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ABSTRACT

The complexity of available hydrological models continues to increase, with fully integrated surface
water—groundwater flow and transport models now available. Nevertheless, an accurate quantification
of streamflow generation mechanisms within these models is not yet possible. For example, such models
do not report the groundwater component of streamflow at a particular point along the stream. Instead,
the groundwater component of streamflow is approximated either from tracer transport simulations or
by the sum of exchange fluxes between the surface and the subsurface along the river. In this study,
a hydraulic mixing-cell (HMC) method is developed and tested that allows to accurately determine the
groundwater component of streamflow by using only the flow solution from fully integrated surface
water—groundwater flow models. By using the HMC method, the groundwater component of streamflow
can be extracted accurately at any point along a stream provided the subsurface/surface exchanges along
the stream are calculated by the model. A key advantage of the HMC method is that only hydraulic
information is used, thus the simulation of tracer transport is not required. Two numerical experiments
are presented, the first to test the HMC method and the second to demonstrate that it quantifies the

groundwater component of streamflow accurately.
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1. Introduction

A quantitative understanding of streamflow hydrographs is an
important precondition to the understanding and effective
management of any catchment (VanderKwaak and Loague, 2001;
Jones et al., 2006; Mirus et al., 2009). The streamflow hydrograph
is generated by different mechanisms such as groundwater
discharge to the stream, discharge from the unsaturated zone,
overland flow, preferential flow through macropores and/or frac-
tures, and direct precipitation to the stream. These streamflow
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generation components can exhibit complex spatial and temporal
behaviour. This complexity makes it difficult to easily decompose
streamflow hydrographs in terms of streamflow generation
mechanisms if one or several components of the hydrograph are
unknown. Groundwater discharge is a critical streamflow genera-
tion component that is difficult to quantify. The quantitative
assessment of the groundwater component of streamflow (which
represents the quantity of streamflow at a given point in space and
time derived from groundwater discharging directly to the stream)
is of great importance in understanding catchment hydrology and
informing water resources management, as highlighted by
Sophocleous (2002) and Winter (1999). Accurate simulation of the
groundwater component of streamflow is therefore important in
hydrological modelling exercises (e.g. Gilfedder et al., 2009; Croton
and Barry, 2001; Facchi et al., 2004) in order to inform water
resources management.

The groundwater component of streamflow cannot be
measured easily in the field (Hattermann et al., 2004; McCallum
et al., 2010) and therefore is usually quantified using indirect
methods. Indirect methods can involve the use of environmental
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and conservative tracers for separation of the hydrograph
(McGlynn and McDonnell, 2003; McGuire and McDonnell, 2006),
and recession analysis based on conceptual storage—discharge
relationships for the catchment (Chapman, 2003; Eckhardt, 2008).
However, as pointed out by Hewlett and Troendle (1975), ‘the
accurate prediction of the hydrograph implies adequate modelling
of the sources, flowpaths and residence time of water’. In particular,
capturing the flowpaths requires a spatially distributed model.
Unless the assumptions of the indirect methods can be resolved or
justified, the adequate modelling of sources and flowpaths of water
is insufficient. If the modelling is insufficient, then it follows that
the separation of the hydrograph may be meaningless. Given the
difficulty faced in accurately measuring sources and flowpaths
within hillslopes, let alone entire catchments, some benefit can be
found in examining hypotheses which can be adequately
‘measured’ in the ‘virtual laboratory’ (Weiler and McDonnell, 2004).

One could expect that the tools for quantifying the groundwater
component of streamflow are now readily available in the latest
generation of fully integrated spatially distributed models such as
InHM (VanderKwaak and Loague, 2001), MODHMS (Hydro-
GeolLogic, 2006), HydroGeoSphere (HGS) (Therrien et al., 2009),
Wash123D (Cheng et al., 2005) and ParFlow (Kollet and Maxwell,
2006). However, this is not the case. Even within spatially distrib-
uted numerical models, quantifying source components remains
a challenge (Sayama and McDonnell, 2009). The same applies to the
ultimate delivery mechanisms as defined in Sklash and Farvolden
(1979). Because the currently available numerical models do not
report the groundwater component of streamflow at a given loca-
tion, it is often approximated by introducing tracers or by setting it
equal to the summed exfiltration along a section or entire length of
the stream. The summed exfiltration is defined in this paper as the
sum of all fluxes from the subsurface to the stream at a specific
point in time upstream of the point at which the hydrograph is
measured.

The aforementioned approaches are problematic. For example,
the summed exfiltration during a simulation is not equal to the
groundwater component of streamflow at the same simulation
time. This can be attributed to the fact that portions of the summed
exfiltration exhibit a time lag from the point of entering the stream
to the point of streamflow measurement, as a result of potentially
significant transit times within stream networks (McGuire and
McDonnell, 2006). This time lag cannot be captured if the

groundwater component of streamflow is approximated by the
summed exfiltration. Furthermore, if the stream loses water to the
subsurface between a point of groundwater discharging into the
stream and the point where the hydrograph is measured, only
a portion of the groundwater entering the stream will contribute to
the groundwater component of streamflow at the point of hydro-
graph measurement. In that case, the summed exfiltration will
overestimate the groundwater component of streamflow at the
point of hydrograph measurement.

In this study, a mixing-cell method for quantifying the
groundwater component of streamflow in fully integrated spatially
distributed models is described. Mixing-cell models have often
been used in hydrogeology to model solute transport (Adar et al.,
1988; Campana and Simpson, 1984). Mixing-cell models rely only
on conservation of mass. The hydraulic mixing-cell (HMC) method
described in this study relies on hydraulic information only (i.e.
fluxes). Moreover, the method allows tracking streamflow genera-
tion mechanisms at every cell or element within the stream of the
model domain. Therefore, complex spatial and temporal effects are
captured and can be accounted for. The method is developed and
tested using a particular numerical model (HydroGeoShpere,
Therrien et al., 2009), but it can be implemented to any code that
reports the exchange between the subsurface and surface in
a spatially distributed manner. The paper also aims to explore the
suitability of traditional methods (e.g. equilibrating the ground-
water component of streamflow to the summed exfiltration) for
quantifying the groundwater component of streamflow within
numerical models.

2. Existing methods for extracting streamflow generation
components

The hypothetical catchment shown in Fig. 1 is used to illustrate
the challenges of extracting the groundwater component of
streamflow from numerical models using existing methods. In the
catchment shown, the stream, which is flowing from A to B to C, is
gaining in sections A and C, but losing in section B.

2.1. Summed exfiltration along the length of the stream

For each of cross sections A, B and C of the hypothetical catch-
ment shown in Fig. 1, the expected streamflow hydrograph is

Fig. 1. Conceptual diagram of a surface water—groundwater catchment (left hand side) featuring different flow regimes (as illustrated in the right part of the figure). The white
sections of the catchment adjacent to the stream represent the groundwater discharge upslope of the stream (return flow). The dashed lines on the right part of the figure represent

the water table. The flow direction is towards the reader.



shown in Fig. 2, along with the groundwater component of
streamflow and the summed exfiltration. The streamflow in Fig. 2A,
B and C refers to the point measurement at each of cross sections A,
B and C. Although the results shown in Fig. 2 are hypothetical, they
illustrate the following two problems that arise by approximating
the groundwater component of the streamflow using the summed
exfiltration:

1) The summed exfiltration does not account for the time lag
between the upstream points of groundwater discharging from
the aquifer to the stream and the point where the hydrograph
is measured, as illustrated by the time lag between the sum-
med exfiltration and the groundwater component of stream-
flow curves. The streamflow travel times for the summed
exfiltration upstream of cross sections A, B and C actually
correspond to the time lag between the peaks of the summed
exfiltration and the streamflow hydrograph in Fig. 2.

2) Changing flow regimes cannot be considered correctly. When
a part of the stream is losing and other parts are gaining, the
summed exfiltration is not equal to the groundwater compo-
nent of streamflow at a particular location, even if the afore-
mentioned time lag is negligible.

The effect of ignoring time lags and discounting losses along the
stream becomes clear when moving downstream from cross
sections A to B to C. For example, the course of the groundwater
component of streamflow at cross section A features a flatter and
broader distribution through time compared to the summed
exfiltration upstream of A. When considering the streamflow
hydrograph at cross section C in Fig. 2, the significance of time lags,
particularly from the most upstream sub-catchments, becomes
apparent.

2.2. Tracer based hydrograph separation

The use of conservative tracers within models provides
temporal information on the original source of water (i.e. ground-
water, soil water, rainfall). Whilst the application of solutes is
extremely useful in identifying the source of streamflow, it gives no
real indication of the mechanism of streamflow generation
(McGuire and McDonnell, 2006). Even with temporal information
on the source of water, the parameters associated with tracer
transport (i.e. diffusion, tortuosity and dispersivity) often affect the
interpretation of the source as demonstrated in Jones et al. (2006).
Jones et al. (2006) found that the value of dispersivity used in
simulating the transport of tracers could lead to large over-
estimation of the pre-event water’s contribution to streamflow. In
their model using InHM of the Borden rainfall-runoff experiment,
the pre-event contributions to streamflow using longitudinal
dispersion o =0.5m and 0.005 m were found to be 41.6% and
33.9%, respectively, with the hydraulically based subsurface

contribution close to 0%. These results would suggest that in the
streamflow hydrograph in Fig. 1 at cross section C of the catchment,
the groundwater component of streamflow could be easily over-
estimated using tracers as illustrated in Fig. 3.

Given such large variation in the tracer based interpretations of
groundwater contributions to streamflow, it seems quite clear that
inherent accuracy relies on reliability and certainty of the transport
parameters. Any uncertainty in the dispersivity directly relates to
uncertainty in quantifying the groundwater component of
streamflow. Therefore quantifying the groundwater component
of the streamflow hydrograph within models using tracers may be
undermined by large uncertainty.

3. A hydraulic balance using a hydraulic mixing-cell method

The hydraulic mixing-cell (HMC) method introduced in this
paper allows the streamflow generation mechanisms to be
deconvoluted from the streamflow hydrograph at any point along
the stream. The method relies on standard hydraulic output from
numerical models only. It is based on the modified mixing cell of
Campana and Simpson (1984). Furthermore, it is assumed for the
simplicity of coding that the width of the stream does not change
during the simulation and additionally that the flow direction in
the stream does not change. This mass balance of the HMC method
is verified by application to two numerical test cases using
HydroGeoSphere. The method can be generalised to any spatially
distributed surface water—groundwater code, as mentioned
previously.

3.1. Theory

The numerical modelling of streamflow requires discretisation
over space and time of the relevant governing flow equation using
a finite difference (FD), finite volume (FV) or finite element (FE)
scheme. The method developed herein is designed to fit in
accordingly with existing numerical models.

Consider the continuity of flow for a stream cell i of arbitrary
shape. This can be expressed in terms of the streamflow generation/
depletion as:

Qup = Qw = Qor + Qur Qo+ Qrain — Qoown — Qe = 1 (1)

where Qup [L3/T] is the upstream flow (generated from ground-
water, overland flow, unsaturated flow and rainfall) into the stream
cell; Qow, Qor, Qurand Qpr [L3/T] are the groundwater, overland flow,
unsaturated flow and preferential flow, respectively, flowing into or
out of the cell; Qrain [L3/T] is the rainfall contribution to the stream
cell, Qpown is the flow downstream (generated from groundwater,
overland flow, unsaturated flow and rainfall) flowing out of the cell
[L3/T]; Qgvap [L*[T] is the loss of water from storage (composed of
groundwater, overland flow, unsaturated flow and rainfall) due to
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Fig. 2. Hydrograph at cross sections A, B and C of the catchment shown in Fig. 1. The streamflow and corresponding component of groundwater flowing through cross sections A, B
and C are shown. Also, the summed exfiltration upstream of cross sections A, B and C, respectively, is shown.
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Fig. 3. The theoretical hydrograph at cross section C of the catchment shown in Fig. 1.
The streamflow, groundwater discharge component and tracer based separation (for
dispersivity values of a;; and «;,) are shown.

evaporation; dV/dt [L3/T] is the rate of change of storage within the
cell.

More concisely the fluid mass balance for a particular cell i with
neighbouring cells j in the surface domain can be written as:

n m dV,
2jS‘2sz = dr (2)
j= j=

where Qj; [L?/T] is the jth flux into the cell i; Q;; [L3/T] is the jth flux
out of the cell i; V; [L?] is the volume in cell i; ¢ [T] is time; and n and
m denote n sources and m sinks.

By multiplying (2) by dt and integrating both sides over the
interval t1 to ty, (t2 > t1) we obtain the following:

t )

Vtz - Vt| = Q/ldt - Qldt (3)

ty ty

n

vtz = th + Vji
j=1

> Vi (4)
=1

6

t

For each cell the discrete volumetric balance over each time step dt
can be written:

K
VN = Z V{E’k) for K streamflow components (5)
k=1

where V;V [L?] is the total volume of water in cell i at time N; V,-?;’{)
[L?] are the volumes of groundwater flow, unsaturated flow, over-

land flow, preferential flow and direct rainfall water, respectively, in

cell i at time N. These constituent balances are defined as:

N N

- Z Vi (6)
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n
N N—-1
Vith = Vity" + 2 Vit
i=1

m
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where Vjik) and Vjjk) [L?] are the volumes of the k™ component of
streamflow generation into and out of cell i from neighbouring cell
j, from time N — 1 to N respectively.

In order to calculate the volumetric balance, initial conditions of
each streamflow component of the streamwater must be known in

each cell. The components of flow are defined as a fraction of the
total volume (V;) such that:

K N
ﬁ: o ke Vi
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1
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where fi(,<)N [L3/L?] is defined as the kth fraction of each streamflow
component.

If the form of the function of fluxes can be reconstructed from
the flow solution then, using the modified mixing-cell approach of
Campana and Simpson (1984), each component of streamflow can
be determined by substituting (6) into (7) and rearranging giving:
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Considering only the kth fraction and expanding out the volumetric
terms to explicitly represent the fractions, then rearranging yields:
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where there are n sources and m sinks for cell i; fj?{gl denotes
fraction k at time N — 1 in neighbouring cell j. The terms on the right
hand side of equation (9) relate to the stability of this approach.
They can be considered from left to right as a) the ratio of storage in
the previous time step to the current storage less the ratio of
outflow volume to storage and b) the ratio of inflow volume to
storage. The stability of this method requires that the volume of
water entering or leaving the stream cell over a time step is not
greater than the storage at the end of the time step. This is fairly
intuitive as it is not possible to remove more mass than existed at
the start of the time step (N — 1) or insert more mass than exists at
the end of the time step (N). For each component of streamflow the
fraction is determined using the modified mixing cell which
approaches a perfectly mixed cell as the time step approaches zero.
A perfectly mixed cell will completely mix all contents across the
entire cell instantaneously and takes the form:

N N
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It can be readily seen that equation (9) approaches equation (10) as
the time step approaches zero, as only the first term on the right
hand side in both equations will remain.

In applying this method, volumes in and out need to be deter-
mined at the start and end of each time step. This requires recon-
struction of the functions describing flux in and out of each cell. The
approach used in calculating volumes needs to be consistent with the
manner in which the fluid mass balance is calculated in the particular
model used. In this study, the HydroGeoSphere (HGS) (Therrien et al.,
2009) code is used in which the flux Q between two adjacent nodes is
back calculated at the end of the time step, giving rise to the following
equation for evaluating the volume in or out over each time step:

Vi = Q) x AtN where AtN = (tN - tN—l) (11)
where Qﬁ’ denotes the calculated flux from HGS from node i to j
over At.

The form of equation (11) will vary from code to code depending
on how the fluid mass balance is calculated. Furthermore, the



choice of numerical approach, be it finite difference, finite volume
or finite element, is irrelevant as long as the volumetric balance for
each cell is formulated correctly and is mass conservative. The latter
requirement is due to the error in the mass balance at each time
step being cumulative in the HMC method. Stability of the HMC
method is not guaranteed for any flow solution as highlighted
above. The use of suitable convergence criteria within the flow
solution is imperative in successful application of the HMC method.
A strict convergence criterion that is applied at the nodal level is
required. The nodal flow check tolerance in HGS, which is derived
in McLaren et al. (2000), was utilised to ensure the nodal volu-
metric balances calculated in the HMC method were sufficient in
preventing large cumulative errors. The choice of time step and cell
size also plays an important role in the stability of the HMC method
because the volumetric balance at each HMC over each time step is
directly related to time step and cell size. The proportion of
volumes of water entering or leaving each cell over each time step
compared to the storage volume in the cell has a direct impact on
the HMC method’s stability. The use of small HMCs and large time
steps can lead to the volume entering or leaving a cell being greater
than the storage and as such the method will become unstable
causing spurious oscillations. Hence it is necessary to use suitable
time steps for a fixed grid (i.e. fixed cell size) to ensure stability.

3.2. Implementation of the HMC method in HydroGeoSphere

The testing of the HMC method outlined in this paper was
carried out by considering two conceptual test cases using the HGS
model. HGS solves the diffusion wave approximation to the 2D
Saint Venant equations in the surface domain and solves a modified
form of the 3D Richards equation for variably saturated flow in the
subsurface domain using a control volume finite element approach
(details of the model can be found in Therrien et al. (2009)). The
surface and subsurface are coupled using either continuity of head
or (as in this study) a conductance concept, with exchanges
between the two domains given by:

kiK5,

lexch

Qexch = (ho - hprn) (12)
where gexch [L/T] is the exchange flux between the surface and
subsurface domain; k; [dimensionless] is the relative permeability;
Kz, [L/T] is the saturated hydraulic conductivity of the porous
medium; lexch [L] is the coupling length, ho [L] and hpy, [L] are the
heads of the surface and subsurface, respectively. HGS has been
verified for both gaining (Therrien et al., 2009), losing and losing
disconnected streams (Brunner et al., 2009a,b). The model solves
the governing flow equations using the finite element (FE) method,
finite volume (FV) method or, alternatively, the finite difference
(FD) method applied on a node centred grid (Therrien et al., 2009).
Application of the HMC method requires specific HGS model
outputs in order to accurately construct the volumetric balances in
each HMC. As HGS utilises a node centred approach, the following HGS
outputs are required for the volumetric balance at any given node:

1) Computed surface water depth at the node — for the storage at
each time step.

2) Contributing area, (CA [L?]) for the node determined from finite
element basis functions (1/4 of the area of each element adja-
cent to the node for both FD and FE on a structured rectangular
grid) — for the Storage (=depth x CA) [L3] at each time step.

3) Exchange flux between the subsurface and surface node — for
the volume (Eq. (11)) exchanged between the subsurface and
surface over each time step.

4) Flux from upstream contributing nodes — for the upstream
volume (Eq. (11)).
5) Flux to downstream nodes — for the downstream volume (Eq.

(11)).

1) and 2) are used to calculate V;, 3) used to calculate Vj; for the
exchange, 4) used to calculate Vj; for upstream flow, 5) used to
calculate Vj; for downstream flow. The initial values for the fractions
of streamflow are subjective and so a dummy (or undefined) frac-
tion can be used until the streamwater is turned over at which
point the dummy fraction will be zero.

This output data provides all the information required to apply
the HMC method and determine the groundwater component of
streamflow at each time step in each cell of the stream. The parti-
tioning of groundwater, overland flow and rainfall entering the
HMC is calculated from the upstream cell in the previous time step.
The fractions of streamflow components leaving a given cell over
a given time step are given by the cells’ fractions at the previous
time step. In doing so, water entering over a given time step
remains in the given cell until the next time step. The HMC method
was coded in Visual Basic for Excel and is used as a post-processing
tool on HGS outputs.

3.3. Verification of mass conservation in the HMC method

3.3.1. Test case 1

This test case is used to check that the flow components can be
tracked accurately and to explore the significance of grid dis-
cretisation. The surface domain of the model is subjected to
groundwater discharge (gaining conditions) across half of the
model surface. This groundwater discharge in the gaining region is
equal to the summed exfiltration obtained from the overall water
balance, providing a benchmark against which the method can be
tested.

The model domain is 2 m x 1 m x 1 m, split into two evenly
sized rectangular cells (Fig. 4). Two regions are highlighted in Fig. 4,
a gaining region in one half and a non-gaining region in the other.
The non-gaining region has negligible interaction with the
subsurface. With the soil fully saturated and an initial surface water
depth of 0.01 m across the surface domain, a square pulse of
groundwater (1.0 m>3/day for 0.1 days) is injected into the subsur-
face cell underlying the gaining region. No-flow boundaries are
applied to all edges of the model domain allowing the groundwater
pulse to be the only forcing function within the model. This
simulation is run over a period of half a day with the groundwater
pulse applied at 0.1 days. The grid spacing is 1 m along the x, y and z
axes. For this HGS simulation, a control volume finite difference
formulation is used to solve the coupled surface and subsurface
flow equations. The nodal properties give rise to three ‘cells’ for the
HMC method (see Fig. 4). Note that rather than considering six
nodes individually, the HMCs each consist of 2 adjacent nodes
perpendicular to the flow direction. The HMCs are given the initial
conditions of containing ‘surface water’ only and hence fsyw =1 and
fow = 0 for all HMCs at t=0.

In the surface domain, a high value of Manning's n
(1.5 x 107> day/m'?) is used in order to make the transient part of
the simulation apparent. The aquifer parameters are defined such
that surface/subsurface interactions other than the groundwater
pulse are negligible. The porosity is 0.45 and a low value of
hydraulic conductivity (1 x10~%m/day) is used to effectively
render the subsurface inactive with regard to infiltration. As the
subsurface is fully saturated, infiltration is negligible, and the
groundwater injected to the system will directly result in a fluid
flux from the subsurface to the surface domain. The coupling length
chosen (1 x 107> m) is sufficiently small to achieve continuity of
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Fig. 4. Test case 1: “two-region” model grid, and HMCs for HGS nodes in “two-region” model grid. In the right part of the figure the two nodes at y = 0 belong to HMC 1, the two
nodes at y =1 belong to HMC 2 and the nodes at y =2 belong to HMC 3.

head between the surface and subsurface. A maximum time step of highlighting the subtle complexities that can easily be overlooked
1 x 1073 days was used for the first simulations. As the diffusion when considering the dynamics of such a system. It can be seen in
wave approximation to the Saint Venant Equations is used in HGS, cell 1 of Fig. 5 that whilst the groundwater pulse is applied to the
inertial effects are ignored and therefore water entering the gaining subsurface, groundwater is entering the gaining region, causing an
region will move to the non-gaining region and not flow back as it increase in volume (and hence head) and a resultant flux from the

would if inertial effects were included. gaining to the non-gaining region. Moreover, the volume of surface
Fig. 5 shows the volumetric balances of surface water and water in the gaining region decreases as the groundwater enters,
groundwater calculated for each of the three HMCs in the model, which is due to the water in the gaining region flowing to the non-
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Fig. 5. HMC, SW and GW balances (top panel) and fractions (bottom panel) for test case 1. The volumetric balance in the top row shows the HMC calculated balances for SW and GW
in the HMCs as well as the total volume in the cell which is calculated directly from the model outputs. The HMC SW and GW fractions in the bottom panel are calculated

independently of each other.



gaining region. The volumes of groundwater and surface water in
cell 2 are collectively larger than those in cells 1 or 3 because the
contributing area of cell 2 is twice that of cells 1 and 3 (see Fig. 4).
The small lag between the surface water and groundwater curves in
the volumetric balance for cell 3 (Fig. 5) indicates that surface water
initially contributes more to the flow from the gaining region to the
non-gaining region, as the surface water is displaced by the
groundwater. The SW and GW balances for each of the HMCs in the
top panel of Fig. 5 are also shown with the total cell volume. Clearly,
the SW and GW balances sum to the total volume, indicating that
that the HMC method conserves mass. The SW and GW fractions for
each of the HMCs in the bottom panel of Fig. 5 are seen from the
average of the two fractions to be inversely proportional to each
other, as expected. As the balances are calculated independently,
this further highlights the accuracy within the HMC method.

The relative error (¢) in the balances is based on Eq. (7) and is
determined using the following equation:

k
e=11-> fi (13)
j=1

The relative error relates to the accuracy of the numerical methods
for solving the flow equations, which is determined by the
convergence criteria used in the numerical model. This error grows
slightly due to round-off errors and imperfect balances in the
numerical scheme used to solve the flow equations (finite differ-
ence in this case). Such imperfect balances will always exist due to
error in the numerical scheme adopted, however they can be
minimised by use of a small value for the convergence criterion. In
this test case the maximum relative error in the HMC method was
1.5 x1073% in cell 1.

It is clear from the balances in Fig. 5 that the changes in the SW
and GW volumes and fractions are rapid, and that all changes occur
within the timeframe of the groundwater pulse that is applied. The
spatial and temporal discretisations used in the HGS model deter-
mine the resolution seen in the outputs, and they play a key role in
the HMC method solution. It is therefore necessary to elucidate to
what extent the maximum relative error in the HMC solution
depends on discretisation. To investigate the effect of discretisation,
the grid spacing dy in the flow direction (y axis) is reduced in HGS
from 1 m to 10 cm. As a result, the number of corresponding cells in
the HMC method increases to 21 (see Fig. 6). Three different
simulations are then run to test the impact of time discretisation,
with constant time steps equal to 1072 103 and 10~* days,
respectively.

The effects of temporal discretisation on the SW and GW frac-
tions for the case of dy = 10 cm are shown in Fig. 7. In Fig. 7, only the
two end cells (1 and 21) and the middle cell (11) are shown. It can
be seen that the finer time steps make little difference to the SW
and GW fractions in cells 1 and 11, but that a distinctly different
solution of the SW and GW fractions arises in cell 21 for the three
time steps used, with convergence at t=10"> and 10~* days. It
follows that it is important to note that the time step used in the
model will dictate the SW and GW fraction profiles in the HMC
method. As highlighted in the theory, as dt approaches zero,
a perfectly mixed cell solution is approached. Variations in grid size
change the representative area of the HMCs. For example, halving
the grid size would result in the HMC area for the larger grid size
being represented by two HMCs for the halved grid size. As the
HMCs are representative of an area and not a point, results based on
different grid discretisations are not directly comparable. However,
finer grids will give greater spatial resolution of the SW and GW
fractions along the surface. It follows that smaller cell sizes in the
model grid and hence in the HMC method, result in greater spatial
clarity of the solution, converging towards a point solution as dy
approaches zero. As dy approaches zero, the area of the cell
approaches zero and hence the volume in the cell approaches zero.
Given that stability requires that the volume in or out of the cell
cannot be greater than the storage, the time step dt will also have to
decrease as dy decreases to ensure numerical stability.

A second approach to testing the accuracy of the HMC method is
to compare the total volumes of surface water and groundwater
resulting from summing these components in each HMC at the end
of the simulation with the overall water balance in the model. By
summing the final volumes of groundwater in each HMC, and
comparing these to the total volume that was exchanged from the
subsurface to the surface domain during the simulation, a global
volume error (GVE) can be defined as follows:

N N
%ﬁ(CW) Vi

GVE (%) = |1 - ———
(%) S QAN x
N

100 (14)

where Q& [L3/T] is the summed exfiltration across the model
domain at time N from the overall water balance of HGS.

This measure gives the error of the HMC method relative to the
summed exfiltration from the overall water balance. The cumula-
tive error of the HMC method (as opposed to the instantaneous
nodal fluid mass balance error in HGS) will grow according to the
convergence criteria, number of time steps and number of stream

Cell 11

Fig. 6. The 21 HMCs for the “two-region” model with dy = 10 cm.
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Fig. 7. Effect of temporal discretisation on the SW and GW fractions in HMCs 1, 11 and 21.

cells. As the GVE is based on the summed exfiltration from the
overall water balance, it can only be used along completely gaining
sections. It also requires that all water is retained in the model
domain (i.e. no losses). The maximum relative error and GVE are
given in Table 1 for the different spatial and temporal discretisa-
tions tested, highlighting both the reduced maximum relative error
and GVE as the spatial and temporal resolution is increased.

In the HMCs of Test case 1, the relative and absolute errors are
relatively small and consequently the HMC method can be used in
larger and more complex model scenarios provided that fluid mass
conservation is fulfilled.

3.3.2. Test case 2

The model setup for Test case 2 mirrors the physical processes of
the catchment shown in Fig. 1. This test case is used to test not only
the effects of time lags (seen in the hydrographs of Fig. 2) and
accurate attribution and tracking of streamflow generation mech-
anisms, but also to test the HMC method in a highly transient model
scenario whilst comparing the HMC method’s groundwater
component of streamflow with the summed exfiltration from the
overall water balance of the model.

Test case 2 is loosely based on the tilted V-catchment by Panday
and Huyakorn (2004), which has been used in verification of
surface/subsurface interaction in fully integrated models such as
MODHMS and HGS. A number of modifications are carried out to
the V-catchment to mirror the spatial and temporal distribution of
the catchment shown in Fig. 1. In order to distribute the subsurface
to surface exchange to the stream over its entire length, the slopes
are reduced, resulting in a significantly flatter catchment. The
model domain is 1000 m along the y axis by 810 m along the x axis
(catchment area of 810,000 m?), with a homogeneous soil layer
thickness of 20 m at (x =800—810 m, y =0 m) increasing in thick-
ness with a gentle surface slope of 5 x 10~4 m/m along the y axis
(from y=0m to y = 1000 m) and 0.02 m/m along the x axis (from
x =800 m to x =0 m) (Fig. 8). With the use of the gentle slopes, the
head gradient required in order to produce an exchange from the
subsurface to the surface along the entire stream is achieved by
raising the adjacent plane 2m over a 5m length above the
streambed as shown in the cross section of Fig. 9.

Grid spacing along the x axis is 50 m from x =0 to 750 m, 25 m
from x=750 to 775m, 15m from x=775 to 790 m, 5m from
x="790 to 800 and 10 m from x = 800 to 810 m. The grid spacing is
50 m along the y axis and 1 m along the z axis for the first 10 m
below the surface with a thickness of 10—26.5 m, varying with the
slopes of the catchment for the bottom layer. Streamflow at the
downstream boundary is governed by a critical depth boundary

condition at the end of the stream, which acts at nodes (800,0,0)
and (810,0,0). The critical depth boundary in HGS specifies the
surface head to be at critical depth at the nodes which are set with
this boundary condition.

Saturation—relative permeability and saturation—pressure
relationships are described by the Van Genuchten (1980) equations.
The soil is a homogeneous sand with the soil parameters derived
from Carsel and Parrish (1988). The surface friction is described
using Manning’s n, with a value representing a straight uniform
channel (Chow, 1959), and a rill storage height and obstruction
height (as defined in Panday and Huyakorn (2004)) of 1 mm and
0 mm, respectively. The rill storage height provides a threshold to
surface flow whilst the obstruction height provides retardation
to flow. The surface and subsurface parameters are detailed in
Table 2. The coupling length (equation (12)) is chosen such that
continuity of pressure at the surface/subsurface interface is main-
tained, without jeopardising the accuracy of the flow solution. The
solution of continuous pressure at the surface/subsurface interface
leads to much larger run times for the simulations in this study (see
Ebel et al., 2009), however for small coupling lengths, the solution
approaches that of continuous pressure at the surface/subsurface
interface.

The simulations for the hypothetical catchment are carried out
in two phases:

1. Firstly, initial conditions are generated by running the model
with a fully saturated subsurface with only the critical depth
forcing function in the surface domain for approximately 40
days. This first simulation provides quasi steady-state initial
conditions for phase 2.

2. Based on these initial conditions the model is run for another
40 days with 3 rainfall events and constant groundwater
pumping throughout the entire simulation. The drawdown
around the pump results in a losing section along a part of the
stream. Rainfall is applied across the entire catchment, starting
attime t=0s at a rate of 5.88 x 10”7 m/s (2.12 mm/h) for a day

Table 1
Maximum relative error in the HMC method, and the global volume error (GVE) for
the HMC method.

HMC max. GVE Time steps
relative error
dy=1m, t=0.001 days 1.5x1073% 1.97 x 107%% 500
dy =10 cm, t=0.01 days 1.8 x 1074% 523 x1071% 50
dy =10 cm, t=0.001 days 3.6 x 107°% 1.17 x 10719 500

dy=10cm, t=0.0001 days  3.9x1077% 2.81x10°"'"% 5000
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Fig. 8. Test case 2 catchment model (modified version of the V-catchment in Panday and Huyakorn (2004)). The contours correspond to the elevation.

at a time with three recovery periods after each rainfall period
of 10, 5 and 22 days, respectively for each rainfall event.
Pumping is applied at node (750,500,0) at a rate of —0.02 m’/s
throughout the simulation time. This extraction rate is suffi-
cient to produce losses over part of the stream. Over the length
of the simulation there is a rainfall input of 1.75 x 10° m> and
a loss through pumping of 6.84 x 10* m>. The maximum time
step used in the second phase of the simulation is 100 s. The
rainfall and pumping in the second phase create highly tran-
sient conditions. The length of the stream that is losing is
changing throughout the simulation. The nature of this tran-
sience in the streamflow conditions allows for rigorous stability
testing of the HMC method because the stream cells are
switching between gaining and losing and are subject to sharp
changes in volume and rate of change of volume in the cell.

The rainfall events in the simulations provide recharge to the
groundwater system, sustaining flow to the stream. However, the
gentle rainfall events and gentle slopes in the catchment result in
pure recharge with no overland flow on the planes and hence no
direct overland flow to the stream itself. Fig. 10 highlights the
changes in the subsurface to surface exchange, as well as the depth
and velocity along the stream at time = 1 s, 12 days and 40 days. At
t=1 s in Fig. 10, the initial stream is gaining along its entire length,
before groundwater abstraction has taken effect. At t=12 days,

800
X (m)

Fig. 9. Part cross section of hypothetical catchment highlighting the raised plane
which is used to create a greater hydraulic gradient next to the stream leading to
constant subsurface to surface exchange along the entire length (from x=790 to
810m, at y=0m and z= —4 to 2 m). The plane (left), bank (middle) and streambed
(right) are seen in the division of top cells.

there is an increased discharge of groundwater at the top and
bottom areas of the stream, which can be attributed to the recharge
resulting from rainfall as well as stream losses in the middle section
due to near stream groundwater extraction. The proportion of the
stream that is gaining and losing is varying throughout the entire
simulation.

At t =40 days, the subsurface to surface exchange to the stream
has decreased along the length of the stream due to the last rainfall
event finishing 20 days earlier. It also shows an increased loss from
the stream over the middle losing section due to reduced recharge
in response to the groundwater extraction. This loss rate from the
stream in the middle causes the stream depth to drop over
the losing region, however streamflow is maintained through the
entire simulation. This qualitative analysis provides a reasonable
understanding of the governing processes in the system. For
quantifying the groundwater component of streamflow, the HMC
method is required.

The HMC method is applied to each pair of adjacent nodes that
are located at x=800 m and x=_810 m and that lie in the stream
perpendicular to the direction of flow. HMCs are numbered from
upstream (y = 1000 m) to downstream (y =0 m) and correspond
perfectly to the HGS cells. This gives rise to 21 HMCs, with 20 surface
cells (x=800—810 m and y = 0—1000 m) defined as the stream. As
a node based approach is used, the contributing area of nodes lying
along x = 800 m takes into account the surface cells lying between
x =795 and 800 m. The HMC maximum relative error in the simu-
lation was 8.7 x 107>% in HMC 13 at around t = 12 days.

Table 2

Surface and subsurface parameters for test case 2.
Parameter Value
Surface
Manning’s roughness 0.015s/m'?
Rill storage height 0.001 m
Obstruction storage height 0.0m
Subsurface
Porosity 0.1

Saturated hydraulic conductivity 8.25x 107> m/s

Van Genuchten « 145m™!
Van Genuchten 2.68
Residual saturation 6 0.045
Surface/subsurface coupling

Coupling length 0.5m
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Fig. 10. Evolution of the losing section of the stream in the hypothetical catchment. A positive exchange in the top panel of plots denotes subsurface to the surface exchange and
vice versa for a negative exchange. The depth and velocity profile along the stream are shown below. At t=1s, the stream is gaining along the full length. At t =12 days, the
pumping has reduced the positive exchange section of the stream adjacent to the pumping location. At t =40 days, the stream is partially losing along a small section whilst

maintaining flow along the losing section.

The use of the HMC method allows the quantification of the
groundwater component of streamflow at any cell along the
stream. Since the simulation setup does not produce overland flow,
the streamflow in each HMC consists of the groundwater compo-
nent and the direct rainfall component of streamflow. The resultant
groundwater component and direct rainfall fractions before and
after the first rainfall event for the HMCs located at y =0, 600 and
1000 m are shown in Fig. 11. In Fig. 11a), the rise and fall of the

direct rainfall fraction is sharp and fast in cell 1 and slower and
longer in cells 13 and 21. This can be attributed to the time lags of
upstream flow that are evident at the downstream cells and to the
streamflow velocity in each cell. In Fig. 10, the streamflow velocity
is seen to increase from the top of the stream (y = 1000 m) to the
bottom of the stream (y = 0 m) as water keeps entering the stream,
although this is only seen in the gaining regions. At t=12 and 40
days, the stream is losing over the middle section which is clearly
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Fig. 11. HMC direct rainfall and groundwater component fractions before and after the first rainfall event for cells 1,13, and 21. Note the time lags of rainfall in the downstream cells

13 and 21 (~3.5 h).

evident in Fig. 10 at around y =400 m where the velocity drops off
only to start increasing again at y = 500 m. As surface flow velocity
is faster at the bottom sections of the catchment, storage effects
alone can be ruled out as causing the slower recession of the rainfall
fraction in cells 13 and 21. The rainfall fraction after the first rainfall
event (t=1 day) in cells 13 and 21 must be due to rainfall from
upstream cells in which there is a significant time lag of approxi-
mately 0.2 days. It is also apparent that the rainfall fraction in cell 13
is greater than the fraction in cell 21, which can be attributed to the
increase in the groundwater entering when moving downstream of
cell 13. As there are only two streamflow generation mechanisms in
this simulation, the same explanation leads to the groundwater
component of streamflow results shown in Fig. 11b).

The resulting partition of the groundwater component of
streamflow is shown in Fig. 12. The HMC groundwater component

0 5 10 15

of streamflow and direct rainfall to the stream are calculated using
the HMC fractions in HMC 21. It is highlighted that the summed
exfiltration from the overall water balance cannot be used as
a measure of the groundwater component of streamflow as it
clearly leads to an overestimation as the summed exfiltration is
greater than the streamflow. This is due to the losses occurring in
the middle section of the stream, which is not captured by the
summed exfiltration upstream of this section where flows are
partially lost through the losing section of the stream. The infil-
tration in the overall water balance cannot be utilised to account for
the net change either, due to the very large amount of infiltration
over the planes resulting from the rainfall events. Whilst the error
in the groundwater component of streamflow as estimated using
the summed exfiltration along the stream may appear small, the
volumetric differences found by integrating the summed
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Fig. 12. Hyetograph for catchment and Hydrograph at the catchment outlet, showing separation of direct rainfall and groundwater components of streamflow, as well as the
summed exfiltration from the overall water balance. The summed exfiltration (SE) from the water balance is clearly seen to exceed the outflow in this hypothetical catchment. The
HMC direct precipitation and groundwater components of streamflow are calculated using the HMC fractions in HMC 21.



exfiltration and HMC groundwater component of streamflow over
the recession periods (t = 1—11 days, t = 12—17 days and t = 18—40
days) were found to be 1620 m> (1.62 ML), 858 m> (0.85 ML) and
5420 m> (5.42 ML), respectively. This is a total of 7340 m? (7.34 ML)
during the recession periods, a significant difference in response to
a single hydrograph event in a small catchment. Given the area of
this catchment (0.81 km?), the impacts on the difference/error that
would be seen in a larger catchment are significantly greater.
However, it is not only the area of the catchment that will make use
of the HMC method critical in determining the groundwater
component of streamflow generation. The travel time within the
streams also undermines the application of the summed exfiltra-
tion as seen in Fig. 11. As the streams become longer, the streamflow
travel time from upstream to downstream increases, and as such
the summed exfiltration can be much sharper and completely out
of phase with the total streamflow as hypothesised in Fig. 2. The
proportion and distribution of both gaining and losing sections also
have a clear effect of leading to overestimation of the groundwater
component of streamflow at the outlet.

4. Discussion and conclusions

The hydraulic mixing-cell (HMC) method developed in this
paper overcomes many of the limitations that exist in current
methods of quantifying streamflow generation mechanisms based
on fully integrated spatially distributed SW—GW interaction
models. The HMC method accurately extracts streamflow genera-
tion mechanisms using only hydraulic information. Streamflow
generation mechanisms at every HMC along the stream are
extracted by post-processing of the flow solution obtained from the
numerical flow model. Because the HMC method tracks the
streamflow generation mechanisms along the stream, temporal
and spatial components that affect these mechanisms can be
accounted for. The HMC method correctly handles changing flow
regimes (e.g. if a stream changes from gaining to losing within the
catchment), accounts for storage effects within the channel and the
time lags that occur within a catchment. These attributes give the
HMC method the ability to deal with the dynamic nature of varying
flow regimes in large and complex systems, such as the catchment
described in Fig. 1. The only data requirements for the HMC method
are the fluxes at each cell and surface water depths, which are part
of the flow solution. By using this method, one does not have to
make the commonly made assumptions of negligible time lags in
streamflow and exchanges being always positive to the stream, in
order to determine the streamflow generation mechanisms.

In the current formulation, the HMC method is based on the
modified mixing cell (Campana and Simpson, 1984). Unless the
mixing processes in the river are explicitly simulated, the modified
mixing rule has to be used. As highlighted in the theory section, the
HMC method is stable as long as the ratio of the volume of water
entering or leaving an HMC to the storage volume of the HMC is less
than unity. The assumption of constant river width and flow
direction are used in the coding of the HMC algorithm in this study.
The initial formulation of the HMC method presented here is based
on the assumption of a constant river width. In models such as HGS,
the width of the stream can change in response to a changing
flowrate. In order to capture a changing river, the definition of the
river in the HMC algorithm must match the changes in the river.
Further development of the method is required to quantify
streamflow generation mechanisms in such systems. The HMC
method presented is applicable (in principle) to any spatially
distributed flow modelling code, however the coding requires
generalisation to time varying river widths and lengths. The HMC
method should be routinely employed as either a subroutine within
the model code or as a post-processing tool.
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