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Abstract: Multi-objective optimization (MOO) is an effective and efficient method which can identify the
trade-offs between different river system management options. However, a number of barriers remain
between using optimization in research, and implementing it in practice. To address such limitations, this
study developed a simplified conceptual model consisting of hydrologic, ecological and optimization
components to explore the trade-offs between ecological and human water needs. A hypothetical catchment
was used as case study, which drew on data from the Lachlan catchment in the Murray Darling Basin,
Australia. The Lachlan River is highly regulated, and supports a range of conflicting water users including
agriculture, urban areas and wetlands of high conservation significance.

In order to capture some of the major components of the Lachlan catchment, the hypothetical case study
incorporated two major headwater storages; water users representing a spatial distribution of demands; and a
16,000 ha terminal wetland, represented in terms of wetland vegetation response (using River Red Gum
(Eucalyptus camaldulensis) as an indicator species). The influence of groundwater/surface water (GW/SW)
interactions on ecosystem response and optimization outcomes was examined for dry versus wet periods.

Decision variables in the optimization procedure were based on environmental flow rules and licence
volumes for other water users, to explore which sets of rules achieved optimal outcomes. The objective
functions consisted of maximising an ecological health score for the terminal wetland, and maximising the
licence value and hence the water delivered to irrigators. A simple ecosystem response model of the wetland
was developed for the purpose of this study, and consisted of a set of relationships between flow and a health
score for River Red Gum.

The methodology developed demonstrates the feasibility and effectiveness of using MOO as a transparent
process to explore the trade-offs between different objectives for river system planning. The conceptual
model incorporates the major system complexities of conflicting water users, multiple supply storages, and
GW/SW interactions. This model is therefore adaptable to an actual representation of the Lachlan catchment,
as well as to other areas. These outcomes aid in bridging the gap between use of optimization for water
resource decision-making in research and in practice.
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1. INTRODUCTION

In regulated river systems where there are numerous conflicting demands for water, a transparent process is
needed to investigate ways to maximise efficient water delivery, and explore the trade-offs between water use
objectives. MOO algorithms are one approach, and have been widely applied to different aspects of water
management. However, a large proportion of previous studies simplify a multi-objective problem to a single
objective (e.g. Shiau, 2009), and there are minimal examples where MOO has been used in conjunction with
a combined river system model and ecosystem response model to develop suitable environmental flow rules.
Studies which have considered both ecological and human water objectives have generally defined these
objectives at the point of release from storages (in-stream targets), and have not explored the requirements of
ecological assets further downstream (e.g. Dittmann et al., 2009).

A number of barriers to the implementation of MOO in practice have been identified, including model run
times balanced against incorporation of an appropriate level of complexity, and effective demonstration of
the role of optimization in aiding the decision making process.

This paper aims to overcome some of these identified barriers by using a conceptual model to explore:

1.  What type of environmental flow rule(s) have the optimal environmental outcome; and
2.  What are the trade-offs between meeting objectives for the environment and for other water users.

In doing so, the paper examines how MOO can be applied to answer such questions, focusing specifically on:

a) Formulation of the river system model
b) Formulation of the optimization problem

The conceptual model uses a hypothetical case study based on information from the Lachlan catchment in the
Murray Darling Basin (MDB), Australia. The purpose of the model was to demonstrate the potential benefits
of using multi-objective optimization and provide guidance for model formulation. The model does not in
any way reflect the actual operation of the Lachlan system, and the results are for demonstration only.

2. CONCEPTUAL MODEL

2.1. River System Model Dam 2 Do
The hypothetical catchment was built using the Integrated Quantity and

Quality Model (IQQM) (Hameed and Podger, 2001), and included the

following key components (Figure 1): Losses

e Major control structures (headwater storages) Town Water
e Different types of water users (irrigators, town water supply, the Supply

environment) Irrigator 108
e  Spatial distribution of users
e GW/SW interactions
e  Other major physical processes (tributary inflows, losses, river routing)

Whilst there are two main headwater storages in the conceptual model, Dam 2
has little influence on the system compared with the Dam 1, being much
smaller and only providing for orders upstream of the confluence. The town g;‘gz;’lf"gt‘”e
water supply node is based on a fixed monthly demand pattern, which is of
substantially less volume compared with the irrigator demands included in the Terminal
model. The irrigator demands vary over time based on the percentage é Wetland
allocation (the volume of water for each unit of licence which is updated

during the season), estimated available water, and the irrigator’s risk function.
Detail on the model formulation for the terminal wetland and groundwater
recharge is discussed below.

Figure 1. IQQM conceptual
model

The model was run over two periods to compare system behaviour during both dry and wet years, and the
impact this has on the system objectives. For the dry period, the model was run from 1 January 2001 to 31
July 2006 using a daily time step, and for the wet period from 1 January 1959 to 31 July 1964. These periods
were the longest within the flow record (1898-2006) which contained consecutive dry or wet years
respectively, determined using a flow duration curve (with the exception of 1962, which fell into the middle
33% of flows). Initial storage volumes for Dams 1 and 2 were those used as initial conditions in the Lachlan
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IQQM model. These represent 27 and 12% of the full capacity respectively. These low volumes were used to
test the ability of the optimizer to find trade-off solutions under limited water supply, given that only a small
proportion of the actual demands have been included in the conceptual model.

2.2. Groundwater Component

GW/SW interactions have been included given they can influence system operations, both in terms of
estimated surface water losses and in potentially sustaining deep rooted vegetation during periods of low
flows. The following analysis is based on data for the terminal wetland of the Lachlan, the Great Cumbung
Swamp (GCS), and was used for the terminal wetland in the hypothetical case study. The GCS is underlain
by four main aquifer formations, of which the upper aquifer (Coonambidgil Formation) has shown strong
interactions with surface water (Brady et al., 1998; Driver et al., 2004).

The focus of the groundwater analysis for this study was to incorporate into the optimization model an
estimate of the volume of water infiltrating to groundwater, as well as an estimate of changes in groundwater
level over time. The latter component was then used to predict the likelihood of River Red Gum having
access to groundwater during dry periods. River Red Gum was examined due to its potential to utilise
groundwater during drought (Thorburn and Walker, 1994). Whilst three different sources of groundwater
data were examined, the study focused on data from a single bore (GW036721) as it covered the longest time
period with the most data points. GW036721 included intermittent observations of groundwater levels from
October 1987 to March 2010, collected at frequencies varying from approximately 2 months to over 2 years.
During periods of high surface flow the monitoring site was inundated, preventing the collection of
groundwater depths at these times.

Pearson’s correlation coefficient was used to measure the relationship between time series of groundwater
levels and stream flow, where the stream flow data was adjusted using the cumulative departure from the
mean. Details on the cumulative flow departure method can be found in Blakers et al. (2011). Groundwater
levels from bore GW036721 were found to be highly correlated with flows upstream of the GCS.

Given that GW measurements were relatively infrequent, GW depths for the remainder of the modelling
period were estimated by forming a relationship with surface flow upstream of the GCS. It was assumed that
GW depth is influenced by SW flows which occurred during previous time steps, and to a lesser extent the
flow during the current time step. This is due to the delay in response between GW and SW, as well as the
effect of previous flows in determining infiltration rates, lateral flows, and uptake by vegetation (i.e. wet v
dry antecedent conditions). A simple relationship was therefore derived for the purpose of demonstrating
SW/GW interactions in an optimisation case study. The relationship is comprised of two components:

a) Applying a daily linear auto regressive model to the surface water data upstream of the GCS, to
incorporate antecedent conditions into daily flow values.
b) Fitting a function to relate observed groundwater levels with adjusted flow values.

The auto regressive model was used to adjust the surface water data to give a greater weighting to previous
flows compared with flow for the current time step. The model takes the form:

Qi = aQi; + (1 - a)Q; . @)
Where: Q = adjusted flow a=er
Q = flow i = time step
T = 2300 (calibration parameter based on importance of previous flows)

Equation 1 therefore adjusts the current flow by combining it with that of the adjusted flow from the previous
time step. The parameter a influences the relative weight given to previous flows compared with the current
time step, and is an exponential function using a value for t.

An inverse exponential function (Equation 2) was then used as a non-linear relationship between adjusted
flow values and observed groundwater levels. The function was calibrated using available data.

a-b
CWaepini * — a6 )
where GWaeptn = groundwater depth
a = -15.5 (lower asymptote (lowest possible groundwater depth))
b = -11.5 (upper asymptote (highest possible groundwater depth))
A = -0.01 (slope of curve)
Omia = 430 (value of Q at the inflection point)
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This equation was developed with the focus of incorporating groundwater into the conceptual model. Further
analysis would be required to develop a more accurate model of GW/SW behaviour.

Given that losses are represented in IQQM using a surface water flow/loss relationship, losses to groundwater
were estimated by deriving a relationship between monthly SW flow and monthly change in groundwater
volume. It was assumed that change in GW volume is primarily due to infiltration, and hence can be
estimated using daily groundwater depths and the approximate inundation area of the GCS from Driver et al.
(2004). For the purpose of this study, it was assumed that the area of recharge is approximately equal to that
of the shallow underlying aquifer. A simple linear relationship was then derived for dry and wet years
separately, given that higher rates of loss are expected during dry years.
AGW. Y (30 days) = 0.0213 Y 40Q; — 827 3)

vol

AGW¥t(30 days) = 0.0484 Y} ., Q; — 881 )

2.3. Terminal Wetland — Environmental Response i
Ecological Score

As an initial test for the conceptual model, a simple |-12 1 -0.8 0.6 0.4 -0.2
environmental response model was developed based on
published water requirements for River Red Gum (Rogers
and Ralph, 2010). The model calculated an ecological <
health score by comparing the flow received at the s * 13
terminal wetland, with the published water requirements
for duration, magnitude and rate of change of flow. A
score of 1 was assigned when the received flow met
required conditions; 0 when the appropriate inter-flood
duration requirement was being met, and a value of Figure 2. Ecological health score during drought
between 0 and -1 outside these. During extended dry based on possible access to groundwater.
periods, the score was approximated based on the

likelihood of access to groundwater (Figure 2). The relationship between groundwater level and response was
estimated as follows:

(w) yadap 1a3empunoss

*000,
o

1
H =~ 1+e-CWdeptn10) — 1 (5)

where H = ecological health score

Published values vary for maximum depths at which River Red Gum can access groundwater. This is likely
due to individual differences as well as the effect of soil type and rate of change in groundwater levels, where
levels may drop faster than the rate of root growth (Cunningham et al, 2011). Based on papers cited, a
threshold depth of 10m was used in Equation 5, as a possible depth at which there is decreasing likelihood of
access by River Red Gum roots (Canadell et al, 1996; Cunningham et al., 2011). This depth is also consistent
with observed groundwater levels (between 11.8 and 14.7m below ground for GW036721) and observed
spatial distribution of river red gums.

3.  FORMULATION OF THE OPTIMIZATION PROBLEM

3.1. Objective Functions

Two different scenarios were used to explore the effect of different objective functions on the optimal
solutions. The first of these used two objectives, which were to maximise (1) the sum of environmental
response scores for each time step (H) for the wetland, and (2) the total water diverted to all irrigators. The
second scenario used three objective functions, and included the same environmental objective as well as the
total diversion for Irrigator 1, and thirdly the total diversion for Irrigators 2 and 3 combined.

It is noted that this is a simplistic representation of potential objective functions, which should take into
account diversions and ecosystem health throughout the model period as well as total diversions and total
health score. The focus of these objective functions was to examine the trade-offs between users and the
effect of combining objectives. Each of the two scenarios was also run for wet and dry periods, to examine
the impact of antecedent conditions on management outcomes.

3.2. Decision variables

The focus of the conceptual model was to develop optimal environmental flow rules. Given the existing
limited flexibility in modelling environmental flow rules in IQQM, this paper focused on exploring different
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components of a simple translucency rule, which is one of the three types of planned environmental flow
rules for water quantity for the Lachlan. The purpose of translucency is to enable a proportion of dam inflows
to be released, based on various initial conditions. In this case, a simple translucency rule was defined using
four decision variables: a lower and upper threshold for inflows to Dam 1, and the start and end month for
which the rules would apply. It should be noted this rule is far simpler than the actual Lachlan translucency
rule, which was derived based on expert knowledge and stakeholder input. In this case study, translucency
operated as follows: during the specified start and end month, if inflows are less than the lower threshold, no
environmental release occurs. Once the inflow is between the lower and upper threshold, the entire inflow is
released as an environmental release. When inflows exceed the upper threshold, an environmental release
equal to this upper threshold is made (Podger and Hameed, 2000).

An additional three decision variables were used to allow the licence for each irrigator to be varied. Of the
three irrigators, Irrigator 1 has the largest maximum potential licence volume, followed by Irrigator 2 and
finally Irrigator 3.

3.3. Optimization algorithm

The multi-objective genetic algorithm eMOGA (Laumanns et. al., 2002) was used as the optimizer for the
conceptual model. A wrapper was developed which allowed eMOGA to interface with IQQM. eMOGA was
chosen based on ability to find a diversity of solutions along the Pareto front with reasonable convergence
time. However, it should be noted that no evolutionary algorithm can guarantee finding the exact Pareto-
optimal solutions, but rather aims to find near optimal solutions. These can still provide significant
improvement over current operational rules. The eMOGA parameters used were: population size of 100,
maximum number of generations of 2500, probability of crossover and mutation of 1.0 and 0.025
respectively. 2500 generations were used to minimise the computation time, in order to investigate different
scenarios. It is likely that a larger number of generations would improve convergence, and potentially
increase the number and diversity of solutions along the Pareto front. The following results are therefore
provided in the context of investigating the conceptual model, and may be further improved upon with more
generations.

4. RESULTS AND DISCUSSION

The results from the conceptual model indicated that increases in ecological score can be achieved with
relatively small changes in total irrigation diversion (analogous to reduced licence volumes) (Figure 3a). For
example, the environmental score was doubled from 34 to 68 by decreasing the total irrigator diversion by
<2%. This outcome is consistent with that found by Dittmann et al (2009), where a small reduction in water
supply to extractive users achieved an improved match between releases and natural flows. The relative
trade-off between objectives also varies along the curve. For example, once the environmental score
increases above 120, there is a greater reduction in total diversions compared with changes in lower
environmental scores.

When the total diversion for Irrigator 1 is combined with that for Irrigators 2 and 3 in the 3 objective
scenario, it can be seen from Figure 3(a) that a similar outcome is obtained compared with that of the 2
objective scenario. However, there are some differences for higher environmental scores, suggesting that
maximising diversions for Irrigator 1 separately can result in lower total diversions for all irrigators at the
same environmental score. It is also possible that these differences are a result of insufficient solution
convergence. The trade-off between all 3 objectives can be seen in Figure 3(b), where high environmental
scores combined with high Irrigator 1 diversions are associated with lower diversions for Irrigators 2 and 3.

Focusing on the 2 objective scenario, the licence volume for the three irrigators also had different effects on
the total environmental health score (Figure 3c). Irrigator 1 had a relatively small impact (all decision
variable values were >90% of the possible maximum licence volume), whereas licence volumes of >80% for
Irrigator 3 had a higher chance of resulting in a reduction in environmental score. The environmental score
was relatively insensitive to Irrigator 2’s licence volume except for high environmental scores of >150.
However, there are a limited number of data points from which these conclusions can be drawn.

The highest environmental score was achieved when the translucent release was applied all year, followed by
May to February (inclusive), July to February, and then July to March. As expected, the highest total
diversion occurred when there was the smallest translucency window, of October/November to January. A
translucency window of approximately 180-2200 ML/d achieved the highest environmental scores. Both the
environmental score and total irrigator diversion were relatively insensitive to both lower and upper
thresholds, except for the lowest environmental scores.
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Comparing optimal solutions for dry and wet periods, significantly higher environmental scores were
achieved during the wet period given the increased water availability (Figure 4d). For the 2 objective
scenario, all decision variables for these optimal values had translucency operating for all months of the year,
with a lower flow threshold of 146-155ML/d and an upper threshold of 9800-10100ML/d. However, a
greater proportion of solutions had lower total irrigator diversions compared with the dry period. Only four
solutions were found where the total diversion was greater than 140 GL for the wet scenario, compared with
all but one solution being greater than 140 GL for the dry scenario. It is possible that this is due to the
optimizer having insufficient solution diversity to find the full Pareto front, or having not converged. When
Irrigator 1 diversions were added to those of 2 and 3 in the 3 objective scenario, similar results were obtained
for high total diversions. The additional objective values shown for lower total diversions indicate the effect
of maximising Irrigators 2 and 3 separately. These irrigators have a lower combined maximum diversion
compared with Irrigator 1, and hence high objective values for Irrigators 2 and 3 resulted in a lower total
diversion for all three irrigators.
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Figure 3. Trade-off between total environmental health score and irrigator diversions showing (a)
comparison between scenarios (dry); (b) trade-offs for the 3 objective scenario (dry); (c) effect of irrigator
licence volumes on environmental objective function (dry); and (d) comparison between scenarios (wet).

5. CONCLUSIONS AND RECOMMENDATIONS

MOO has been successfully applied to a river system model which incorporates environmental and other
water user objectives, as well as the effect of GW/SW interactions. The conceptual model indicates the
potential to improve environmental outcomes with minimal impact on other water users, and determine
which management decisions can have the greatest effect. Using MOO also assists in communicating the
trade-offs between objectives, although visualisation can become problematic where more than 3 objective
functions are used.

Although the structure of the environmental flow rule has been predefined as a type of translucency rule,
MOO can determine the components of this rule which have the best outcome for all objectives, and which
components have the most impact on objectives. Comparing wet and dry periods, it is evident that there are
substantial differences in the optimal decision variables and objective values. This reinforces the need to
develop adaptable environmental flow rules.

This study has identified a number of areas recommended for future work, which are summarised as follows:

e The collection of additional groundwater data to improve the accuracy of the current analysis, and
improve the representation of processes such as the response times to surface water.

e Additional investigation into the likelihood of groundwater being accessed by vegetation in the terminal
wetland (e.g. Driver et al., this congress), using techniques such as remote sensing.
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e Improvement of the ecological response model, to include more species, more varied responses, and to
account for semi-permanent/permanent changes in ecosystem behaviour. The model would also be
improved by including site specific data, although this information is still relatively limited.

e Extensions to IQQM to enable external functions to be linked, providing greater flexibility to explore
different types of environmental requirements, rules and responses.

e Greater investigation of the effect of different types of objective functions and decision variables,
particularly in providing more adaptable environmental flow rules.

e  Sensitivity analysis of both river system and optimization parameter values.

Despite these limitations, the conceptual model discussed in this paper demonstrates the potential of MOO, to
assist in the exploration of optimal environmental flow rules, and the trade-off between objectives.
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