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Abstract The purpose of this model was to assist with the determination of the nature of water flow processes on siegp
{x35°) hilisiopes in a 3.8 ha forested catchment. The soils are sufficiently permeable that, for most rainsiorms, streamfiow
responds rapidly without significant surface runoff occurring.  Scientific debate had focused on whether “old water” held
within the soil could be rapidly mobilised by incoming “new water” from storm rainfall. A linear systemt approach was taken
to the analysis of the dynamic response of water flow and concentration of the natural isotope oxygen-18 in the stream 10 the
input series of rainfall and associated oxygen-18 content from one storm. The candidate system components were bounded
and unbounded water storages with first-order water flow dynamics, and bounded storages with zero-order dynamics. The
upper limits on the bounded storages allow for nonlinearities in flow processes. The dynamic effect on transport of the
isotopic tracer was assumed (o be due w0 perfect mixing within each of the waier storage components. The model was
implemented on spreadsheet software in the form of difference equations and logical expressions. Anatysis of the rainfall and
streamflow data showed that the hydrometric response could be simulated with one bounded (8.5 mm) zero-order storage 1o
account for initial rainfall loss, followed by 2 bounded (25.6 mm) and an unbounded first-order siorage in parallel. However,

this mode! provided insufficient atienuation of the oxygen-

18 signal, Satisfactory simulation of oxygen-18 in the siream was

achieved by including a bounded zero-order storage (250 mm) of specified oxygen-18 concentration. The same model
structure was fitted 0 additional data from measurement of subsurface flow collected by troughs at four locations on the
hilisiopes. The results support the hypothesis that mabilisation of old water is an important component of water flow on the
hillslopes. However, the degree of mixing within the old water siorage has not been conclusively determined on the basis of

the one storm event.

1. INTRODUCTION

The water flow processes contributing io storm-generated
streamflow in some small (<4 ha) catchments in the South
island of New Zealand have been the subject of
considerable investigation and scientific publication
[Swwart and McDonnelt, 1991]. The reason for this
interest is that most of the quickilow compenent of runoff
comes from subsurface flow on the steep (=35°) hillslopes,
rather than surface runoff. The role of the thin, highly
permeable soils overlying an impermeable substratum is
well recognised. However, there has been some debate as
o whether the subsurface flow is “new” water from
current rainfail, wansmitted by macropare flow, or “old”
water resident in the soil profile which is displaced or
mobilised by current infiltration. R

Earlier hydrometric measuremenls  supported the
macropore flow hypothesis whereas later research with
natural isotopic tracers favoured the invoivement of old
water in the flow processes, Roesolution of hydrometric
and isotopic tracer data has been approached with a range
of residence time models [Unnikrishna er al., 1995] for
the purpose of quantifying the amount and flow paths of
new and old water.  Most ol these models employ the
concept of the mixing cell, singly or 1n series, ot formulas
which can be shown to be anaiytical solutions to the
mixing ceil systems. These analytical solutions assume

steady water flow through the mixing cells, but there are
also some variable parameter, or adaptive, modeis that
take account of the more realistic situations of unsteady
flow.

The modelling approach described in the present paper
invoives data-griven identification of a model which
simulates the hydromerric response of water flow 1o
rainfall. followed by an assessment of the tracer
dispersion dynarmics of the model and the requirement for
additional dispersive compongnis. The dispersive
characteristics of the model implicitly accoumt for
unsteady flow by invoking assumptions about the naturc
of dispersion in porous media. which are commonty
appiied in soil physics. This approach does not require
the concept of residence time, but focuses instead on the
waler storage needed {or dispersive mixing.

1. DATA

The hydrometric data used for the present analysis are the
hourly values of: rainfall, flow of the stream draining
caichment M8 (3.8 ha). and flow from four 1.7 m long
troughs {T6, T10, T11, T24) {Woods and Rowe, 1996]
which intercept subsurface flow on the hilislopes, for a
rainfall event on 18-19 January 1994 [Stewart and Rowe,
1997]. The associated tracer data are the concentrations
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Figaure 1: The hydrometric and oxygen-18 wracer data for
the stream M8 during the storm of 18-19 January 1994,

of the natural isolope oxygen-18 cxpressed in units of
&0, the deviation from Vienna standard mean ocean
water (V-SMOW).

Figure 1 shows the hydrometric data {or the rainfail and
streamflow, both in unit area scale (mm), and the
corresponding oxygen-18 tracer data. The strong
oxygen-18 signal in the rainfail is caused by precipitation
from air masses with different altitudinal origins. The
oxygen-18 signal in the sireamflow is highly attenuated,
and this behaviour prompied the present examination of
dispersive processes. Figure 2 shows how the oxygen-18
concentration of the siream- and (rough-flows all
converge 10 a narrow band of values. The trough flow
data show a response pattern similar to the stream, but
the catchment area of each irough is not well defined and
therefore a pgain factor was included in the model to
achieve mass balance.

3. MODEL
3.1  initial Modelling Philosophy

The original approach considered for modelling the
hydrometric  {rainfall-streamflow) data followed that
describe¢ by Jakeman and Homberger [1993]), This
involves application of time-series analysis to the rainfall
{modified for initial losses) and strgamflow data 10
identify a transfer function in the form of a difference
equalion with minimal parameterisation. A typical
candidate model is the second-order difference equation
representing two waler slorage components in parallel:

Qp=a,Qy; +a,Qu.0 +byP + b Py (1}

where (Q, 15 sireamflow and P, is precipitation excess for
the kih 1ime interval.
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Figure 2: Oxygen-18 tracer data for flow in the stream
and troughs.

The analytical technigues available from microCAPTAIN
software [Young and Benner, 1991] were applied 1o the
data shown in Figure I, afler allowing for initial losses.
The resulis were inconclusive, in that the “best” model, in
terms of minimal parameters was first order, bui the fit
was unsatisfactory.

32  Revised Identification Technique

First- and second-order difference eguations were
manually fitted to portions of the data, using spreadsheet
formulas and graphics.  In particular, the “modal”
parameters 2, and a; were fitted to the recessional
portions of the streamflow record which appeared 1o be
not directly influenced by rainfall,  The initial results
showed that higher flows could be fitted satisfactorily with
a first-order model whereas a1 lower flows a second order
model was required. This suggesied the presence of non-
linear behaviour which could be simulated with a sysiem
of linear components that includes a method of switching
between parallel branches in response (o the states of the
Systenl.

Therefore, the original philosophy was retained of
identifving 2 linear svstem from the data. which is
parsimonious with parameters, but in addition to the
fundamental first-order components of candidate systems
there was a need to include parameters to indicate
switching between flow branches. It was also decided to
include a component o simulate the nonlinear effect of
accounting for rainfall, in the initial stage of 2 storm,
which does not contribuie o streamflow. The candidate
structural arrangements were limited to parailel and series
combinations of two or three components,



3.3  BHydromefric Model Components

Figure 3 shows the three types of sysiem components,
with the relationships between the output water flux q and
water storage coatenis S, with input water flux p, on a
continuous time basis. The values of p, g, and S have
dimensions of flux [LT "] and storage {L] for this lumped
catchment model.

Unbounded first-order
— Sroax__
Boundad first-ordar p — s 1= ¢
$q-naS
Smax
Bounded zerc-order p — 3 — q

Figure 3: The candidate system components.

For the wunbounded first-order storage, the differential
equations for water balance can be expressed in the (state-
space) form:

ﬁzwaS +p
di (2)
q=as

and the corresponding difference equations for the kth
time interval At are:

S, =AS, .+ Bpy
q=aS,

in which:

_(-4)
LA

A =cxpl-ani} B {4)

The relationship {4} between the discrete and continuous
paramelers assumes that g and 5 are instantanecus
values at the end of the kth interval whereas the input py
1% the average over the interval,
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The bounded first-order storage has an upper limit on
storage capacity, Sma and an additional output r when it
is fuli, The difference equations for this storage are:

Sk = miﬂ{ASk,1 + Bpkv Smax}

;o (3
Al +Bp, — 8 1

qkzask :mﬁx{————ummmmmsk'i pk e ,G‘;
Al j

and the effect is to cause diversion of water flow to

angther component with different dynamic behaviour, as a

form of quasi-linearisation of How processes.

ThaK

“gwitched” on or off, there can be a minor violation of the
continuity implied by (4}, but this has been ignored in the
present model. Excepi for these imtervals, r, is also the
mean value over the time interval as the input 1o another
COMpONENL.

During the time intervals when the threshold value Sqx is

The bounded zero-order storage has a capacity Saa
which must be filled before there is any oulput, alter
which the oufput g equals the input p and there is no
detectable hydrodynamic behaviour. The discrete-time
equaiions are:

S, =min{S, | + pyALS .}

N rnax{Sk_I + Py AL - Smu,ﬂ} ' )

At

Qi

This component can be used to simulate initial loss from
storm rainfatl, that does not contribute to streamflow.

34  Tratcer Dispersion Modelling

Maximum dispersion of a tracer which transits any of the
above water storage components is achieved by assuming
that the incoming tracer is instantaneously mixed into the
whole contents. The outgoing tracer conceniration 13 the
same as that in the storage. Lesser degrees of dispersion
can be simulated by subdividing the waler storage into
smailer mixing voiumes in serics through which the water
flows. This concept is the basis of the mixing cell model
of advective-dispersive solute transport {e.g., Bidweli,
1997]. For the present model, the maximum dispersion
case is considered in order to calculate the minimum soil
water required o simulate the attenuation of tracer
conceniration observed in the streamflow.

Conservation of tracer mass through each sysiem
component provides the differential equations relating the
concentration ¢ within the storage, and 1n the ouiput, (o
the concentration u of the inflow.  The relevant
differential and difference equations for each type of
storage are:



Table 1. Paramecter values for the model shown in Figure 4.

Model S, {mm) 3, (mm) a, ar d ¢, (B R, R’
M8 8.5 25.6 0.09 0.42 Y =510 0.976 0.967
TG 1d.2 258 0.04 (1.55 2 -4.57 0.862 {853
TiO 13.5 7.4 0.02 0.16 2 -4.65 0.943 (3.934
Ti1i id.1 I5.8 .04 0.32 i -4,75 1.943 (1.939
T24 25.0 16.1 .06 0.26 2 -4 82 0.962 (0.998
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Figure 3: The simulated streamflow for M8,

Old water: a bounded zero-order storage, of capacity S,
initially full of water with tracer concentration ¢,.

Slow response. a bounded first-order storage, of capacity
S: and dynamic coefficient a,, with initial water content
and tracer concentration corresponding to initial stream-
or trough-{low,

Fast response; an unbounded first-order storage, with
dynamic coefficient ag, wnitially emply.

Table | shows the values of these model parameters, and
the cxplained variances of water flow R, and tracer mass
Aux R,.* for the stream and trough data.

Opumisation of the tracer response was found 10 be
sensitive 10 the initial tracer mass in the old water, S,¢,,
bul relatively insensitive 1o particular combinations of &,
and ¢, ¢, was set, for example, W0 the inttial gbserved
valug for the Tow record. the value of S, was someumes
unrcabistically large.  The vakies of ¢, in Table |
correspond 10 5,=250 mm. Mass balance of water and
fracer s the models was within 1%,

The trough date required o time delay of one or lwo hours
i the output from the model to achieve a good N1, and
this s noted m Table | as the value for d™

Figure 5 shows the simulated hydrometric response for
the ME sreamflow, The effect on simulation of tracer
response by adding “old waier” w0 the hydromelric model
iwodemonstrated tn Figure 6, Although the desired
attenuation of the oxygen-18 signal was achieved. the
modet did not satisfectorily simulate the small (relative to

Time {hours)

Figure 6: The effect on simuiation of tracer response for
M8 when the “old waler” component is included.

the oxygen-18 in the rainfall) fluctuations in tracer
concentration shown in Figure 2.

5. DISCUSSION AND CONCLUSBIONS

‘The parameter values in Table 1 refer 1o only one storm
event, and data from a subscquent event have yet to be
analysed. Therefore, discussion will focus on the general
pattern of dynamic behaviour for the measured event and
the relevance of the model to evaluation of processes.

The model structure can be calibraled to provide very
good simulation of water flow and tracer flux ai the
catchment scale {M8&) and [or portions of hillslope drained
by 1.7 m long troughs (T6 is less satisfactory). The
trough models required time delays of one or two hours in
ihe output to achieve a good fit to the data. This suggests
the presence of a drained portion of the soil near the
iroughs which provides the storage for this purcly
translational flow behaviour. The lack of time defay in
the MB model implies (hat soit waler storage and
sireamflow are closely coupled.

The resulis strongly support the involvement of old waler
in the hilistope flow processes, because it is impossible to
achieve mass balance withoul the presence of this pre-
event store of tracer mass, However, there still remamsy
some doubt about the nature of the dispersive processes,
Similar levels of tracer signal alicnuation could have been
oblatned by assuming thal old water of appropriate initial
oxygen-18  congentration  was  simply  displaced by
incoming rainfail as a “piston flow"” process in which no
mixing was involved.



unbounded first-order storage:

d{Sc} )
= -a{S¢} + (pu
" {36} + (pu)
(7)
Ay e )+ Blpgy )
Ck =
Sy
bounded first-order storage:
cqualion (7) for 5, < S, otherwise:
¢, = D¢ +{I-Dhy (%)
in which:
f
D= exp{-—ml (9)
S!’I’L’L‘{

bounded zera-arder storage:
equation {8}.

The relationship (9) is derived as the discrete interval
coefficient of a single mixing cell which has linear
dynamics on a cumulative-flow basis [Bidwell, 1997]. In
the present time-based context the coefficient D is time-
varying as it depends on the value of the flow p,.

The degree of tracer dispersion can be adjusted,
indcpendently of water flow dynamics, by inserting
additional bounded zero-order storage which s always
full of water. The size and initial oxygen-18
concentration of this sterage are parameters which allow
tracer mass balance and tracer flux simulation to be
achicved in the model. As a physical concept, this is “old
water” resident in the catchment before the current rain
storm, which is hypothesised to be involved in quickfiow
from the hillslopes,

The above approach to dispersion modelling takes fuil
account of unsicady waler flow, and the parameters most
relevant o the magniude of dispersion are the volumes of
the storage componenis, especialty the bounded storages.
When these storages are {ull, they behave as linear mixing
cells on & cumuiative llow basis rather han a time basis.
This transformation is commonly used in soil physics
[e.g., Budwell, 1997] 0 model dispersion in unsteady
solute trapsport.  This cmphasis contrasts with the
methods reviewed by Unnikrishna et gl [1993] in which
residence time s the measure of dispersion, but becomes a
tme-varying parameter for unsicady flow.

3.5 Parameter Estimation
An overal]l “gain” coeflicient was applied 1o the oulput

generated by the hinear system model, in order o achieve
waler balance. This 15 because the contribuling catchment
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areas are not known exactly, especially for the trough
data.

The candidate models were implemented on a spreadsheet
[QUATTRO PRO 5] by use of cell lormulas for the
difference ¢quations aznd logic shatements,  [Initial
parameter values were estimated by supervised fitting of
the models to data in the graphics window, and these
values were refined by means of the library optimisation
feature. The sequence of parameter oplimisation was:

1. Adjust the gain coefficient (¢ achieve preliminary
water balance.

b

. Optimise the vaiues of “2”7 and S, of the model
componenis 10 minimise the mean squarg error of
predicted stream- or trough-flow.

3. Repecatsteps ! and 2 until the {3 18 satisfactory.

4. Optimise the size and initial 8'°0 value of any
additional bounded zero-order storage required o
minimise the mean square error of predicted
oxygen-18 mass flux (flow x 8'°0).

4, RESULTS
Figure 4 shows the structure of the simplest sysiem of
candidaie components which satisfactorily simulates

water flow and tracer response to the storm rainfail for the
stream M8, and the troughs T6, T10, T11, and T24.

Raintall

slow
rasponse
i {

Water flow

Figure 41 The model struciure for esting the “old water”
hypothesis

The descriptive narmes, parameters, and initial states of
the four componenis are:

Initial logs: a bounded zero-order storage, of capacity S,
inttially empty.



The real answer probably lies somewhere between these
two cxiremes of single storage mixing or piston fow
without mixing, as would be expected for solute transport
through soil.  These processes can be simulated by
including a series of mixing cells in the model, but the
initial resident tracer concentrations of these cells are
more difficuls 1o specify as part of model optimisation.
Analysis of data from additional storm events and more
refined modelling of the oulput tracer concentration
signals may yield a better insight.
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