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EXTENDED ABSTRACT

Water allocation models, sometimes referred to as
water availability models, are critical tools for
effective water resources management. Effective
water allocation models allow policy-makers and
managers to gain insight into the potentia
consequences of system changes, be they
regulatory changes, infrastructure changes,
climatic or other physical changes. Water
alocation models are aso used to set the
expectations of  water-entittement  holders
regarding their ‘security of supply’. These
expectations play a significant role in determining
the level of investment associated with irrigation
and water use. Uncertainty around the security of
supply has been shown to have significant
negative impacts in reducing investment and
undermining  incentives for  development.
Therefore, it isvital that model output is robust.

Despite the importance of water alocation
models, they are relatively under-researched and,
probably, under-scrutinised. Water allocation
models are extremely complex in form and
function. In particular, they need to incorporate
three domains: resources assessment (reflecting
the hydrologic variability and storage behaviour),
the alocation framework (reflecting the
regulatory framework through entitlements,
alocation processes and rules), and the demand
module (reflecting the behaviour of water users)
(Fig 1). These domains are constrained by the
physical realities of any given system and must
result in some distribution and routing of
available resources in space and time.
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Figure 1. Componentsin water allocation models

Historically, existing water allocation models have
been applied with success in the context of policy
formulation. However, the current generation of
models is not well positioned to deal with future
demands. This is primarily since they have been
built on relatively inflexible assumptions and
processes reflecting historical system and user
behaviour. Traditionally, these models produced
deterministic outputs without explicit recognition of
the uncertainty of the model structure, parameters,
processes or inputs. Whilst the application of
deterministic outputs may be appropriate for some
analyses, consideration of uncertainty is necessary
to improve the robustness of decision-making.

Much research has been undertaken dealing with
uncertainty in modelling natural systems but there
has been little attention given to water alocation
models. This paper seeks to address this gap by
identifying sources of uncertainty found in water
alocation models and the particular modelling
challenges presented this context. Findings are
presented in the context of two established water
allocation models used in Austraia. These models
primarily focus on rural, regulated surface-water
supply systems.



1. INTRODUCTION

Water allocation models refer to models which
estimate the quantity (and sometimes quality) of
water resources available for allocation to users at
a particular point in space and time. The model
then allocates the available resource to various
users who hold some entitlement. These
entittements could be for irrigation, urban,
hydropower, environmental or other purposes.

Water allocation models are critical tools for
effective water resources management. Effective
water allocation models allow policy-makers and
managers to gain insight into the potential
consequences of system changes, be they
regulatory  changes, infrastructure changes,
climatic or other physical changes. Water
alocation models have been widely used in the
formation of Australian water policy (Close;
Department of Sustainability and Environment
2004; Lewis 2001; Murray Darling Basin
Commission 1995).

In particular, water allocation models provide two
main services:

e Insight into the likely consequences of policy
changes, changes to physical infrastructure or
changes to natural processes, such as climate
or runoff processes (e.g. from bushfire). This
is important because it helps ensure that
sensible decisions are made in line with
community expectations of efficiency, equity
and sustainability.

e Help set expectations of water users with
respect to reliability or ‘security of supply’.
This characteristic refers to the role of water
dlocation models in forming irrigator and
investor expectations about the reliability of
their entittements. This can have a large
impact on economic activity and help to foster
investment in water use and water-dependent
enterprises.

To meet these requirements, these models usually
need to have a relatively large spatia scae
covering multiple catchments. The spatial scale
tends to be defined by a mix of ingtitutional
boundaries and physical boundaries. However, the
level of spatial discretisation can vary in scale (e.g.
farm, district). Additionally, the temporal scale can
vary from daily to monthly, although it needs to be
sub-annual since in order to capture seasonal
effects.

Much research has been undertaken dealing with
uncertainty in modelling natural systems but there
has been little attention given to water alocation
models. Water allocation models historically have
been developed for specific jurisdictions in
accordance with their institutions, geography and
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processes. As a result, the majority of literature on
water allocation models has tended to focus on
reporting the development and use of individual
models rather than more general analysis of
desirable characteristics of this class of models or
ng their robustness.

2. WATERALLOCATION MODELLING
Water dlocation modelling is different from
traditiona hydrologic modelling since user
demands must be considered within the model as
well as catchment processes. Intrinsically, these
models must reflect human behaviour as well as
physical processes. Furthermore, akey difficulty in
conceptualising appropriate water allocation model
structures is foreseeing potential policy change
angles. Since amajor role of these modelsisto test
policy, an ideal structure will contain parameters
and algorithms to enable many possible scenarios
to be assessed.

Historically, existing water allocation models have
been applied with success in the context of policy
formulation (James et al. 1993). However, the
current generation of modelsis not well positioned
to deal with future demands. This is primarily
since they have been built on relatively inflexible
assumptions and processes reflecting historical
system and user behaviour. Traditionaly, these
models produced deterministic outputs without
explicit recognition of the uncertainty of the model
structure, parameters, processes or inputs. Whilst
the application of deterministic outputs may be
appropriate for some analyses, consideration of
uncertainty is necessary to improve the robustness
of decision-making.

Water allocation models can be viewed as
consisting of (at least) three domains: the supply
module for resources assessment (reflecting the
hydrologic variability and storage behaviour), the
alocation framework (reflecting the regulatory
framework through entittements, alocation
processes and rules), and the demand module
(reflecting the behaviour of water users) (Figure
1). These domains are constrained by the physical
realities of any given system and must result in
some distribution and routing of available
resources in space and time.

In general, water allocation models operate using
water balance formulation combined with some
sort of optimisation process to govern the routing
of water in space and time. Typicaly, the
optimisation is based on minimising criteria such
aslosses or restrictions.

Asin any model, many decisions need to be made
in model structure and formulations. In the case of
water alocation modelling there are varying
degrees of maturity in approaching the domains:
supply, demand and all ocation domains.
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Figure 1. Key domains in water allocation
modelling

2.1.  Supply Domain

The supply domain is primarily focused on
resource assessment. Typically, external rainfall-
runoff and availability models are used to
determine the inputs to the supply domain.
However, these inflows need then to be routed to
storages and appropriate inventories determined
across space and time.

There is a large body of knowledge available to
assist with supply modelling arising from
hydrology. However, auseful summary is given by
Grayson and Bloschl (2001) who outline three
basic features helpful in summarising potential
approaches for modelling in catchment hydrology:

(i) the nature of the basic algorithms (empirical,
conceptua or process-based);

(i) whether a stochastic or deterministic approach
istaken to input or parameter specification;

(iit) whether the spatial representation islumped or
distributed.

As well as understanding the resources available,
losses need to be reflected including both seepage
and net evaporation; streams may interact with
groundwater via recharge or discharge and
drainage water from farms can return to stream.
Many physical constraints exist in terms of system
hydraulic capacity as well as the physical
infrastructure available.

2.2. Demand Domain

The demand domain is an area of conceptual
uncertainty within water allocation modelling.
User demands are extremely complex and vary
significantly according to the type of use, climatic
considerations, individual user characteristics such
as their risk propensity and, perhaps most difficult
of al, water trading considerations (Figure 2).

Water trade modelling is perhaps the most
uncertain component of water allocation modelling
since little data exists to validate and populate
potential models. Water trading itself involves a
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number of parameter and forcing variables such as
commodity prices, the comparative price of water,
the risk profile of users, the flexibility of trading
policies and of course, the allocation itself. In fact,
the interdependency of the volume of water trade
(particularly temporary trade) and water allocation
is a significant complicating factor in the model
structure. This usually means a sub-optimisation
module is required to model water trading within
the overal alocation model (unless a time series
or empirical approach is taken which is difficult
given the sparse data sets often available in
practice).

Demand: Influencing Factors

Entitlements: Types of entitlement

Number and Trade —permanent or
type temporary (depends on
economics and, risk profile)

Allocation per
entitlement from
available
resources

Processes to determine
available resources

Prioritisation processes to
divide up available resources

Actual demand:
rate and % of
allowed volume

User behaviour
Climate
Probability of rainfall rejections

Figure 2. Components of demand module

Demand modelling depends heavily on climatic
influences since there is clearly going to be an
inverse relationship between demand and climate
for consumptive uses. Additionaly, isolated
rainfall events can result in rejected water orders,
particularly where no charges are incurred for rain
rejections.

A key issue in selecting an appropriate demand
modelling approach is a lack of demand data
which occurs under relatively consistent
conditions. In reality, available demand data is
subject to continualy changing conditions:
changing water policies, commodity prices, water
prices, trading rules, physica infrastructure and
farm investment. These factors make it difficult to
determine the key drivers of demand, particularly
for water trade. Even the most conceptually smple
task of identifying al entitlements in a rigorous
way can be difficult since entitlements have been
created in a variety of ways and are not usually
registered in a central place. This situation is
exacerbated when assessing demands associated
with sources such as groundwater or local runoff
(e.g. for farm dams).

In response to these issues a number of approaches
have been applied to modelling demand. Some of
these include empirical or time series approaches,



guasi-economic approaches, models based on
individual behaviour, models based on crop water
requirements under particular climatic conditions
(which ignore water trading) and a blend of the
above. However, the lack of baseline data presents
significant challenges in calibrating any of the
above demand approaches.

2.3. Allocation Domain

A critical element in the model is the water
allocation process: the mechanism by which
available water is allocated to individual demands
in space and time. Rules specific to individua
jurisdictions apply regarding the priority for
alocation of available water, and for delivery of
that water. Water allocation processes at a system
scale are enormously complicated both spatially
and temporally.

Obviously, a water balance model across a
catchment needs to represent a large degree of
spatial and temporal variability for rainfal and
runoff inputs as well as the infrastructure used to
collect and distribute water. There are many rules
and constraints to represent in the model such as
rules governing the releases from storages
depending on required reserves, releases for the
environment and user demands. Specificaly, key
components in the allocation domain serve to:;

e Describe dal types of entitlements and
associated conditions;

e Determine resource available for allocation
that year (supply domain);

e Incorporate implications of allocation into
estimates of water trading behaviour (demand
domain)

e Determine demands associated with each type
of entitlement (demand domain);

e Allocate available supplies to demands by
entitlement type;

e Edtimate likely temporal pattern of demands
throughout year (demand domain);

e Route alocations throughout network within
appropriate  constraints by  optimizing
according to some objective function (e.g. by
minimising losses within the system or
maximising economic output);

e Determine resulting restrictions.

Overall, the main priority in the alocation module

is to provide transparency around each of the

above roles and to validate approaches where
possible.

3. UNCERTAINTY IN WATER
ALLOCATION MODELLING

In order for water alocation models to be valid,

they need to accurately represent the significant

features of real systems. However, developing a

valid water alocation model is very difficult in
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practice. In particular, structural uncertainties in
water allocation modelling can be very large and
the changing nature of water policy makes it
difficult to obtain comparative data. These issues
make validation amost impossible and can
undermine the integrity of model output.

Uncertainty has two significant negative impacts
(on two different parties): it hampers policy
decision-making (since decisions are difficult to
determine and difficult to defend) and it reduces
the ability of interested parties to form
expectations about the future reliability of
entittlements. This in turn reduces the ability of
investors  (in irrigation or  environmental
management) to plan and therefore increases their
level of uncertainty. Increased uncertainty has
been shown to reduce investment (Carey and
Zilberman 2002; Dixit and Pindyck 1994) and
therefore lowers productivity of water use (in
terms of $/Megal itre) relative to what it could be.

Historically, there has been little concern about the
level of uncertainty in water allocation modelling.
This has probably been due to the relatively low
transparency in terms of water allocation policy,
the relatively low vaue of water, limits on
requirements for users to actively manage their
water allocations and the relatively high ‘costs' of
understanding and addressing these issues.
However, as Austrdian water resource
management becomes ever more sophisticated,
there needs to be a corresponding increase in the
quality of management tools.

Haimes (1998) presents a simple framework for
summarising sources of uncertainty based on two
broad categories: variability, referring to the
inherent fluctuation or differences in the quantity
of concern; and knowledge uncertainty, referring
to uncertainty due to limitations in the
understanding of modelled processes. These two
categories are then subdivided into several sub-
categories (Figure 3) and help to describe the
sources of uncertainty typically occurring in water
allocation models.

Given the potential for uncertainty in water
alocation modelling, the role of validation
becomes critical. However, as has been widely
acknowledged (Beven 1989; Grayson and Bloschl
2001; Post and Votta 2005) there is a relative
immaturity in the application of processes to
validate complex simulation models.

Robust validation is a difficult challenge for
simulation models such as water allocation
models. Post and Votta (2005) argue convincingly
that current modelling is immature in terms of
predictive performance and that improved software
project management protocols can dramatically
improve the quality of models. They note that even



the most simple and proven techniques for
managing code development are being employed
in the computational sciences. They note that “the
most common approach is the painful rediscovery
of lessons already learned by others.”

Uncertainty
I
[ 1
Variability Knowledge
Temporal: Model:
e Climatic and hydrologic e Conceptual demand
inputs modelling approach

e Timing of demands (especially water

* Policies and operating tradlng). .
rules o Empirical, economic

or other approach

Individual heterogeneity:  Parameter:
e Behavioural differences e Physical characteristics
between users of supply system

e Policies and operating
Spatial: rules
¢ Hydrologic and
hydraulic variability
e Operating differences
across jurisdictions

Decision:

e Optimisation criteria:
physical, economic or
other criteria

Figure 3. Examples of knowledge uncertainty in
water allocation modelling

The output of existing models is used for a wide
range of purposes and sometimes this output is
used as the basis for further modelling eg.
modelling of the secondary economic effects,
environmental flow and social effects resulting
from water allocation policies. Given the current
uncertainties and the lack of model validation,
such analyses should be viewed with extreme
caution since uncertainties are potentially large and
are almost certainly unknown (Letcher et al. 2002).

4. CURRENT PRACTICE

There are three water allocation models widely
used in Australias Resource Allocation Model
(REALM), Murray Simulation Model (MSM) and
Integrated Quantity and Quality Model (1QQM).
Whilst al the models are actively used for similar
purposes, there are significant differences in their
conceptua approach. Furthermore, there is little
transparency around the uncertainty of outputs and
of the potential ramifications of this uncertainty.

A diverse range of models have been developed
internationally.  For  example,  generalised
simulation models have been developed for usein
Texas (Wurbs 2005) and on the Syrdaya River
Basin upstream of the Aral Sea (McKinney and
Ca 1997). A comprehensive simulation model,
named Calvin, is used in California (Jenkins et al.
2004). Thismodel has alarger scope than the other
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models, optimizing according to economic and
engineering criteria across surface water and
groundwater resources.

4.1. Goulburn Simulation M odel

Two calibrated models are summarised in this
section: the Goulburn Simulation Model (GSM)
(Department of Sustainability and Environment
2002; Victoria University of Technology and
Department of Natural Resources and
Environment 2001) which is a calibrated version
of REALM (Hansen et al. 1992), and covers the
Greater Goulburn Irrigation Area, and the MSM
which covers the River Murray system throughout
Victoria and New South Wales. Both models focus
primarily on regulated surface water systems in the
Murray-Darling Basin in Austradia and were
developed in the 1970's — 1980's. An overview of
each water alocation model is given below
describing the model’s defining characteristics in
terms of parameters, forcing functions (exogenous
time series), processes (time series, one time step)
and states (time series, cumulative time steps).

Both models simulate water alocation in space
and time, but use very different conceptua
approaches. GSM operates on a monthly time-step
at an irrigation district level. The system detail is
available within GSM including detail on
infrastructure, operating rules and alocation
processes. This system detail has been summarised
in Figure 4 as six maor parameter types:
infrastructure, including storages, the river and
channel network, weirs and demand centres (either
urban or irrigation demand nodes); operating rules,
such as storage reserve policies, minimum release
requirements, release rules, resource allocation
curves governing the allocation that can be
announced when a particular volume of water is
available; limit curves governing the maximum
cumulative rate of deliveriesto various parts of the
network; prioritisations governing the order
applied to different parts of the network when
restrictions occur; and capacity constraints
associated with any storages, rivers or other
infrastructure. Limited testing of the parametersin
GSM have been undertaken showing that many
parameters have little or no effect on outputs
(Schreider et a. 2003).

GSM dlocates water based on demands
determined from a separate external model called
PRIDE (Program for Regional Irrigation Demand
Estimation). Studies such as Schreider et al (2003)
have demonstrated that PRIDE also has significant
issues of robustness.. Allocation processes within
GSM rely on resource alocation curves that
dictate the alocation that can be announced when
a particular volume of water is available. These
curves (one for each valley) were developed in the
early 1990s, when GSM was initially developed,



and implicitly assume a certan maximum
utilisation for each alocation. These curves were
based on past experience in those valleys. Since
then, more entitlements are being used (as leeping
entitlements are traded) and a different quantity of
entitlements or demand may exist in the valley.
Therefore, these curves may not produce accurate
allocations under current conditions, nor will they
accurately determine alocations under different
trading scenarios. Statistical methods will be used
to understand the potential impacts of utilisation
changes.

Infrastructure | [Inflows Available District
Operating Monthi water allocations*
y

rules demands River flows | |Annual
Resource (from (from routing)| [deliveries to
allocation external crop districts*
curves requirement I(_osses . ot
o estimation evaporation, orage
Limit curves model seepage, levels*
Prioritisation (PRIDE)) high flows)
Capacity Reservoir
constraints operation
(storages,
rivers, Monthly
outlets) deliveries

Restrictions

Figure 4. Overview of GSM structure

GSM uses inflows and monthly demand as its two
main forcing functions, which are coupled with the
parameters to drive SX maor processes
caculation of available water, network flows
(determined using a network routing algorithm
based on minimising costs entered as part of the
infrastructure parameters), losses from
evaporation, seepage and high flows, spills from
storages exceeding capacity, monthly deliveries to
demand centres and restrictions incurred at those
demand centres (the difference between demand
and deliveries). Finally, following on from these
processes, three main states are monitored: district
(or valley) alocations, annual deliveries
(corresponding to utilisation) and storage levels.

The results of GSM rely on particular operating
rules and assumptions regarding the level of
development, which influence the volume of
demand. The version of GSM used in this analysis
is that used for determining the level of the
Murray-Darling Cap for the Goulburn-Murray
region. This means the level of development and
rules are consistent with the situation in the
1993/94 season.
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4.2. Murray Simulation M odel

MSM is designed to address similar objectives to
GSM: to model the demands, storage behaviour,
system operation and flows in the basin (Close
2003). Like the GSM, MSM operates using a
monthly time step and provides delivery
information. However, unlike GSM, MSM does
not separate districts, only diversions from the
river. Additionally, MSM does not input demands
as a forcing function, rather uses regression
equations based on historical data (Figure 5). In
particular, the regression equations are based on
parameters  including rainfall, temperature,
declared allocations, last month’'s rainfal, last
month’ s temperature and trend over time.

MSM relies on five types of parameters:
infrastructure (e.g. storages and channels),
operating rules, state allocation policies governing
the calculation of allocations from available water,
reserve policy (which dictates the volume required
to be carried over in storage depending on system
conditions such as the level of storages and target
reliability levels) and capacity constraints of
storages, rivers and other infrastructure. These
parameters are used with four forcing functions
(tributary inflows, rainfall, temperature and peak
usage) to calculate the time series of monthly
orders based on the regression equations. Two
other processes are modelled including river flows
(based on releases) and losses. Additionally, the
model monitors five states including tota
irrigation demands (defined as diversions from
rivers at key offtakes), water accounts for each
state and valley, total diversions from river,
alocations and storage levels.

Infrastructure Monthly Irrigation
. orders from [ |demands
Operating ) each storage
rules Rainfall (based on Water
; accounts

State Temperature | [f€9ression
allocation Peak usage equation) Diversions

olic ; from river*
policy (relationship | [River flows
Reserve of peak (from routing)| |alocations
policy usage to Losses (state and

. declared valley)*
evap.,
Capacity allocation (evap
constraints Seepage, Storage
basedon | high flows) %
(_storages, past usage) levels
[IVErS, Available
outlets) \water
Spills

Figure5. Overview of MSM structure

Given the dependence on historical data in
determining future usage, MSM suffers from
similar shortcomings to GSM in potentially



underestimating future usage. Close (1989) notes
that there is no guarantee that the historical
relationship  between  declared  percentage
alocation and water use will not be exceeded,
especialy if more irrigators take advantage of
temporary trading. The version of MSM used for
this analysis is the equivaent to that used for the
GSM: the Cap version with levels of development
as at 1993/94.

Overall, these two models vary significantly in
terms of their conceptua approach and model
structure. Both have been extensively used for
water policy development but need improvement
to cope with current water policy questions.

5. CONCLUSION

The next generation of water alocation models
should am for improved robustness and
incorporate considerations of uncertainty.

Overdl there are four main challenges to address
in water alocation modelling: increase the
transparency and scrutiny of water allocation
models; improve our understanding of conceptual
approaches, improve validation  processes
undertaken in model development and finally; to
reduce and represent model uncertainty wherever it
exists. An improved approach to these issues is
required for the next generation of water allocation
models and should influence our interpretation of
model results.
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