clearly, there would be significantly higher confidence in a model if
a field experiment, such as periods with the abstraction on and off, had been carried
out to provide data to validate the model.

For example, we may wish to assess a 1 Ml/d groundwater abstraction which is
hydraulically connected to only one surface water feature: a river. The long-term
depletion in the flow in the river will be equal to the size of the groundwater abstraction,
l.e. 1 Ml/d. This is consistent with the principle that the impact of a groundwater
abstraction spreads until it has prevented an equal amount of water leaving the aquifer,
usually via a surface water feature. In reality a groundwater abstraction is likely to be
hydraulically connected to several water features. The above principle still applies so
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estimating the impact at any one of them is really a problem of estimating how that
depletion of 1 MI/d is distributed amongst the surface water features. These may be
rivers, springs or wetlands but for the sake of clarity we will initially consider only rivers.

Impact on rivers
An instructive way to look at this problem is by considering the hydraulic resistance
between the pumping well and each surface water feature. At its simplest this
comprises two resistances in series which can be added to give the total resistance.
These are the resistance of the path through the aquifer and the resistance of the path
through the river bed.
For two rivers of the same length, the resistance of the path through the aquifer (R,) is
proportional to the path length through the aquifer (L,q) and inversely proportional to
the transmissivity (T):

Rag=Lag/ T 9.1
The resistance of the path through the river bed (Ryeq) is proportional to the path length
through the river bed, the river bed thickness (Lyeg), and inversely proportional to the
hydraulic conductivity of the river bed (Kpeq) and the width of the river (w):

Roed = Lbed / (Kped. W) 9.2
A surface water feature with a large resistance along the pathway to the well will
experience less depletion than another surface water feature with a small resistance. A
valuable feature of the hydraulic resistance concept is that it correctly predicts that
groundwater flow divides make no difference to the spread of impacts and this is
described in more detail in Section 2.4 of the report on hydrogeological impact
appraisals for groundwater abstractions (Environment Agency, 2007a). For example in
Figure 9.5 the groundwater pumping from the wells reduces the flows in all five rivers
even though there are groundwater divides between the rivers.
The report on hydrogeological impact appraisals (HIA) for groundwater abstractions
(Environment Agency, 2007a) provides a good description of these issues. Section 2.4
of that report lists some common misconceptions, Box 4.2 describes a resistance
calculation and Section 4.2.4 describes some common tools for apportioning depletion.
Analytical solutions. There are several analytical equations (e.g. Jenkins, 1968)
which are designed to calculate the depletion of flow from a surface water feature due
to a pumping well but these tend to assume that only one surface water feature is
affected. If you are sure this is so, perhaps after doing some rough resistance
calculations, then these methods may be appropriate.
IGARF. The IGARF spreadsheet (Impact of Groundwater Abstraction on River Flows)
produced by the Environment Agency (2004) uses several analytical solutions to
generate estimates of depletion over time and space for two rivers. The model
calculates impacts over short timescales (showing responses from a daily timescale up
to months or years as necessary), but it does not have any representation of actual
river flows or levels, and therefore cannot include feedbacks of river stage variations.
Like the resistance calculations, a hydrogeologist can use this spreadsheet to get an
idea of the potential depletion in a few hours.
For example, in Figure 9.5, the circles represent groundwater pumping wells. An
IGARF spreadsheet of a single well and the nearest river, the River Leith, shows that
the long-term impacts of the abstraction will spread at least 6 km along the River Leith.
As there are other bigger rivers within 6 km of the pumping wells (Eden and Lyvennet),
it would be unwise to assume all the depletion comes from the Leith. This rapid
analysis with IGARF shows that an approach is required which takes into account all
four the hydraulically connected rivers.
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Figure 9.5 The Eden valley river system in North We st England.

Distributed numerical models

The Environment Agency has more than 40 regional groundwater models covering the
major aquifers in England and Wales. The Environment Agency’s forthcoming National
Groundwater Modelling System (NGMS) will give some organisations access to these
regional models. If you If you have access to one of these models for your area, they
will give the most reliable estimates of the size and timing of river flow depletion due to
groundwater abstraction at each connected river because it will include all the major
surface water outlets. However, these models are calibrated using the flows at the
main river gauging stations so we can expect to have confidence in the estimates of
flow reduction at this scale (i.e. reaches of several kilometres) but not at the much
smaller scales that may be required for detailed ecological studies.

Simplified numerical models. In the case of the Leith (Figure 9.5) there was no
numerical model of the region but it only takes a few days for an experienced
groundwater modeller to build a simple ‘depletion’ model in MODFLOW. This is a
model which aims to predict flow deletions only. It will incorporate the regional aquifer
properties, all the important hydraulically connected surface water features and the
abstraction well(s) we want to investigate. We do not need to include the other
abstraction wells in the aquifer nor the recharge because as shown in the work by the
BGS and the Environment Agency (2008), these do not usually influence the depletion
estimates significantly. Avoiding the large uncertainties in recharge estimates will
increase confidence in the results, but such a simplified model will not capture transient
behaviour, such as changes between seasons and across years.

Impact on wetlands and springs

As with rivers the hydraulic resistance between springs or wetlands and a pumping well
can be used to estimate how the impacts of pumping are likely to be distributed
amongst all the surface water features connected to the pumping well. The
Hydrogeological Impact Assessment (HIA) report (Environment Agency, 2007a)
describes the steps for carrying out such an appraisal for all water features in an area.
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9.2.3.2 Impact of mine dewatering and river modification

There are many similarities between groundwater dewatering for mining and quarrying
and abstraction. The Environment Agency has written a hydrogeological impact
appraisal (HIA) guide on this issue (Environment Agency, 2007b). Section 3.4 of the
HIA describes over 20 analytical equations which were assembled from various
sources, textbooks and other publications, into a Microsoft Excel spreadsheet. The
approaches for assessing the impact of dewatering on surface water features are the
same as those for groundwater abstractions described above.

River channel modifications as part of flood defence or river restoration schemes could
easily alter groundwater —surface water interactions by changing the stage in a river,
lowering the bed, changing the thickness or nature of the bed sediments, or changing
the width of open water. Any of these will in turn change the flow between the aquifer
and the river. The various approaches to modelling described above, such as analytical
and numerical models, apply equally well to the analysis of river modifications.

9.2.4 Modelling solute transport and attenuation

Water exchange at the river-aquifer interface has significant implications on river water
quality and river mass loading. For example, river water fed by groundwater polluted by
agricultural fertilisers tends to increase the river N concentration and N loading.
However, attenuation at the river-aquifer interface can reduce the mass flux from
groundwater. Modelling of solute transport in river water, with accounting for river-
aquifer interactions, can help to quantify the amount of mass destruction in such a
reactive zone, and to identify the major sources contributing to river water contaminant
and adapt suitable policy to manage river water and groundwater quality. In this
section, we present review of modelling approaches for:

bank filtration,

contaminated land risk assessment,
diffuse catchment scale pollution, and
effluent discharges.

9.24.1 Bank filtration

Bank filtration (Figure 9.6) is a system of production wells which are placed near to
surface water bodies (e.g., rivers) to increase the public water supply. The abstraction
of groundwater from these wells induces surface water infiltration through the river bed
to the supply wells. Attenuation of contaminant at the river bed has been observed to
reduce the mass flux from the river water into the supply wells. Modelling of solute
transport at the river bed could help to predict mass attenuation at the river-aquifer
interface and solute concentration in the abstraction wells.
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(@) (b)

Figure 9.6 Conceptual models of bank filtration by (a) Hantush (1965) and (b)
Hunt (1999).

The simplest approach is a mass balance, using water flow rates from one of the
modelling approaches above (9.2.3) and river water concentrations. When attenuation
at the river-aquifer interface and in the subsurface is negligible, mass discharge from
an abstraction well is summed of mass fluxes from river and groundwater. River water
concentration and the steam depletion flow rate induced by bank filtration determine
the amount of mass flux from the river, and mass flux from groundwater can be
estimated from groundwater concentration and groundwater flow rate to the well.

In most cases, attenuation in the subsurface, especially at the river-aquifer interface,
could significantly reduce mass flux into the abstraction well, lowering contaminant
concentrations in the groundwater supply. Thus, the mass discharge in a supply well of
bank filtration is sum of mass fluxes from river and groundwater and mass reductions
at the river-aquifer interface and in the subsurface of well capture zone.

The proportion of mass reductions (AF) at these two zones at steady state can be
estimated by using parameters like the attenuation rate (e.g., first-order rate constant,
k), water travel retention time (t) and retardation factor (R), with a simple equation:

AF =g ¥t 9.3

This approach can be used at the first phase to evaluate the risk of concentration in the
river water on the abstracted groundwater in bank filtration.

Modelling of the attenuation processes at the river-aquifer interface and prediction of
mass flux and concentration in the abstraction wells can be achieved by
MODFLOW/MT3D or more advanced chemical reaction model (PHT3D, Prommer et al.
2003). For example, Ray et al. (2002) used MODFLOW/MT3D to discretise a bank
filtration and represented reactions in the subsurface by first-order decay rates (Figure
9.7).
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Figure 9.7 Locations of pumping and monitoring well s at the Henry bank
filtration site (A) together with model grid and th e vertical cross-section (B) (Ray
et al., 2002).

9.24.2 Contaminated risk assessment

Modelling in support of applications to develop contaminated land (and waste disposal
sites etc.) aims for a more simplistic outcome than many other types of modelling. The
aim is not to accurately predict a contaminant concentration in some receptor, but
merely to demonstrate that the predicted value falls below a threshold for that receptor.
Hence a yes/no decision of whether remediation is necessary, or a development may
go ahead, may be made.

Defra’s CLR11 provides a framework for risk assessment of contaminated land, which
is practically implemented by the Environment Agency’s Remedial Targets
Methodology. In these, a sequential (‘tiered’) approach to risk assessment is used,
which promotes the use of limited data and less sophisticated (but more conservative)
models at the early stages of an investigation to screen out sites where the risk is
limited. Only the most contaminated sites, therefore, need extensive data collection
and sophisticated modelling.
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Current risk assessment models for contaminated land and landfills (e.g. the remedial
targets spreadsheet, ConSim, LandSim) have no default capability to assess
contaminant attenuation within the hyporheic zone. Some models can explicitly account
for the hyporheic zone as a part of the transport pathway (e.g. RISC, ESI's RAM). All
tend to use simplistic representations of contaminant attenuation such as linear
adsorption and first-order degradation. In addition, they represent contaminant
transport along a one-dimensional, steady state, pathway. Where there are two-or
three-dimensional, and/or transient, problems to model (e.g. patchy attenuation of PCE
observed by Conant et al. (2004)), it is important to take this into account and
understand the simplifications of the model.

9.24.3 Diffuse catchment scale pollution

The leaching of fertilisers and pesticides to the subsurface has serious consequences
for the quality of groundwater resources and river water receiving from contaminated
groundwater. The natural attenuation of some contaminants (e.g., nutrients) at the
river-aquifer interface has been observed to reduce the river contaminant loading from
groundwater flux. Modelling of the solute transport in diffuse scale pollution, with
consideration of the attenuation at the river-aquifer interface, could help to quantify the
reduction of mass flux from groundwater, and to identify the major sources contributing
to river water contaminant and adapt suitable policy to manage river water and
groundwater quality.

We present a simple method to estimate the amount of mass flux from groundwater
contributing to river nutrients loading at a river reach scale. The conceptual model of
diffuse pollutants at a river reach scale (L) is shown in Figure 9.8a, where an upland
agriculture field is a diffusion pollution source for the river water and groundwater
bodies. Figure 9.8b shows a cross-section area of domain where the river bed (or
hyporheic zone) is simplified as a rectangular shape with representative river bed
thickness (b’) and river width (W). Without accounting for attenuation in aquifer and the
river-aquifer interface, mass flux from groundwater to the river due to the diffuse
pollution at stead state can be estimated by:

Mass flux = Area of agriculture field * leakage rate * leaching concentration 9.4

The proportion of groundwater contributing to river mass loading can be determined by
the above estimated mass flux, river water concentration and rive water flow rate.
When attenuation at the river-aquifer interface and in aquifer is significant, a substantial
amount of mass might be removed on groundwater flow pathway and at riverbed
before entering the river. The proportion of mass removal in groundwater and at
riverbed can be determined as presented in bank filtration, once attenuation rate,
retention time and retardation factor of component are known.
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Figure 9.8 (a) conceptual model of a diffuse pollut  ion source from an upland
agriculture field (b) conceptual model of mass flux from contaminated
groundwater to river water through hyporheic zone i n the cross-section area
(Hiscock 2005).

There are several models used as management tools to estimate the nutrient fluxes via
diffusion pollution in catchment scale. For example, Integrated Nitrogen in Catchment
(INCA, (Wade et al., 2002; Whitehead et al., 1998)), Soil and Water Integration Model,
(SURFACE WATERIM, (Krysanova et al., 1998; Krysanova et al., 2000)) and nitrate
and phosphorus catchment model (TOPCAT_NP,(Quinn et al., 2008)), etc. None of
them, however, take account of the interactions in the river-aquifer interface.

Hattermann et al. (2006; 2008) extended the SURFACE WATERIM model to take into
account fluctuations of groundwater table and increase update of nitrogen from
groundwater in the riparian zones. Denitrification was considered in the process of
mass flux from groundwater into the river, by using average denitrification rate and
nitrate mean residence time in the subsurface. This model has been used to
investigate nitrate flux in the Nuthe catchment (1938 km?) in Germany (Figure 9.9a),
where the spatial information including riparian zones, groundwater table contour map,
and elevation and soil properties and etc have been specified in the model. The
comparison of field observations and model results suggested that the SURFACE
WATERIM model could give reasonable prediction of N concentration in the Nuthe river
and good prediction of baseflow transport behaviour (Figure 9.10); The study revealed
that the amount of nitrate update from groundwater in riparian zones resulted in 22% of
total river nitrate loading (Figure 9.9b).
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(@) (b)
Figure 9.9 (a) The location of the Nuthe basin and  the observation points

(numbered). (b) Plant uptake of nitrate N from grou  ndwater in wetlands and
riparian zones (Hattermann et al., 2006).

Figure 9.10 (a) Simulated and observed nitrate N co  ncentrations in the Nuthe
river. (b) Nitrate N coming with different pathways (with surface runoff, interflow
and baseflow). (c) The uncertainty of the simulated results. (Hattermann et al.,
2006).
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9.24.4 Effluent discharges

Effluent discharges from sewage treatment works (STWs) contribute significant
amounts to rivers during periods of low flow. The change of river stage by effluent
discharges could change of river water and groundwater dynamic at the river-aquifer
interface. In a lowland area, the rise of river water level could promote river water
infiltrating through the river bed, resulting in the reduction of river mass loading. For
example, a study of the South Platte River, Denver, US showed effluent from a STW
contributing 95% river water flow downstream, and about one third of river water was
discharged to groundwater via river bed in 20 km downstream of the effluent discharge
(McMahon et al., 1995). While in an upland area where river flow might be dominated
by baseflow, the rise of river water level by effluent discharges could prevent
groundwater entering the river, reducing river mass loading from groundwater.
Modelling of effluent discharges with accounting for water exchanges at the river-
aquifer interface could help to identify the effect of effluent discharges on river nutrient
loading.

In the authors’ knowledge, no attempts have been reported to model the effect of
effluent discharges on river mass loading while fully accounting for the water and solute
exchanges at the river-aquifer interface. INCA model was used to predict the nutrient
concentrations (NOz and NH,") in the River Lee at the north of London, where 5 STWs
are located at the upper stream of the river (Figure 9.11) (Flynn et al., 2002). The
results revealed that N discharge from STWs significantly increased the N
concentration during low flow seasons (summer and autumn). However, the N flux at
the river—aquifer interface (e.g., Riparian Zone) and its effect on the nitrate
concentration in the river has not been rigorously investigated.

® Rye Meeds STW
East Hyde STW P /

[ J
Harpenden STW .\
Mill Green STW
Name of Discharge
STW ( m3/day)

East Hyde 130,000
Harpenden 12,000
Rye Meeds 24,000
Mill Greens 330,000

Figure 9.11 River Lee Catchment area: locations and  discharges of Sewage
Treatment Works (STW) (Flynn et al. 2002).

The effect of effluent discharges on river water and groundwater exchange in the river

bed is very likely to take place in a river reach downstream of effluent point. In the
cases (e.g., a lowland river reach) where effluent discharge promoted river water
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infiltrating through the river bed, the reduction of river mass loading at a downstream
rive reach (L) can be determined, when the river water concentration, specific
discharge in the river bed, length and width of the rive reach are known :

9.2.5 Modelling ecological changes

None of the models which are used as management tools directly include the effects of
groundwater — surface water interface on ecology. Even for research, models do not
yet have this capability. The effects are predicted in two separate stages, using a first
model to estimate the changes in flow, stage or concentration, as described above.
The results are then used as inputs for ecological models. This two step process does
not allow feedback, for example the growth of macrophytes increases stream
resistance, raises river stage and nearby groundwater levels and so alters groundwater
— surface water interactions (Jones et al. 2008).

An example of the two step procedure is illustrated in Figure 9.12 for the River Piddle in
Dorset where the trout fishery appeared to be damaged by groundwater abstractions. A
catchment scale groundwater — surface water model was used to calculate the
locations and magnitude of groundwater discharges to the river, and these results were
then used in PHABSIM to estimate the changes in habitat suitability. The quality of the
results was sufficient to justify a change in the abstraction licence and put
compensation water into the river.

(a (b

Figure 9.12 Use of loosely coupled models to invest  igate the effect of
groundwater abstractions on fish habitats in the Ri ver Piddle, Dorset. (a)
Location map with major groundwater abstractions (1 -4) and study reach. (b)
Duration curves for WUA (weighted useable area, am  easure of habitat
availability) with and without historical abstracti ons (Strevens, 1999).

9.3 Conclusions

Most modellers would argue that the primary benefits of modelling are to bring clarity of
thought and to integrate all the information about a question. Models can also be used
to quantify processes and effects, make predictions and give some understanding of
uncertainty, but these benefits are less easy to realise.

The review above indicates that modelling tools are available to help analyse many
aspects of the groundwater-surface water interface, but not all. The widest range of
tools are for analysing flows and range from simple analytical models in easy to use
spreadsheets to complex numerical models which require substantial amounts of data
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and expertise. A range of tools for analysing solute transport are available; some are
focussed on groundwater, and others primarily consider the river. However the simpler
solute models do not explicitly allow for the groundwater-surface water interface and
the more complex ones require expertise and significant amounts of time to be useful.
None of the readily available tools estimate the effects of the groundwater-surface
water interface on ecology.
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Table 9.1. Examples of flow modelling software for

the main types of models

used for groundwater - surface water interactions.

Model name,
references, web
resources

Model type, background & general theory

RAM (Resource
Assessment
Methodology)

Environment Agency
(2002).

http://publications.env
ironment-
agency.gov.uk

Model type : lumped

RAM methodology developed by the Environment
Agency of England and Wales and Entec UK Ltd to
support assessments of resource availability in integrated
groundwater - surface water systems.

Spreadsheet water budget tool is used as part of the
methodology to calculate scenarios representing
recharge, abstractions, and discharges for Groundwater
Management Units.

IGARF (Impact of
Groundwater
Abstractions on River
Flows)

Environment Agency
(2004).

http://publications.env
ironment-
agency.gov.uk

Model type : analytical

The IGARF modelling tool was developed the
Environment Agency and Environmental Simulations
International as part of a scoping methodology to support
assessments of groundwater abstraction license
applications.

IGARF is a spreadsheet that includes several models that
represent the impact of abstraction from an abstraction
well on flow depletion in one or two rivers.

MODFLOW
groundwater model

(McDonald &
Harbaugh, 1988;
Harbaugh et al.,
2000)

Free software
including source code
available at
http://water.usgs.gov/
nrp/groundwatersoftw
are/modflow.html

MODFLOW is usually
run within one of the
many commercial
groundwater
modelling graphical
interfaces, see
website.

Model type : numerical, physics based, spatially
distributed, finite-difference

MODFLOW is the most widely used groundwater
modelling software, developed by USGS (United States
Geological Survey). It is based on a multi-layered finite
difference approximation of the 3D groundwater flow
equations.

Variants related to coupled groundwater-surface water
models allow routing of river flows and feedback from
river levels to exchange flows, including:

- DAFLOW: MODFLOW coupled with river flow routing
model

- MODBRNCH; MODFLOW coupled with BRANCH
unsteady river flow module

- GSFLOW: MODFLOW coupled with the USGS
Precipitation-Runoff Modelling System (PRMS);

- MODHMS; MODFLOW coupled with SURFACT,
including 1D river and 2D overland flow

- IHM: MODFLOW coupled with surface water model
HSPF for full hydrological cycle
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Model name,
references, web
resources

Model type, background & general theory

ZOOM groundwater
models

ZOOMQ3D
BGS (2004).

www.bgs.ac.uk/scienc
e/3Dmodelling/zoom.
html

ZIGARF (ZOOM-
IGARF)

Environment Agency
(2008).

Model type : numerical, physics based, spatially
distributed, finite-difference

Z0OOMQ3D was developed by British Geological Survey,

Birmingham University and the Environment Agency as a
nested modelling system that can represent local effects

within a regional scale model.

ZOOMQ3D uses an integrated finite-difference method
on a nested grid to solve groundwater flow equations.
Additional compatible models have been developed to
represent other aspects of the hydrological system,
including recharge estimation. An interface has also been
developed (ZIGARF) to allow the model to be used to
simulate the impact of abstractions on stream flows.

MIKE-SHE integrated
catchment modelling
system

http://lwww.dhigroup.c
om/Software/WaterRe
sources/MIKESHE.as

pX

Model type : numerical, physics based, spatially
distributed, finite-difference

MIKE-SHE is commercial software from the Danish
Hydraulic Institute (DHI) based on the Systéme
Hydrologique Européen (SHE) modelling system, which
was developed in a joint European project.

MIKE-SHE represents all components of the hydrological
cycle based on a finite-difference grid, with surface and
groundwater flows linked through one-dimensional
unsaturated zone. The model can be coupled to other
well-known software including Mike-11 for hydrodynamic
river flow modelling.

SHETRAN integrated
catchment modelling
system

Ewen et al. (2000)

www.ceg.ncl.ac.uk/sh
etran

Model type : numerical, physics based, spatially
distributed, finite-difference

SHETRAN was developed by Newcastle University
based on the Systéeme Hydrologique Européen (SHE)
modelling system, which was developed in a joint
European project.

SHETRAN represents all components of the hydrological
cycle based on a finite-difference grid, with an integrated
variably-saturated subsurface flow for the saturated and
unsaturated zones. SHETRAN V4 has been widely used
for problems involving integrated flow with sediment or
contaminant transport. SHETRAN V5 includes local mesh
refinement and integrated flow and heat transport.
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Model name, Model type, background & general theory
references, web

resources

Hydrogeosphere Model type : numerical, physics based, spatially

integrated surface-
subsurface model

Therrien et al. (2004)

http://www.science.u
waterloo.ca/~mclaren/
public/hydrosphere.pd
f

distributed, finite-element

Hydrogeosphere is a finite element model for simulating
integrated surface-subsurface flow and transport,
developed by the University of Waterloo. It represents all
of the components of the hydrological cycle, with a similar
representation of stream-aquifer interactions as the
MODFLOW variants and the SHE models. It includes
capabilities for flow through fracture networks and
contaminant transport.

INCA integrated
catchment model

Environment Agency
(2006)

http://www.reading.ac
.UK/INCA/pages/meth
ods.htm

Model type : numerical, physics based, semi distributed

INCA consists of a suite of models of water quality in
catchments, developed by the University of Reading and
others. It is a semi-distributed model, with water quality
variables being calculated in landscape units and fed into
a river model. Specific models in the INCA family include
Nitrogen, Phosphorus and Carbon, sediment, and toxic
elements.

Otis river quality
model

Runkel (1998)

http://smig.usgs.gov/c
gi-
bin/SMIC/model_hom
e_pages/model_hom
e

Model type : numerical, physics based, spatially
distributed, finite-difference

OTIS is a one-dimensional model of solute transport in
rivers, developed by USGS. Transport is modelled using
the advection-dispersion equation along the stream, with
temporary (transient) storage of solutes in river bed
sediments and banks. It is a widely used example of a
Transient Storage Model. Interaction with groundwater is
not explicitly modelled, with only local near-river storage
processes being represented.
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