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ABSTRACT

The study estimated the 1993-1998 natural flows as well as their corresponding
reliabilities along Kiwitea Stream and Oroua River upstream of the old Kawa Wool
station. These estimates could present a baseline condition for assessing the hydrologic
capability of the catchment for the existing rights and the amount of streamflow still

available for additional rights.

The study demonstrated that water availability modeling could be a useful tool in water
resource management and planning for the Oroua catchment. The “usual” or high river
flow allocation management for the Oroua River wherein a right may abstract water up
to its permitted rates could be modeled in WRAP. The results of the simulation based
on full abstracdon of permitted rates suggested that on a monthly basis, there was
enough flow physically available to meet all consented abstraction rights including the
minimum flow requirement at Almadale and Spur Road stations throughout the 1993-

1998 simulation period.

The study had identified an apparent shortcoming of the WRAP model in simulating the
MWRC’s water allocation schemes at tmes of low river flow wherein water rights are
either restricted or curtailed whenever the flow reached the set monthly flow threshold
and the minimum flow level. The WRAP program was lacking of a mechanism or
algorithm that will allow a water diversion target to vary depending on a gauged flow at

other locations.

The study demonstrated that the criteria stipulated in the Oroua Catchment Water
Allocation Regional Plan for rostering abstraction at times of low river flow could be
accounted in WRAP water availability modeling using a weighted ranked priority scheme.
The results of simulation apportioning the combined maximum abstraction rates for
irrigation purposes, based on prior use and natural upstream-to-downstream location
among irrigation rights, indicated a minimal increase in the utilization of available water
of the Oroua River. Thus, with increased water use as a management objective, such

options would not be an attractive alternative.



To facilitate relevant hydrologic and institutional water availability and reliability
assessment of the Oroua River, it is recommended that a modification be made in the
WRAP program to include mechanism or algorithms that will allow automatic change of
diversion target as a function of gauged flow. Also, a shorter computational interval,
such as weekly or daily, would yield more relevant results for real-ime water

management for the Oroua River.

For future simulation or modeling studies for the Oroua River, there is a need to have an
actual streamflow measurement or gauging station downstream of the river for validation
purposes. There is also a need to have data on actual abstractions and discharges to the

Oroua River and its tributaries.
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CHAPTER 1
INTRODUCTION

1.1 The Global Scenario

Water issues have been on the international agenda for the past 35 years at least, and in
recent years, became the focus of growing international concern and debate. (Abu-Zeid
and Ken Lum, 1997). The issues stem from the rapidly growing demand for freshwater
due to the increase in world population during the twentieth century. In the last 50 years,
the global demand for freshwater for human consumption has increased over fourfold
while world population roughly doubled in the same period. Water for irrigation and
industrial production is the major component of this increase, but the demand for water
in municipal areas is also increasing particularly in countries undergoing rapid
urbanization. During the same period, there has been a dramatic increase in water
pollution as a result of the combined wastes produced through industrialization,

urbanization, and intensification of agriculture (Abu-Zeid and Ken Lum, 1997).

A world water crisis is expected to emerge during the 21" century as the demand for
water is accelerated by a continuously growing population, increasing per capita use for
domestic purposes, and mounting needs of agriculture and industry (Postel, 1992). It is
estimated that by year 2030, the global demand for food will have increased by 60% of
present food requirements. The growing reliance on irrigation, the biggest user of water
(accounting for about 69% of all withdrawals worldwide) to increase crop production,
will mean withdrawing more water from finite and already strained resources (FAO,
2000). Moreover, recognition of the need for water in the preservation or improvement
of the environment and the maintenance of wildlife habitats for aesthetic and recreational

uses has been growing in recent years.

The increasing demand from all water sectors, including the environment, against a
limited supply has intensified competition for access to water (Geyer-Allely, 1998;
Molden and Sakthivadivel, 1999; Abdel-Dayem, 2000).  Water pollutants in
concentrations that render the water unusable for subsequent uses further limit the
downstream freshwater supply (Keller, et. al., 1996; Seckler, 1996; Geyer-Allely, 1998;
FAO, 2000). Competition among agriculture, industry, and cities is further complicated



by other broad social objectives such as equity in access to water and food security

(Molden and Sakthivadivel, 1999).

In an environment of growing scarcity, competition, and concern over the quality of
water available for extractive and environmental uses, resource management naturally
shifted away from the goal of capturing more water towards that of designing demand-
and user-focused approaches aimed at improving water use efficiency in management
(Winpenny, 1995; Seckler, 1996). Nowadays, many countries are recognizing, and acting
on, the need for an integrated water resources management approach, which considers
both supply and demand side pressures, targets the total water cycle, includes
environmental sustainability as a key consideration, and aims to minimize waste,
maximize water use efficiency, maximize water availability, optimize water allocation to
competing users including the environment, and limit access to sustainable levels (Geyer-

Allely, 1998).

To date, a considerable number of strategies have been formulated and proposed to
address the challenge of meeting demand in a sustainable way while minimizing conflicts
among users. General strategies identified include four principal directions: increasing
output per unit of extracted water; reducing losses of usable water to sinks; reducing
water pollution; and reallocation of water from low-valued to high-valued uses. These
four areas contain the set of opportunities for increasing water productivity (Seckler,
1996) which is seen as a logical approach to address the pressing need to increase food
production even as the freshwater share of the agriculture sector is declining in favor of
the municipal and industry sectors (FAO, 2000). Limiting water quality degradation and
promoting re-use of water, especially for agriculture, are seen as ways of maximizing
water availability. In this regard, the potential of alternative water sources like industrial

effluent re-use, greywater, and storm water use is also being explored (Geyer-Allely,

1998).

Economic instruments are considered key tools to moving towards sustainable water
resource management (Geyer-Allely, 1998). In an effort to reverse trends of
overconsumption and rising pollution, among others, the 1992 International Conference
on Water and the Environment in Dublin produced a guiding principle stating that water

has an economic value in all its competing uses and should be treated as an economic



good (Rodda, 1995 as cited by Wall, 1997; Perry, et. al., 1997; Geyer-Allely, 1998). It
was believed that failure in the past to recognize the economic value of water has led to
wasteful and environmentally damaging uses of the resource. Managing water as an
economic good is seen as an important way of achieving efficient and equitable use and
of encouraging conservation and protection of water resources. Reforms in water pricing

regimes are taking place in some countries to remove cross subsidies and reflect the cost

of water use (Geyer-Allely, 1998).

Water institutions or those that espouse formal as well as informal water law, water
policy, and water administration are undergoing remarkable changes worldwide. This
stems from the inherent limitations of the existing institutions in dealing effectively with
the new set of problems that are not related to resource development but to resource
allocation and management. The old development paradigm pivoted on centralized
decision-making, administrative regulation, and bureaucratic allocation is fading fast to
pave the way for a new paradigm rooted in decentralized allocaton, economic
instruments, and stakeholder participation. As the notion of water provision as a public
good and welfare actvity 1s giving place to the concept of water as an economic good
and input in economic activity, cost recovery and financial viability concerns are being
reflected increasingly at the policy level. Allocation and conflict resolution mechanisms
are being created or strengthened in both the legal and policy spheres. Recognizing that
water 1s both a public and an economic good, water allocation schemes are attempting to
combine economic efficiency and equity objectives. Water users, who were customers or
clients in the surplus era of water development, have now become important players in
the scarcity era of the water sector. Increasing the role of user organizations, non-
government agencies, women, environment, and other self-help groups is now being
considered in water administration and in the water sector decision process (Saleth and
Dinar, 1999). Water resources policy development is changing in many countries,
reflecting an evolution away from top-down planning processes with a selected number
of powerful players, to a process more bottom-up in nature with a wider base of

ownership and which addresses a broader range of issues (Geyer-Allely, 1998).



1.2 New Zealand Scenario

New Zealand is well-endowed with freshwater compared to many countries. It is
estimated that the country has an annual water resource of 300,000 million cubic metres.
Although abundant, the availability of this resource is not uniformly distributed over the
country at any one time (Statistical NZ, 1993; Waugh, 1992). Prevailing westerly winds
blowing across the ocean bring abundant precipitation, especially on the western sides of
both islands, but rainfall decreases as one moves east. The eastern areas of both islands
normally have dry summers and suffer seasonal soil moisture deficits, and problems of
access to water supplies can become pronounced (Waugh, 1992; Memon, 2000). On a
nationwide and annual basis, the intensity of water use at 0.6 percent of available
resources, is among the lowest in the OECD (OECD, 1996 as cited by Memon, 2000).
Nevertheless, local or seasonal competition for water exists and total demand exceeds

supply at times in many catchments.

Components of the demand are quite diverse, variable, and include primary and
secondary industry, urban and rural water supply, fishing, irrigation, electricity generation,
wildlife, effluent disposal, and recreational and cultural values (Sharp, 1991 as cited by
Memon, 2000). Conflicts in water allocation are between competing demands for
extractive uses of water such as domestic, industrial, hydro-electric generation, irrigation,
stock water supply and forestry and for instream uses such as recreaton and
conservation. These conflicts not only reflect the underlying difficulties of managing
water as a common property resource: those of non-excludability (1.e. control of access
of potential users) and subtractability (i.e. each additional user is capable of subtracting
from the welfare of others), but in many respects, manifest the changing demand and
usage patterns and progressive shifts in New Zealand’s environmental value systems.
Until recently, allocation of water for hydro-electricity generation was considered a
national development priority by central government and given precedence above all
other uses. At the regional level, municipal water supply and farming needs were
traditionally accorded priority by the catchment boards. Progressively, the needs of other
activities such as conservation, horticulture and forestry have received recognition in
response to increasing diversification of the New Zealand economy and society (Memon,

2000).



The challenge to improve water quality is probably the biggest hurdle in promoting
sustainable resource management in the country. Seeking acceptable means to protect
and enhance water quality is arguably the single most important activity of regional
councils (Memon, 2000). Notwithstanding the overall superior quality of New Zealand
water resources compared with those of many other countries, water pollution in the
country is alarmingly high when seen in relation to the relatively small size of its current

population of 3.8 million people.

New Zealand’s major water resources have been extensively developed for irrigation,
hydro-electricity generation, and water supply (Mosley, 1990; Waugh, 1992). In 1980s,
there began a general move away from engineering solutions to water shortage problems
and flood protection to a more conservative approach of matching demand with
availability, emphasizing efficiency of water use, and keeping people away from flood
waters (Fenemor, 1992). The emphasis has shifted towards more careful management of
a resource for which demand is steadily growing, and which must be allocated amongst

competing alternative uses (Mosley, 1990).

New Zealand’s experience 1n integrated water management goes back to the 1940s (Ward
and Scarf, 1993 as cited by Memon, 2000). The so-called ‘catchment control plans’ for
soil conservation and river control have been carried out since the 1960s, while basin-
wide water resource inventories and informal water allocation plans have been made
since the late 1970s. Water quality issues became an additional component of such plans
in the 1980s. The institutional arrangements for water resource management in New
Zealand have been radically recast since then. These reforms encompass substantive
changes to the philosophy and objectives of water resource management and formalize a
number of past practices within a decentralized planning framework for sustainable
resource management (Memon, 2000). At present, water allocation is identified as a high
priority in the Ministry for the Environment’s Draft National Agenda for Sustainable
Water Management (Robb, 2000).

New Zealand is internationally acknowledged for having successfully adopted the quota
management system for fisheries (Memon and Cullen, 1990 as cited by Memon, 2000).
There is a continuing interest on the part of the government to make wider use of

economic tools for resource management at the regional and local level. A number of



urban communities are considering options to encourage water conservation. Some
options are adopting user-pays charging methods and turning local government water
supply companies into corporate and private. The regional councils, who are responsible
for all matters of water use and allocation among others, have for the moment come out
decidedly in favor of allocation procedures based on consultation and political
compromise rather than allocation by market competition. At the moment, only a few
councils have seriously considered market-based allocation regimes. These include the
trial establishment of a transferable water permit regime in the Waimea groundwater
system (Tasman District) and the investigation for such a regime for the Wairau
groundwater system (Malborough District). So far the most forthright attempt in this
direction has been made by MWRC in its plan for the Oroua Catchment. This plan
builds on the agreement between the Council and major water permit holders in this
catchment to apportion, restrict or suspend water abstractions at times of low flows and

allows for transfer of permits between irrigators within the catchment (Memon, 2000).

1.3 Problem Statement

An adequate supply of quality water is a necessary condition for population and
economic growth (Chan, 1995). As populations and economies grow and as countries
encounter the limits of their water supplies, competition for finite water resources will

intensify and so will conflicts among water users (Winpenny, 1995; Abdel-Dayem, 2000).

With growing population and limited water resources, there is an increasing need,
worldwide, to manage water resources better. This is especially true when all or most of
the water resources in a basin are allocated to various uses. Effective strategies for
obtaining higher productivity while maintaining or improving the environment must be
formulated. Effective allocation procedures that minimize and help resolve conflicts

must be developed and implemented (Molden, 1997; Molden and Sakthivadivel, 1999).

With the growing scarcity of water and increasing competition for water across sectors,
economic issues in water allocation are increasing in importance in river basin
management (McKinney, et. al., 1999). A number of countries are reforming traditional
systems for allocating shares of finite water resources. They are moving away from

historical allocations based on land titles or administrative appropriations that have been



unable to successfully address growing pressures from increasing demand (Geyer-Allely,

1998).

The allocation of water resources in river basins is a complex and critical issue (Geyer-
Allely, 1998; McKinney, et. al., 1999). The sustainability of future economic growth and
environmental health depends on it. Successful resource management and allocation
requires knowledge of the occurrence, quality, and variability of water resources as well as
the demands on the water resources and the community’s aspirations for its management
(Fenemor, 1992). An optimal allocation process must begin with the recognition of the
interdependence and legitimate claims of all water users, including the environment.
Clear entitlements, in terms of ownership, volume, reliability, transferability, and quality
also depend on a sound knowledge of water resources and use patterns (Geyer-Allely,
1998). Water right systems allocating limited resources to numerous users are becoming
increasingly important as population and economic growth result in demands exceeding

supplies (Wurbs, 2000).

However, river basins are inherently complex systems with many interdependent
components (McKinney, et. al., 1999). Streamflow and other hydrologic varables are
characterized by great variability and randomness. Water availability and reliability
depend on institutional considerations, as well as on interactions between multple types
of use and numerous water users with complex systems of reservoir or other facilities
and river basin hydrology. Numerous water users share the same resources and affect
one other. Moreover, water management decisions necessarily require qualitative
judgement in determining acceptable levels of relability for various situations. Since
beneficial use of water is based on ensuring a high level of reliability, particularly for
municipal supplies, trade-offs occur between the amount of water to commit for
beneficial use and the level of reliability that can be achieved (Wurbs, 2001). In general,
however, the present understanding of the human impact on hydrologic cycles and the

water needs of the environment has serious gaps (Geyer-Allely, 1998).

In view of the above mentioned scenario, efficient comprehensive analytical tools such as
water availability models are needed to make the rational water allocation decisions
necessary to achieve sustainable water use strategies for many basins (McKinney, et. al.,
1999). One water availability model, which could be used to simulate surface water

management and possibly identify better management strategies, is the Water Rights

7



Analysis Package (WRAP). WRAP is a generalized model for simulating river basin
management within the framework of a priority-based water allocation system. The
model is designed to facilitate the assessment of hydrologic and institutional water
availability and reliability for existing and proposed water rights. It could be used to
evaluate water supply capabilities associated with alternative water resources development
and management plans, water use scenarios, demand management strategies, regulatory

requirements, and reservoir system operating procedures (Wurbs, 2000).

1.4 Objectives

The main goal of the study is to apply the Water Rights Analysis Package to the Oroua
River Basin to assess its hydrologic and institutional water availability and reliability.

Specifically, the study aimed to achieve the following objectives:

1. To evaluate the utility of the WRAP model as a method of assessing hydrologic and

institutional water availability and reliability in the Oroua River Basin.

)

To document the naturalized and unallocated streamflows under existing water
rights, as well as the frequency, and volume and period reliabilities for supplying
those rights.

3. To present alternative demand management scenarios.

1.5 Outline of the Study

The study began with understanding the current water management and allocation
practice for the Oroua River Catchment. Global and New Zealand scenarios on water
supply vis-a-vis demand, water resources management and allocation, and water-related
issues are presented in Chapter 1. Literature relating to water resources management,
water availability modeling, and water allocation methods and criteria is reviewed in
Chapter 2. Chapter 3 discusses the methodology used in the study and provides the
rationale for the selection of WRAP, including an outline of WRAP simulation. Chapter
4 presents and discusses the results of the water availability modeling in accordance with
the set objectives. Conclusions derived from the study as well as recommendations and
areas of further research for the application of the water availability model in the Oroua
Catchment are documented in Chapter 5.



CHAPTER 2
REVIEW OF LITERATURE

2.1 Introduction

There has been substantial effort to address the water resource issues that revolve no
longer around water development and quantity but around water allocation and quality.
Significant changes have been made in an effort to address growing water scarcity,
improve water use and productivity, resolve conflicts among uses, and protect the

resources on technical, institutional, and economic grounds.

This chapter summarizes the literature on water resources management, focusing mainly
on water availability modeling and water allocation. It reviews the different approaches
for estimating naturalized streamflow at gauged and ungauged locations, GIS application
in streamflow estimation, water availability models, and numerical criteria to assess model
accuracy and performances. It also provides background information on the major water
allocation mechanisms, outlines the economic principles of scarce resource allocation in

the context of water resources, and enumerates some criteria for allocation.

2.2  Water Availability

Adequate assessment of the quantity and quality of available water is fundamental to the
successful management and to the rational and sustainable use of water resources
(Milorado and Marjanovic, 1998). Available water may be defined as the total amount of
water flowing into a water balance domain from precipitation, surface and subsurface
sources plus any change in storage, less the amount of water set aside for committed and
non-utilizable outflow. It represents the amount of water available to a service or use

(Molden, 1997; Molden and Sakthivadivel, 1999).

Equally important for effective water resources planning and management are
river/reservoir system reliability studies. However, water availability and reliability is
affected by institutional considerations such as water rights and interactions between
multiple types of use, numerous water users with complex systems of reservoirs and
other facilities, and river basin hydrology (Wurbs, 2001). Further, the quantity of water

that can be managed and controlled is not equivalent to quantity available for use, since



some water must always remain in water bodies to support aquatic life as well as

recreation, landscape, and cultural values.

Water availability could be evaluated from the perspectives of: 1) reliabilities in satisfying
existing and proposed water use requirements; 2) effects on the reliabilities of other water
rights in the basin; 3) instream flows; and 4) unallocated flows available for additional

water rights applicants (Wurbs, 2000).

2.3 Water Resources Management Balance versus Water Balance

A water balance remains one of the basic tools for the quanutative assessment of water
resources, their formation, and behavior in the region or watershed (Molnar, et. al.,
1988). A water balance approach is based on the conservation of mass, that is, the sum
of inflows must equal the sum of outflows plus any change in storage (Molden, 1997;

Molden and Sakthivadivel, 1999). The water balance equation may be expressed as,

Inflow = Outflow = A Storage (2-1)

The water balance of a catchment is a deterministic relationship between the water
balance components that are random variables in time and space, with usually unknown
probability distributions. The independent variable is rainfall, which is transformed in
the hydrologic system into the dependent output variables evaporation, streamflow, and

change 1n soil storage (Everson, 2001).

Milorado and Marjanovic (1998) made a distinction between water resources
management balance (WRMB) and a water balance or water budget. They pointed out
that a WRMB accounts for multiple use of a given volume of water in the calculation,
while a simple water balance does not. In doing so, it is possible to satisfy the demand
for water even when the natural water balance does not make it possible. This approach
causes planners and decision-makers to look at a much wider scope of alternatives to
meet demand. The process also reinforces the role of water quality in water resources

assessment.
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2.4 Water Resources Management Modeling at the River Basin Scale

The river basin has been acknowledged to be the appropriate unit of analysis for
integrated water resources management (McKinney, et. al., 1999). It is at this level that
hydrologic, agronomic, and economic relationships can be integrated into a
comprehensive modeling framework. Modeling at this scale can provide essential

information for policymakers in their decisions on allocation of resources.

The niver basin system is made up of three components: 1) source components such as
surface water and aquifers; 2) demand components off-stream like irrigation, industries,
and municipals, plus demand components in-stream such as hydropower, recreation, and
environment; and 3) intermediate components like treatment and recycling facilities. It is
characterized not only by natural and physical processes but also by physical projects and
management policies. The essential relations between components and the interrelations
among them in the river basin can be considered in an integrated modeling framework

(McKinney, et. al., 1999).

McKinney and co-authors (1999) cited simulation and optimization as the two principal
approaches to river basin modeling. In the simulation approach, models mimic water
resources behavior based on set rules (hypothetical or actual) governing water allocations
and infrastructure operations. Models for the optimization approach optimize allocation
based on an objective function and accompanying constraints. Model classification

under each approach is shown in Figure 2-1.

A distinguishing advantage of simulation models, as opposed to optimization models, is
their ability to assess performances over a period of reliable forecasts for flows and
demands. Consequently, simulation is the preferred technique to assess water resources
system responses to extreme nonequilibrium conditions like drought. Thus, it is also the
favored method to identify the system components most prone to failure, or to evaluate
system performance relative to a set of criteria over a long period such as climate change

and changing priority demands like accelerated municipal growth.
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River basin modeling

I Optimization

Flow quality | | Water rights | |Comprehensive Hydrology-inferred Economic

Figure 2-1. Approaches to River Basin Modeling

Optimization models have a simulation component, though often rudimentary, to
characterize the hydrologic regime and constituent mass balances. Thus, they are usually
referred to as integrated simulation and optimization models. Their main advantage over
simulation models is their ability to incorporate social value systems in the allocaton of
water resources. In the hydrology-inferred approach, the objective functions for intra-
sectoral allocation are derived from hydrologic specifications.  The economic
opumization model uses an objective function based on economic criteria of optimal
water allocation. Other criteria used include equity or environmental quality. Though a
wide range of optimization models has been developed, most of them focused on only

one or few water users.

Combined hydrologic and economic models are best equipped to assess water
management and policy issues at the river basin level (Young, 1995 as cited by

McKinney, et. al., 1999).

2.5 Hydrologic Modeling

Hydrologic modeling can be viewed as a means to get useful information about a
watershed. Hydrologic models are developed to predict certain elements in the
management and utilization of water resources (McCuen and Snyder, 1986). Streamflow
has been the primary element of interest (McCuen and Snyder, 1986; Milorado and
Marjanovic, 1998).
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Hydrologic models are best defined rigorously in relation to the concept of a system.
McCuen and Snyder (1986) used the following definition of Dinkin (1970):

System: A system may be considered to be an ordered assembly of interconnected
elements that transform, in a given time reference, certain measurable inputs into
measurable outputs. Inputs and outputs are usually represented as functions of time.

These functions may be continuous or discrete.

Models: Models are simplified systems that are used to represent real-life systems
and may be substitutes of the real systems for certain purposes. The models express

formalized concepts of the real systems.

In general, there are two purposes for hydrologic models: 1) to illustrate a complex
system 1in a simplified and readily comprehended manner, as well as test the hypotheses
about processes and systems; and 2) to predict the behavior of the system (Black, 1996;

Watts, 1997).

2.5.1 Types of Hydrologic Models

Hydrologic models have been classified or categorized based on a number of ways such
as modeling approach, structure, complexity of formulation, and spatial representation.
Consequently, one model would fall under more than one type depending on the

classification used. Below are some of the types of models cited in the literature.

Based on modeling approach. As cited by McCuen and Snyder (1986) from Decoursey
(1971), Snyder (1971), and Woolhiser (1971), three approaches to modeling are
conventonally recognized. They are the stochastic, deterministic, and parametric
approaches. The stochastic approach uses the simplest concepts of watershed processes
whose outputs are thought of as a time series of random events. The physical basis of
the stochastic elements is implicit, with some properties of the time series like mean
values and variabilities deriving their magnitude from the watershed in which the
stochastic generating processes are at work. The essence of the stochastic process is the
nonpredictability of exact magnitudes of each element of the series. At the opposite end

of stochastic models are the deterministic models whose generating process contains no
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random components. In deterministic models, at a given value of initial and boundary
conditions, a set of inputs will always produce the same output values. Parametric
models are compromise models in that they contain both stochastic and deterministic
component processes. They start from the conceptualization of processes on the real
watershed, and, through rigorous numerical techniques applied to observed inputs and
outputs, attempts separation of the deterministic components. The deterministic
components derived are associated with the predominant physical characteristics of the

watershed.

Statistical hydrologic models evolved from the above three approaches to watershed
modeling. They include any model built or modified to obtain optimum values of any of

its elements through rigorous statistical procedures (McCuen and Snyder, 1986).

Based on model structure. In all aspects of hydrologic investigation, the three
classically identified types of model structure include black-box models, conceptual
models, and deterministic models (Anderson and Burt,1985). The black-box models
contain no physically-based transfer function to relate input to output. Instead, they
depend upon establishing a statistical correspondence between input and output. These
models include a number of successful approaches like the unit hydrograph, extreme
frequency analysis, regression analyses, and real time forecasting models. Such models
may be highly successful with the range of data analyzed because the formal
mathematical structure carries with it an implicit understanding of the underlying physical
system. However, extrapolation beyond actual experience loses this physical “anchor”,
and the prediction then relies on mathematical technique alone. The inherent linearity of
many black-box models casts doubt on the worth of extrapolation. On the other end,
deterministic models are based on complex physical theory making them data extensive,
time consuming, and costly to develop and operate. By offering a totally physically-based
approach, they also offer the ability to predict the complete runoff regime and effect of
catchment changes. An important aspect in the development of such models is their

value in helping improve the present understanding of hydrologic systems.

Between the deterministic and black-box analyses are the conceptual models. Conceptual

models are formulated on the basis of simple arrangement of a relatively small number of
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components, each of which is a simplified representation of one process element in the

system being modeled.

Based on complexity of formulation. Based on their formulation, Watts (1997) cited
the above models, in order of complexity, as empirical, conceptual, and physically-based

models.

Empirical models are defined as concerned only with describing how the world behaves,
with little attempt to explain the underlying physical principles. They are often
developed intuitively, usually from an investigation of simple data sets. THACRES (cited
from Littlewood and Jakeman, 1994) is an empirical rainfall-runoff model that relates
river flow to rainfall using the concept of the unit hydrograph. Physically-based models
determine system behaviour based on physical process and measurable characteristics.
The System Hydrologique Europeen (SHE) model developed over a 20-year period by
cooperation between research institutions in France, Denmark, and the UK is considered
one of the most complicated physically-based distributed models and also one of the
most complete representations of the physical hydrologic cycle developed (cited from
Abbott, 1986). Conceptual models are differentiated from physically-based models
because their conceptualization is based on perceived system behavior rather than on
physical processes. Some of the known conceptual hydrologic models include
HYDrological Rainfall Runoff Model (HYDROM) produced by the UK Institute of
Hydrology (cited from Blackie and Eeles, 1985) and the original Stanford Watershed
Model (cited from Crawford and Linsley, 1965).

Based on spatial representation. Spatial scale of hydrologic models can vary within a
wide range (Watts, 1997). Based on representing the spatial component of a hydrologic
problem, models are classified as homogeneous or lumped, semi-distributed or semi-

lumped, and heterogeneous or spatially-distributed.

Lumped models represent the whole hydrologic system as one homogeneous unit or
“lump”. They give no information about the spatial distribution of input or output
variables but instead provide information about the average state of the system. They are
robust tools providing a relatively straightforward means of modeling a response of large

areas, especially if the output of a time series of values for the whole system is required.
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Many conceptual catchment models are of this type, wherein the output is usually a time
series of river flows at the downstream end of the catchment. One of the major
difficulties with a lumped model is that only the main output can be verified. Without
means to check the values of other time-variant components of the system, it is quite
possible that the results are correct but that the mechanisms creating them are unrealistic.
On the other hand, heterogeneous or spatally-distributed model formulations represent
values of time-dependent variables at grid locations throughout a hydrologic system.
They can be applied to any spatial scale from experimental plots to entire catchments
where understanding the spatial influence of a change in time variant characteristics to
the system is sought. Their common application is on investigating the impact of
groundwater development (e.g., increased abstractions) or assessment of land use change
in the catchment. Distributed models tend to be physically-based, implying that all
parameters required to describe the system behavior have to be provided. They are

usually time-consuming to set up and run, and require considerable computer resources.

As the names imply, semi-distributed or semi-lumped models lie between the lumped and
distributed models. A typical catchment semi-distributed model represents the
catchment by a series of lumped models predicting an average behavior over a number of
small homogeneous units which are then aggregated and/or routed for a few predefined
locations. Being basically lumped models, the semi-distributed models suffer from the
main disadvantages of the former. They stll represent the catchment by averages,
though the spatial area represented 1s smaller, and offer little explanation of the actual
processes. They require more calibration work than lumped models, but are far less data
extensive than distributed models. One example of this model is the Great Ouse

Resource Model (GORM) used in eastern England.

2.5.2 Time Scales in Hydrologic Modeling

Hydrologic models are rarely capable of producing output for a range of time scales
within the simulation period. Most of them generate results that are distributed in time
and are sometimes referred to as “temporally distributed model”. They calculate the
state of the system at pre-defined intervals called the time step. The choice of time steps
may vary within each hydrologic simulation, depending on the rate of change in the
system that needs to be represented adequately (Watts, 1997).
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2.5.3 GIS Application in Hydrologic Modeling

A Geographic Information System (GIS) offers new opportunities for hydrologic
modeling. It provides a framework for storing and manipulating large amounts of
detailed spatial information derived from remote sensing, ground surveys, or
interpolation of point measurements. As cited by Schumann and co-workers (2000),

some GIS applications in hydrologic modeling includes:

® The use of GIS to improve the estimation of parameters in existing conceptual
models such as in determining the composite runoff curve number for a drainage
basin with the widely used SCS model (Pilgrim and Cordery, 1992) from its land use
data and digitized soil maps.

e Estumation of lumped catchment characteristics considering spatial heterogeneity of a
catchment for parameterization of a lumped model.

® The use of distributed catchment characteristics as covariant mean to distribute a
lumped state variable, as in the use of topographic index in the well-known TOP-
model as a characteristic of the spatial variability of the soil water content (Beven, et.
al., 1984)

® Subdivision of the catchment into so-called “hydrologic response units” (HRUs),
which are similar with regard to selected characteristics and which are modeled
separately, as in the precipitation-runoff modeling system (PRMS) of Leavesley and
co-workers (1983).

e Subdivision of the catchment into equally-spaced square grid elements and
representation of the hydrologic processes in these units by a parameter set in which
the physical characteristics of the units are considered. An example is the SHE

models (Abbott, et. al., 1986).

GIS has been employed in spatial water balance studies (Reed, et. al,, 1997) and in
conceptual rainfall-runoff models (TNRCC, 1997; Schumann, et. al., 2000). It has also
been used to distribute streamflows from a gauged watershed to an ungauged
subwatershed. In its evaluation of the different methodologies for calculating naturalized
streamflows, the TNRCC (1997) recommended the traditional method combined with

new tools to distribute flows using GIS-based unit-area runoff data.
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2.6 Water Availability Modeling

Water availability modeling is an essential tool for effective water resources planning and
management. It can be employed to determine the amount of unallocated water, prior to
issuing a new water rights permit, to protect instream flows and flows to bays and

estuaries (INRCC, 1997; Wurbs, 2001).

Aside from river basin hydrology, water availability is affected by physical projects and
management policies (McKinney, et. al, 1999). It is affected by institutional
considerations and interactions between multiple types of use and numerous water users
(Wurbs, 2001). To realistucally simulate water allocation to different uses, the prevailing
system of water rights in a basin must often be accounted for (McKinney, et. al., 1999).
Some models that have been formulated especially to handle priority allocation based on
water rights are the Texas A&M University’s Water Rights Analysis Package (WRAP) and
the Colorado River Instututional Model (CRIM).

CRIM is used to simulate and optimize water allocations under a variety of market and
non-market arrangements and accounts for basin-wide priorities (Booker, 1995, as cited
by McKinney et. al., 1999). It uses an interactive gaming simulation of the drought,
where riparian states and the federal government are players. Games are played with
rules based on existing compact agreements, a hypothetical interstate basin commission,

and water markets.

WRAP simulates the management of the water resources of a river basin or multiple-
basin region under a priority-based water allocation. Its typical simulation study involves
assessing capabilities for meeting specified water management and use requirement
during a hypothetical repetition of historical hydrology (Wurbs, 2000; 2001). Its
conventional overall water availability modeling process for a river basin consists of two
phases, namely: 1) developing sequences of monthly naturalized streamflows covering
the hydrologic period-of-analysis at all pertinent locations; and 2) simulating the
rights /reservoir/river system, given the input sequences of naturalized flows, to
determine regulated and unallocated flows, storage, reliability indices, flow-frequency
relationships and related information regarding water supply capabilities.
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2.7 Watershed Characteristics Influencing Streamflow

The tremendous amount of work reported in the literature on the subject of watershed
modeling provides insight into the relevance of various watershed characteristics in
estimating streamflows (Wurbs and Sisson, 1999). The primary watershed characteristics

governing streamflow may be outlined as follows:

a. Precipitation characteristics

b. Watershed area

c. Watershed characteristics affecting hydrologic abstractions and runoff volumes, such
as land cover (land use and vegetation), soils, and antecedent moisture conditions

d. Topographic characteristics primarily affecting runoff response time, such as
watershed shape and slope, stream tributary configuration, and stream channel slope

e. Watershed characteristics affecting subsurface base flow, such as soils, vegetation,
soil moisture, channel bed materials, stream channel length, geology, and

groundwater table

Watershed characteristics stated in items (c) and (e) govern the hydrologic processes that
partition precipitation into streamflow and hydrologic losses such as surface storage,

infiltration, soil moisture, and evapotranspiration.

2.8 Naturalized Flow

Naturalized streamflows represent flows in a river basin that would have historically
occurred without the effect of human water development and use (ITNRCC,1997;
TNRCC, 1998; Wurbs, 2001). In a water permitting and regulatory context, they
represent baseline conditions for the accounting procedures to determine unappropriated
or unallocated flows, that is, flows at specific points which remain uncommitted after all
existing water rights are satisfied both upstream or downstream of a location. In a
planning context, they allow estimation of allocatable flow for temporary use, or after
transfer of existing water rights, or upon the expectation that only some part of the
permitted water will ever be demanded by existing water right holders. In other words,

naturalized flows permit determination of the water available in the stream whether water
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were allocated to or used by certain users or not, thus enabling one to evaluate the effects

of granting/changing/withdrawing water rights (TNRCC, 1997).

The relationship between naturalized flow, unappropriated or unallocated flow, and

available expected flow concepts is:

NF =GF+D,-RF, +S§, +E, (2-2)
UF=NF-D,-S§,-E, -1 (2-3)
AF =NF-D,-S-E-I1+RF, (2-4)

where,

NF = naturalized flow UF = unappropriated flow

AF = available flow RF = return flows

D = diversions § = storage change in a reservoir

E = evaporation I = instream flows and bay and estuary

GF = gauged flows freshwater inflow reservations

The subscript 4 refers to the use of historical data, the subscript ¢ refers to the use of

forecasted or expected data, and / refers to theoretical diversions or authorized amounts.

Developing naturalized flows typically represents a major portion of the effort required

for a water availability modeling study. It consists of three phases, as follows:

a. developing sequences of naturalized flows at stream gauging stations

b. extending record lengths and filling in gaps to develop complete sequences at all
selected gauges covering the specified period-of-analysis

c. distributing naturalized flows from gauged to ungauged locations
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2.8.1 Naturalized Streamflow Methodologies

The TNRCC (1997) reviewed and evaluated the different methodologies for calculating
naturalized streamflows. The methodologies include the traditional approach, use of
watershed runoff models, and a statistical method. They recommended the use of the
traditional methodology for calculating naturalized streamflow, primarily because of its
acceptability to stakeholders and its standardization. The three methods and the result of

the evaluation are summarized below.

2.8.1.1 Traditional Method

In the traditonal method, naruralized flows at gauging stations are determined by
arithmetically adjusting gauged flows to remove the effects of human water use, which
include diversions, return flows, and reservoir adjustments. This approach uses the
general equation (equation 2.1) to calculate naturalized flows. The process of estimating
naturalized flow consists of two major phases: 1) adjusting recorded streamflows and
filling in missing records at existing locations for a pre-determined period-of-analysis of
usually 40 years or more; and 2) distributing the naturalized streamflows estimated at

gauging stations to ungauged sites. The step-by-step procedure is outlined below.

Step 1:  Acquire raw data and complete missing value

The procedure begins with determining what gauged river flow information exists in the
desired basin, at what locations, and what period-of-record (POR) is represented.
Ideally, the desired POR should encompass enough of the historical record to be able to
hydrologically depict the basin through what is believed to be the worst drought on
record. All gauged flow data sets must be extrapolated to represent the entire POR at
each of these selected gauges. Additionally, historical data on diversions, return flows,

and evaporation rates of reservoirs must be acquired or estimated.

Step 2: Associate Each Water Right to a Gauge
The next step requires delineation of the drainage areas of all of the selected gauged
locations. A base map is then produced with these delineated "major watersheds" for use

in determining which critical points (water rights, outfalls, and reservoirs) are associated
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with which gauge. Each “major watershed” is subdivided into “subwatersheds” — one for
each critical point. “Watersheds” refer to those areas associated with a gauge station, and
“subwatersheds” are subunits of a watershed representing the drainage area of individual
water rights. Then, each critical point is placed on the base map and its drainage area is
delineated.  These “subwatersheds” are numbered with respect to their relative

downstream order within their “major watershed”.

Step 3: Gauge Adjustments
The third step involves arithmetic adjustment of the gauged flows to remove the effects
of human influence such as diversions, return flows, and reservoir adjustments. This

produces a data set of naturalized streamflow.

Step 4: Distribution of Naturalized Streamflows from Gauged to Ungauged Watersheds
Finally, if desired, naturalized streamflows at each watershed, or control point, are then

distributed to the subwatersheds within the watershed.

Since the traditonal method uses observed data, the issues of adequacy, accuracy or
reliability, and relevance of reported data confront it. Missing, inadequate, inaccurate, or
simply unavailable data on streamflow, actual diversion, and reservoir adjustment
computations are common problems. Estimation of return flows has been limited to the

historical reported discharges of entities with water quality discharge permits.

2.8.1.2 Rainfall-Runoff Models

Rainfall-runoff models simulate hydrologic processes by converting precipitation to
streamflow. Watershed runoff models may be used to simulate naturalized flows for
situations wherein gauged streamflow, water use, and other data are lacking and when
current and future watershed conditions are significantly different from historical

conditions implicit to gauged flows (TNRCC, 1997).
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The conventional approach for applying a model involves the following tasks (Wurbs
and Sisson, 1999):

1. Sequences of recorded daily precipitation depths at all relevant precipitation gauging
stations are provided as model input;

2. The river basin is divided into sub-basins to obtain flow at all pertinent locations.
Inital values for the parameters are estimated for all sub-basins and stream routing
reaches;

3. A calibration study is performed in which parameters are iteratively adjusted until the
computed flows reasonably match the observed flows at stream gauging stations; and

4. The calibrated model is executed with given precipitation input to obtain sequences
of daily flow at all pertinent locatons. The daily flows are aggregated to obtain

monthly flows.

2.8.1.3 Statistical Method

As cited by TNRCC (1997), the United States Geological Survey (USGS) has proposed a
statistical methodology for determining naturalized flows. The procedure involves using

&

streamflow gauges that are “unregulated”or “unurbanized”, that is, those gauges for
watersheds where 10% or less of the drainage area is characterized by reservoir storage or
urbanization. A statistical approach would be used to develop naturalized flows for
control points in regulated watersheds by relating the characteristics of unregulated
watersheds to the characteristics of regulated watersheds. This procedure eliminates the
need to evaluate the effects of reservoirs within regulated watersheds. However, either

assumptions or an additional data collection is still required to “fill in” missing gauge

data, water use data, and return flows.

The three relatively independent statistical procedures for estimating naturalized monthly
flow volumes for sites as outlined by the TNRCC (1997) are presented below. The USGS
has recommended that Procedure 1 or 2 (or both) be used to provide estimates of
naturalized monthly flows for specific sites. Procedure 1 estimates a data set of
naturalized long-term monthly flow volumes for any site. Procedure 2 provides estimates

of the distribution of naturalized monthly flow volumes. Streamflow measurements for a
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site, as described in Procedure 3, could provide a third value for naturalized monthly flow

volumes, and could be used to verify the values produced from Procedures 1, 2, or both.

Procedure 1

Naturalized monthly flow for long-term (those in unregulated watersheds with at least 40
years record) and short-term stations (those in unregulated watersheds with between 5
and 40 years record) is determined by adding monthly diversions and subtracting return
volumes from the corresponding streamflow gauge data. A matrix presenting the
statistical ratio of the naturalized monthly streamflow volumes for the common period of
record is determined between each long-term station and each short-term station.
Specific basin characteristics such as contributing drainage area, major channel length,
major channel slope (from the headwaters to the gauge location), and a basin shape
factor (the ratio of the major channel length to the mean basin width) are aggregated for
each long-term and short-term station. The long-term station with the most pertinent
data to each short-term station is identified based on the statistical ratio, relative
locations, and basin characteristics. A long-term database of flows for each short-term
station 1s calculated based on the statistical ratio and the database for the long-term
stations. The basin characteristics and flow database for each gauging station in the basin
are stored in the computer to be retrieved whenever naturalized monthly flow volume for
a specific site is desired. This i1s done using a GIS program, which produces an equation
to estimate the long-term monthly flows for the site of concern based on the basin
characteristics of the site relative to the basin characteristics and long-term monthly flows
of the pertinent station. In cases where two or more stations are deemed to have basin
characteristics similarly relevant to those of the site, an equation would be developed for
each station and site flows estimated from each staton. The finalized site flows will be

based on the average of the two estimated flows.

Procedure 2

The USGS suggests that a regionalized database of monthly flow distributions, rather
than a database of actual flow volumes, would provide more reliable flow estimates. The

flow distributions based on gauged flows and basin characteristics would probably

provide better estimates of drought flows for sites than would be provided by Procedure
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1. Procedure 2 begins with determining naturalized monthly flow for all stations with at
least five years of data by adding monthly diversions and subtracting return volumes
from the corresponding streamflow gauge data. Stations are aggregated by hydrologic
region, whose equation for estimating naturalized mean monthly flow based on basin
characteristic is determined through mult-regression analysis of the naturalized
streamflow of each station. The dependent variables in the equations will represent the
mean-monthly naturalized flows for each station (e.g., mean flow for January, February,
etc.), while the independent variables will represent the basin characteristics for each
station. The monthly flow distribution for each station in each region is determined
based on their monthly flow volumes. The distribution type that best fits the distribution
for specific months and specific basin sizes for the stations is determined. To estimate
the mean-monthly flow volumes (e.g., mean flow for January, February, etc.) for a site,
GIS-determined basin characteristics of the site along with the basin characteristic-based
equation are used. The monthly flow distribution 1s estimated based on the
characteristics for the site and the distribution type previously determined. The mean-
computed monthly flows and monthly flow distributions could be used to estimate the
monthly flow for any recurrence period. This procedure produces the ability to estimate

naturalized monthly flow volumes for specific recurrence periods at any site.

Procedure 3

To estimate naturalized monthly flows for a site, the streamflow discharge at this site is
measured, then mathematically adjusted for upstream withdrawals and releases to
represent that measurement as naturalized flow. The same time streamflow discharge for
a nearby (or several nearby) existing streamflow-gauging station is also naturalized. A
ratio of naturalized monthly flow for a site and a nearby gauging station is applied to the
naturalized monthly flows for the station in order to estimate naturalized flows for the

site.

If several stations are used in the site evaluation, the site's naturalized monthly flows are
estimated from each station, and then the average is taken to produce one value. To
improve the reliability of this procedure, it is recommended that more than one discharge
measurement during different flow conditions be made at each site. If more than one

discharge measurement is made for a site, the above process is calculated for each site
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measurement, and the average of the resulting flow values is taken. This procedure is
used in conjunction with Procedure 1 or Procedure 2 above, in order to produce

independent values for naturalized flows at sites remote from gauging stations.

The result of the evaluation of the methodologies mentioned to calculate naturalized

streamflow is shown in Table 2-1.

Table 2-1. Evaluation of naturalized streamflow methodologies'

Criteria Methodology
Traditional Rainfall-Runoff USGS
Complexity Complex Somewhat complex Complex
Resource requirements  High Moderate Moderate

Scope and availability
of data

Extensive data
required and much

Relatively moderate
amounts of data

Relatively moderate
amounts of data

may be missing required required
Standardized Very New New
Accuracy Unknown Unknown Unknown
Precision Unknown Unknown Unknown
Theoretical correctness  Acceptable Moderately acceptable ~ Moderately acceptable

Acceptability to
stakeholders

Very acceptable Only slightly acceptable  Only slightly acceptable

I Source: TNRCC (1997)

2.8.2 Distributing Naturalized Flows from Gauged to Ungauged Locations

Sequences of naturalized flows covering several decades of hydrologic record could be
determined at the location of stream gauging stations if upstream abstractions are known
or can be approximated. From the perspective of water availability modeling,
corresponding sequences of flow at all ungauged sites of actual or proposed water rights
must be estimated. Hence, there is a need to develop flow, or specifically, distribute
flows at gauging stations to pertinent ungauged locations of actual and proposed

diversion or discharge rights.
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Collective experience in watershed modeling indicates that watershed characteristics
affecting runoff volumes such as antecedent moisture conditions, land cover, and soils
are very relevant to the problem of estimating monthly flow sequences for ungauged
locations. Topographic characteristics primarily affecting runoff response time such as
watershed shape, stream tributary configuration, and watershed and channel slopes, are

much less relevant (Wurbs and Sisson, 1999).

2.8.2.1 Methods for Distributing Flows from Gauged to Ungauged Sites

The methods for distributing flows from gauged to ungauged sites range from very
simple to the complex and laborious. Wurbs and Sisson (1999) reviewed the general
approaches for estimating naturalized flows at ungauged sites. The general approaches
include: a) distribution of flows in proportion to drainage area; b) flow distribution
equation with ratios for various watershed parameters; c¢) adaptation of the NRCS curve
number method; d) use of stream gauge records to develop regression equations relating
flows to watershed characteristics; €) use of recorded data at gauging stations to develop
precipitation-runoff relatonships; and f) watershed (precipitation-runoff) computer
models. Based on these approaches, four alternative methods were presented and
evaluated. They recommended the use of either drainage area ratio or NRCS curve
number adaptation method for most routine applications in water availability modeling.

The general and alternative approaches are summarized below.

a. Distribution of Flows in Proportion to Drainage Area

Application of drainage area ratios is the simplest and most widely-used method for
distributing flows from gauged to ungauged sites. In this method, the streamflow per
unit area of watershed 1s assumed constant, and the naturalized flow at the ungauged site
is calculated as the naturalized flow at the gauged site multiplied by the ratio of ungauged

to gauged areas, mathematically expressed as:

(2-5)

Q”J=Q”'[—
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Alternately, flows could be estimated as a non-linear function of drainage area ratio as

N
A:m uge
Qungaugvd = anu;.{ed [2&] (2L6)

gauged

with exponent N being determined from empirical analyses of gauged flows at many

different gauging stations.

b. Flow Distribution Equation with Watershed Parameter Rations

As cited by Wurbs and Sisson (1999), Murthy and co-authors (1975) described the early
water availability modeling concepts developed by Texas Water Rights Commussion and

presented equation 2-7 for distributing storm runoff to the subwatersheds between

gauging stations:

¢l 11 c3 cd
SWRF, =SRF,| S | | J8.| | n_| | 1, 2-7)
\a4 | |pp, | |cN, ) | RDC,

where:

SWRF,and SRF, = runoff from watershed 7 and /, respectively

aand A = the drainage areas of subwatershed /and watershed ;

dd;and DD, = drainage densities defined as the total length of main stream and
tributaries per unit drainage area

en;and CN, = hydrologic characteristic numbers determined based on soil
characteristics and land use in the watershed

rde;and RDC, = rainfall distribution coefficients for ungauged subwatershed 7 and
gauged watershed /, computed from monthly rainfall records and

their probability distributions
As cited by Wurbs and Sisson (1999), there was no explanation on how the exponents ¢/,

¢2, ¢3, and of are determined. They presumed that estimates could be developed based on

analyses of flows at multiple gauging stations. If ¢2, ¢3, and ¢ are zero, equation 2-7
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reduces to equation 2-6. With the drainage density and rainfall distribution coefficient

ratios set equal to one, equation 2-7 reduces to equation 2-8.

cl c3
SWRF, = SRF{iJ [ﬂ-J 2-8)
A

J

Comparison of the above equation with the NRCS curve number method showed that
the former provides a linear relationship between the flows at the gauged and ungauged

sites while the latter provides a non-linear relationship between flows at different sites.
c. NRCS Curve Number Method Adaptation

The Natural Resource Conservation Service (NRCS) curve number (CN) method is
based on the following relationship between rainfall depth (P in inches) and runoff depth
(@ 1n inches).

—028 Y
Q= [wj where S = [1—00—9] -10 (2-9)
P+08S CN

0=0if P<02S

To obtain volumes, P and © (in inches) must be multplied by the watershed area. The
potential maximum retention, S in inches, represents an upper limit on the amount of
water that can be abstracted by the watershed through surface storage, infiltration, and
other hydrologic abstractions. For convenience, S is expressed in terms of a curve
number CN, a dimensionless watershed parameter ranging from 0 to 100. A CN of 100
represents a limiting condition of a perfectly impervious watershed with zero retention
and thus all the rainfall becoming runoff. A CN of zero conceptually represents the other
extreme with the watershed abstracting all rainfall with no runoff regardless of the rainfall
amount. The NRCS has developed tables of CNN values as a function of the watershed
soil type, land cover/use/condition, and an antecedent moisture condition. For a
watershed with subareas of different soil types and land cover, a composite CN is
determined by weighting the CN's for the different subareas in proportion to land area

associated with each.
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Composite CN = CN, (% area 1) + CN, (% area 2) + ...+ CNy(% area N) (2-10)

The procedure for distributing monthly naturalized flows at one or more gauging stations

to an ungauged site as outlined below is an adaptation of the CN relationship. The

required data consists of monthly naturalized flows at the gauging station and drainage

areas 41 and watershed curve numbers CN for both the gauge location and the ungauged

site.

Optionally, the long-term mean precipitaion M may be input for both the

watershed and subwatershed for the precipitation adjustment outlined in step 3. The

following computations are performed for each month.

Step 1:

Step 2:

Step 3:

Step 4:

O,ees 18 Input to the curve number equation (2-9) to obtain P,

The flow at the gauge, in acre-feet per month, is divided by the drainage area
Apes and multiplied by a unit conversion factor to convert to an equivalent

depth Q,,,.,,in inches.

i,

« 10 inches. An
iterative method is required to solve equation 2-9 for P. This approximation for
precipitation depth is assumed to be applicable to the ungauged subwatershed
as well as the gauged watershed. Base flow is being distributed along with storm
runoff, all in the same proporton.

If the long-term mean precipitation varies between the watershed and
subwatershed, the precipitation depth may optionally be adjusted by multiplying

IJ

wned DY the ratio of the long-term mean precipitation depth of the

subwatershed to that of the watershed to obtain a P, ., adjusted in proportion

to mean precipitation.

Mo
adf:“j ted megauged s 'ngayged [ M ] (2" 1 1 )

L —

where M — and M

i s are the mean precipitation for the ungauged

subwatershed and gauged watershed. Otherwise, P, is assumed equal to

unpanped
P&-‘W
P, 15 input into equation 2-4 to obtain O, in inches, which is then

multiplied by A,,,,., and a unit conversion factor to flow in acre-feet per

month,
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d. Regression of Flows at Gauges with Watershed Parameters

As cited by Wurbs and Sisson (1999), the TNRCC (1997) presented a set of three
alternative methodologies proposed by USGS for developing naturalized monthly flows
at ungauged sites. The first alternative USGS procedure outlined by the TNRCC would
be based on a regression study to develop a set of equations to relate flows at ungauged
locations to those at selected gauges based on watershed characteristics. The second
alternative procedure would be based on relating flow duration-curves at ungauged sites
to the flow-duration curves at selected gauges based on watershed characteristics. The
third procedure is based on incorporating short-term flow measurements at the
otherwise ungauged sites into the analyses. These three procedures are discussed in detail

in section 2.8.1.3.

e. Rainfall-Runoff Relationships

There has been a practice of developing relations between precipitation and runoff using
recorded data from precipitation and streamflow gauges for a monthly, seasonal, or
annual time intervals. Annual data usually exhibit less scatter than monthly data. Runoff
volume expressed as an equivalent depth covering the watershed area represents the
measured flow volumes for the selected time interval at a streamflow gauge.
Precipitation 1s typically determined by spatially averaging the records of several
precipitation gauges in the watershed above the streamflow gauge. Gauged precipitation
depths, in inches or millimeters, are related to runoff volume as a depth equivalent in
inches or millimeters. Standard regression techniques may be used to express the
relationship as an equation. The precipitation-runoff relationship for gauged watersheds
is assumed to be applicable to other ungauged watersheds. Precipitation estimates for a
subwatershed with no stream gauge are combined with the precipitation-runoff
relationship to obtain the runoff depth, which is then combined with the subwatershed

drainage area to obtain the volume in acre-feet or other units for the ungauged site.

The general procedure for determining runoff from ungauged subwatersheds of a larger

gauged watershed based on spatial variations in precipitation is as follows:
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® A curve of annual rainfall depth, in millimeter, versus runoff volume as a depth
equivalent, in millimeter, is developed using recorded streamflow and rainfall
measurements for numerous watersheds throughout the state.

® Recorded precipitation at appropriate gauges is spatially averaged to estimate the
precipitation for a subwatershed. This precipitation depth i1s combined with the
precipitation-runoff relationship to estimate runoff for ungauged areas.

® Flow accumulation computations proceed from upstream to downstream. The
runoff volume as an equivalent depth in millimeter from each additional incremental
drainage area is determined as noted above. The cumulative volume in m’ is
determined by converting the runoff depths of upstream subareas to m’ and
summing.

e At the stream gauging station at the outlet of the overall watershed, the runoff
volume estimated using the generalized annual precipitation-runoff curve is
compared to the runoff measured at the gauge. The difference between gauged and
estimated is treated as a correction to be distributed back throughout the subareas of

the watershed.

The use of precipitation-runoff relationships to distribute flows from gauged to
ungauged locations allows the flows to vary between locations in response to spatial
variations in precipitation as estimated by recorded measurements at muldple
precipitation gauges. However, this procedure by itself does not reflect differences in

subwatershed characteristics other than drainage area and precipitation.

f. Computer Models of Watershed Hydrology

Watershed models simulate the hydrologic processes by which precipitation is converted
to streamflow. The watershed is the system being modeled, precipitation is the input,
and hydrologic processes and runoff are the computed output. Computer models of
watershed hydrology incorporate an array of water balance accounting routines or
techniques to simulate various hydrologic processes such as surface storage, surface
runoff, infiltration, soil moisture, evapotranspiration, groundwater storage/flow, and
streamflow. A river basin is divided into sub-basins and flows computed at all pertinent
locations. Watershed models can be categorized as single-event or continuous. Single-

event models are designed to simulate individual storm events and have no capabilities
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for soil infiltration capacity and other watershed abstraction capacities to be replenished
during extended dry periods. Continuous models simulate long periods of time, which
include multiple precipitation events separated by significant dry periods. Most single-
event watershed models are designed for quantity-only applications and contain no
features for modeling water quality. Most continuous models provide capabilities for

analyzing water quality as well as quantty.

Computer models simulating river basin hydrology contribute to a greater understanding
of the hydrologic processes governing streamflows in the basin, and provide capabilities
for dealing with complexities such as subsurface and surface water interactions. Their
major disadvantage is that they require considerable expertise, ime, effort, and more
input data to be used effectively. Moreover, additional sophistcation reflected in a
watershed model may not necessarily result in significant improvements in the accuracy

of naturalized flow esumates (Wurbs and Sisson, 1999).

2.8.2.2 Comparative Evaluation of Alternative Approaches for Distributing

Flows

In their comparative evaluation of methodologies for transposing sequences of monthly
naturalized streamflow from gauged to ungauged subwatersheds, Wurbs and Sisson

(1999) focused on the following alternative approaches:

a. Distribution of flows to drainage area

b. Distribution of flows in proportion to drainage area, CN, and mean precipitation
c. Adaptation of the NRCS CN method (equations 2-9 and 2-11)

d. Application of the SWAT hydrologic simulation model

They investigated the effect of drainage area, mean precipitation, soil type and land cover,
and antecedent moisture condition in distributing naturalized streamflows from gauged

to ungauged watersheds using the above-mentioned approaches.

The first two approaches involve multiplying flows by ratios of watershed parameters
such as drainage area, mean precipitation, and curve numbers. To transpose naturalized

monthly streamflows from gauged to ungauged sites, both follow the relation
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Qungaugcd =C anuge-d (2-12)

but differ in estimating for the coefficient C. The former uses the drainage area ratios
(equations 2-13 and 2-14) while the latter expresses C as a function of mean precipitation

M, curve number CN, and other parameters, as well as drainage area .1 (equations 2-15

and 2-16).

N
C = Am:gaugcd (2~ 1 3)
gauged
C = Aunxangcd (2_ 1 4)
gauged
N1 N2 < N3 N4
C = Amr,;:uugcd M ungauged CN unganged thermmmgﬂ! (7 1 5)
A_&'ﬂugc’u‘ M gauged CN gauged orhergmr,urd
c, ™ Amu;uum:d ] M ungauged C'Munwm_wd O’herungun;:n.f (,.,__l 6)
A gauged M gauged (' N gauged O!her,\:ungrd

Results of their investigation showed that concurrent subwatershed versus watershed
flows in individual months are not closely correlated. Long-term means are significantly
more closely correlated than flows in specific months. The correlation is dependent on
the proportion of the watershed area that is contained within the subwatershed. Flows
are best correlated in situations where the ungauged subwatershed covers most of the

gauged watershed.

With all of the flow distribution methods, predicted flows vary greatly from the known
flows in individual months. All of the methods predicted long-term means and flow-
frequency relationships much more accurately than flows in individual months.
However, none of the flow distribution methods used reproduced the flow
characteristics with a high degree of accuracy. Means are estimated more accurately than

flow-frequency relationships and low flows.
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The drainage area was found to be the most important watershed parameter. In general,
the application of a simple drainage area ratio predicts long-term means and frequency-
flow relationships tolerably well. The alternative flow distribution methods performed at
about the same level of accuracy. In general, the incremental improvements in accuracy
resulting from incorporation of the curve number, mean precipitation, and other data or
parameters affecting evapotranspiration and subsurface flow and storage, were relatively
small. It was deemed that improvements over the drainage area ratio method are
dependent on the relative magnitude of the differences in land cover, soil type, and mean

precipitation.

They recommended the drainage area ratio and NRCS CN methods for distributing
flows from gauged to ungauged subwatersheds. The decision on which method to use is
based largely on judgement. The modified NRCS CN method allows differences in land
cover, soil types, and mean precipitation to be reflected in the flow distribution. If these
parameters are about the same within some reasonable range of estimation accuracy, the
NRCS CN method reduces to the drainage area ratio method. In such case, therefore,

the drainage area ratio method 1s adequate.

2.8.2.3 Uncertainties in Naturalized Flow Determination

The task of developing sequences of naturalized flows for an ungauged watershed
necessarily involves uncertainties and inaccuracies. Major areas of uncertainty affecting

the accuracy of flow estimates include the following (Wurbs and Sisson, 1999):

a. Precipitation, streamflow, and other hydrologic variables are highly stochastic and
vary greatly both temporally and spatially.

b. Rainfall intensities vary drastically over short distances. An intense storm may be
concentrated over a particular subwatershed while neighboring subwatersheds receive
little or no rainfall. Rain gauges are much too sparsely located to capture the spatial
variability of rainfall events with a high degree of accuracy.

c. Watersheds may be highly non-homogeneous with soil, vegetation, land use
topography, and other characteristics changing significantly over short distances.

d. Watershed characteristics are difficult to accurately measure.
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e. Changes over time in land use and other watershed characteristics are typically not
reflected in the process of naturalized gauged flows.

f. The hydrologic processes that transform rainfall to streamflow, such as infiltration,
surface storage/flow, subsurface storage/flow, and evapotranspiraton are complex.
Watershed modeling requires major simplifications and approximations.

g. Streamflow includes both baseflow and surface runoff. Accurately accounting for
the separate base flow component, from subsurface sources, and the surface runoff
from recent rainfall, is difficult.

h. Channel losses and other interactions between subsurface flows and streamflows are
complex.

1. Inaccuracies and uncertainties are inherent in all recorded data including gauged
streamflows, gauged rainfall, and data used to naturalize gauged streamflows such as

reservolr storage, evaporation rates, and water use.

2.9 Model Performance/Accuracy

A hydrologic model must be reliable and robust as these qualities influence all
applications based on the model’s output (Perrin, 2001). The conclusions of model
assessment generally depend on the objectives, methodology, type of model, test
catchments, optimization procedure and the criteria used to assess the performance. The
evaluation of the model must take into account its primary objective. In rainfall-runoff
modeling, model performance is evaluated in terms of streamflow simulation quality. As
cited by Perrin and co-authors (2001), Klemes (1986) proposed a hierarchical assessment
methodology to test model performances in calibration-simulation mode (split sample
test) or in transposition mode (proxy-basin test). Split sample and proxy-basin tests can
include non-stationary conditions in the catchment, in which case, they are called
differential tests. This scheme gives a key importance to model verification by assessing
the transposability of models in time, space, or under changing environmental
conditions. This whole verification approach is powerful and desirable but quite

cumbersome and, consequently, seldom fully applied.
In the complex operation of evaluating model performances, assessment criteria must be

selected. Numerical criteria are preferred over graphical (qualitative) criteria since the

latter are quite subjective as noted by Houghton-Carr (1999). As cited by Perrin and co-
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workers (2001), Weglarczyk (1998) noticed that there is no best statistical quality criterion
for hydrologic simulation models. Hence, if a single criterion is chosen, model

verification becomes a partial undertaking.

Following the recommendation of WMO (1986) and ASCE (1993), Perrin and co-
workers (2001) used four numerical criteria to assess a model’s performance. The
assessment criteria are built on three analytical formulations of model error, namely,
quadratic, absolute, and cumulative errors. These analytical formulations of model error

are expressed in equations 2-17, 2-18, 2-19, and 2-20, respectively.

SE = Tli_i (Quh- == Q‘ al 4 )2 (2_'1 7)
=l

AE = i—Z\Q,,,,,,, o 2-18)
1=1
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=]

or in terms of relative (balance error),

i (th_.-.: - Qca.u )

CE" =100 (2-20)
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where O, and O, are the observed and calculated streamflows at time step 7, (,, is the

mean observed streamflow over the calibration period, and » the number of time steps.
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The set of assessment criteria includes the following:

i (Qa.'s.s,r = Qm!,f )2

CR1 (%) =100 1 - = — (2-21)
Z(Qobu - Qoh.- }

S (s ~Cur, |

CR2 (%) =100 1=

(2-22)

CR7 is of the least-square type based on the formulation proposed by Nash and Sutclife
(1970). Both assessment criteria, CR7 and CR2, are based on mean square model error
SE. They vary between 0 and 100% for perfect agreement. They quantify the ability of
the model to explain streamflow variance, that is, the improvement achieved by any
model in simulating streamflow compared to a basic reference model simulating a
constant streamflow equal to the mean observed one. Because of non-constant variance
of model errors, CR7 tends to emphasize large errors, that is, those generally occurring
during flood events. CR2 is a more all-purpose criterion obtained by using root-square

transformed streamflow.

The third criterion, CR3, is built on the mean absolute model error 1. This criterion is
potentially useful in a forecasting context wherein the simulations must be as close as

possible to the observed values at every time step (Ye et. al., 1997).

Z‘Qﬂb&.f _Qcaa'.J
CR3 (%) =100 1 - = (2-23)

Z lQobs,: = Qaﬁ.v

i=1

The fourth criterion, CR4, is based on the mean cumulative error CE. It measures the
ability of the model to correctly reproduce streamflow volumes over the studied period.

It 1s different from CR7, CR2, and CR3J in that it does not measure a departure from
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observed values at each time step of the simulation, a reason why it cannot be used alone

as the calibration criterion.

Z Qm.‘ of i Qah.\-,.t

CR4% =100 1| [

Z Qrih.\ | i Qca! o

(2-24)

2.10 Performance/Accuracy of Water Availability Models

In general, water availability models that incorporate a priority or rostering of water use
are not assessed in terms of performance or reliability. The probable reason is that they
are not required to match the historical data, since actual diversions do not match the
paper rights (TNRCC, 1998). In its evaluation of the existing water availability models,
the TNRCC considered the capability of the models to provide output, which validates

the model’s ability to replicate the basin.

2.11 Water Allocation Mechanisms

Dinar and co-authors (1997) identified and discussed the concepts, advantages, and
disadvantages of the major forms of water allocation such as marginal cost pricing, public
or administrative, water markets, and user-based allocation along with country

experiences. The major forms of water allocation are summarized below.

2.11.1 Marginal Cost Pricing

A marginal cost pricing (MCP) mechanism targets a price for water to equal the marginal
cost of supplying the last unit of that water. Economically efficient or socially optimal
allocation of water resources equates water’s unit price (the marginal value of water) with
the marginal cost. The efficiency criterion maximizes the total value of production
across all affected sectors of the economy (Dinar et. al., 1997). In other words, welfare

for society as a whole is maximized when water is priced at its marginal cost and is used
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until the marginal cost is equal to the marginal benefit (Briscoe, 1996, as cited by Perry et.
al,, 1997).

MCP avoids the tendency to under-price and consequently overuse water. An MCP

system could avert overuse because prices would rise to reflect the relative scarcity of

water supplied. MCP approaches to water allocation can also be combined with

pollution charges or taxes so that the externalities in use of water are embedded in the

incentives facing the water user. One of the principal limitations of MCP relates to the

difficulties in defining the marginal cost itself, partly because of insufficient information

to correctly estimate and monitor benefits and costs. As cited by Dinar and co-authors

(1997), Spulber and Sabbaghi (1994) note the following definition problems of marginal

cost:

e Marginal cost is multi-dimensional in nature; it includes several inputs such as water
quantity and quality.

e Marginal cost varies with the period over which it is measured; it can be a short-run
or long-run marginal cost.

e Marginal cost varies depending upon whether a demand increment is permanent or
temporary. It is significantly affected by the composition of fixed and variable cost

as determined by short and long-term demand.

MCP is also disadvantageous because it tends to neglect equity issues. During periods of
shortage or scarcity, if prices increase to the necessary level, lower income groups may be
negatively affected. Equity considerations need to be addressed when marginal cost push
water prices beyond what lower income groups can afford, and if those who invested
earlier have to pay more when a new user is added. MCP is also difficult to implement
because it requires volumetric monitoring which is very costly and difficult to admimster

(Dinar et. al., 1997).

2.11.2 Public Water Allocation

In public allocation, the state or government decides what water resources can be used by

the water system as a whole, how to distribute water within different parts of the system,
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and how to allocate it using guidelines or laws establishing priorities; and often specify
the uses to which it can be put (Holden and Thobani, 1996).

Dinar and co-authors (1997) remarked that the main points supporting the argument for
public or government intervention in the development and allocation of water resources
are as follows: 1) water is traditionally and broadly perceived as a public good, thus, it is
difficult to treat water like most market goods; 2) large-scale water development is
generally too expensive for the private sector; and 3) the state’s role is particulatly strong
in inter-sectoral allocation as it is often the only institution that includes all users of water

resources and has jurisdiction over all sectors of water use.

The track record of the administered systems of water allocation has not been
impressive. The administrative methods of water allocation lead to wasteful use of water,
poor performance of government-operated water systems, inefficient use of public funds,
and failure to address equity and environmental issues (Holden and Thobani, 1996). It is
well understood that a queue-based allocation system results in non-marginal pricing of
water, which can be a major source of inefficiency (Tientenberg, 1992 as cited by Shah
and Zilberman, 1995). A queuing system, which also prohibits water rights trading,
offers no incentuve for senior water rights holders to adopt water-conserving
technologies and practices, which results in less water for the junior rights holder in times
of increasing scarcity. The rigidity of the queue-based allocation method is a major reason
for the relatively excessive water used by agriculture in the western United States (Shah

and Zilberman, 1995).

2.11.3 User-Based Allocation

User-based water allocation is exemplified by farmer-managed irrigation systems. Under
this mechanism, allocation rules range from timed rotation, depth of water, area of land,
or shares of the flow (Yoder, 1994, as cited by Dinar et. al, 1997). A major advantage of
user-based allocation is the potential flexibility to adapt water delivery patterns to meet
local needs. Additional advantages include possible improvements in output per unit
water, equity, administrative feasibility and sustainability, and political acceptability. For
user-based allocation rules to operate requires a very transparent and strong institutional

structure, which may not always be available. Local user-based institutions can be limited
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in their effectiveness for inter-sectoral allocation of water because they do not include all
sectors of users. As cited by Dinar and co-authors (1997), Coward (1986) argues that

property rights are a critical factor in the viability of organizations for water management.

2.11.4 Water Markets

Market-based allocation of water is referred to as an exchange of water-use rights,
compared to a temporary exchange of a given quantity of water between neighboring
users, usually called spot water markets (Dinar et. al, 1997). Usually referred to as
tradable water rights, it allows the formal transfer of water entitlements among users and
is more likely to involve intersectoral transfers than the local, informal water market

(Perry et. al., 1997).

Water markets allow water suppliers and consumers to include the opportunity cost of
water in their management decisions. Market-based allocation encourages water
diversion from low value to highest value uses. The potential benefits of water markets
are as follows: 1) water users are empowered by requiring their consent to any
reallocation of water and compensation for any water transferred; 2) security of water
rights tenure are provided for water users; 3) water users are induced to consider the full
opportunity cost of water including its value in alternative uses, thus providing incentives
to efficiently use water and to gain additional income through the sale of saved water; 4)
water users are provided incentives to take account of the external costs imposed by their
water use, reducing the pressure to degrade resources; 5) more acceptability among users
compared to volumetric pricing (Rosegrant and Binswanger (1994) as cited by Dinar et.
al., 1997). The market-based system is more responsive than centralized allocation of

water.

On the other hand, equity issues are often raised within the context of tradable water
rights (Holden and Thobani, 1996). Perry and others (1997) argue that water serves
many different objectives and properties that make it both a public and a private good.
As such, establishing its appropriate price is exceptionally difficult, and even if it becomes
possible, the application of price-based instruments is not easy because the flow of water
through a basin is complex and provides a wide scope for externalities, market failure,

and high transaction costs. The difficulties in the design of a well-functioning water
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market include measuring water, defining water rights when flows are variable, enforcing
withdrawal rules, investing in necessary conveyance systems, sale of water-for-cash by
poor farmers, externality and third party effects, and environmental degradation. The
pervasiness of externalities such as changes in downstream and return flows, pollution,
overdraft of water tables, water logging, and other adverse and often irreversible
environmental effects, provides the fundamental argument against water markets (Dinar
et. al., 1997). But in a well-defined system where externalities are understood, especially

through robust catchment models, these effects can be assessed and accommodated.

2.12 Water rights

The allocation of water is generally based on water rights doctrines rather than on water
markets. lLaws governing the allocation of surface water vary from region to region.
However, these laws have some fundamental similarities and are based on a few general
principles. A common element to water allocation laws around the world is that water
users are rarely accorded ownership rights to the sources of surface water, such as rivers
and large reservoirs. These sources are typically regarded as public property, and
individuals are given rights to access such water only for instream uses or withdrawal.
Most water disputes probably are based on how these user rights are apportioned and

implemented (Shah and Zilberman, 1995).

The extent of water scarcity is an important factor in designing water distribution laws
(Shah and Zilberman, 1995). In most countries where water is scarce or costly to access,
systems of rights for water use have evolved implicitly through custom or explicitly
through bodies of law and regulations. These water rights specify how water in the niver
is to be divided between alternative uses such as industrial, domestic, and agricultural, as
well as between individual water users within a sector. Water rights are generally based
on a variant or combination of the three conventional systems, namely; riparian rights,

prior rights, and public allocation (Holden and Thobani, 1996).

The riparian rights doctrine states that anyone who possesses land next to a flowing river
or stream may take its water as long as enough is left for downstream users. Diversions
of water to locations not adjoining the river or stream are prohibited. This right tends to

occur in region or areas blessed with plentiful supply of surface water and where strict
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definition of rights is not crucial (Holden and Thobani, 1996; Shah and Zilberman,
1995).

The prior rights are based on the appropriation doctrine, under which the water right is
acquired by actual use over time. Diversions of water are permitted and quotas are
allocated among specified parties on a first-come, first-served basis and are subject to the
“use it or lose it” rule. The amount of water initially used determines the size of a user’s
quota (Holden and Thobani, 1996; Shah and Zilberman, 1995). It is allocated by public

authorities in other areas.

Warandabi is a water allocation system somewhat similar to the appropriative rights
doctrine that is used for supplying canal water to farmers in many parts of India and
Pakistan. In this system, farmers take tmed turns to withdraw water from a canal or
watercourse. Physical location on the watercourse determines an individual farmer’s
priority level (Shah and Zilberman, 1995). The duration of supply for each farmer is
proportional to the size of his landholding to be irrigated within the particular

watercourse command (Bandaragoda, 1998).

Water rights are typically defined in one of the following ways: 1) volumetrically as a
share of the stream or canal flow or of the water available in a reservoir or lake; 2) in
terms of shift or hours of availability at a certain intake; and 3) a combination of both, or
conditional upon water availability (Holden and Thobani, 1996). For example, water
going into a canal may be based on a share of the river flow, whereas water going to

individual farmers may be based on hours of water available at an intake point.

Water rights can also either be consumptive or non-consumptive, temporary or
permanent. Permanent consumptive rights are defined in volumetric terms unless there
is insufficient water to satisfy all water rights holders, in which case the water is
distributed proportionately. Temporary (contingent) consumptive rights, which are
particularly useful when there is storage availability, are only honored when all permanent
consumptive rights have been met. Non-consumptive rights, usually used for
hydropower generation, grant the owner the use of water as long as it is returned to its

source at a specified location and quality.



2.13 Transition from Water Rights to Water Markets

The growing demand for water has brought about a radical transformation in water rights
as competition for the limited supply intensifies. Market-based allocation of water, which
involves transfer or trading of water rights, emerged in response to increasing water
scarcity (Sturgess and Wright, 1993). Sturgess and Wright (1993) noted that this was the
case for surface water in New South Wales where water markets and enforceable water
property rights in the area were largely the outcome of increasing water shortages. As
cited by Shah and Zilberman, (1995), Saliba and Bush’s (1987) study of the evolution of
water institutions and markets in the arid West further supported the view that a
combination of growing water demands and reduced emphasis on building new water
projects encouraged the move towards water markets in many areas. It is believed that
water markets evolve more easily in circumstances where existing allocative mechanisms
provide secure and potentially transferable property rights to current holders of water
claims. Transition from doctrine-based water rights to water markets has been a subject
of many literatures (Sturgess and Wright, 1993; Shah and Zilberman, 1995; Holden and
Thobani, 1996; and Perry et.al., 1997, among others).

2.14 Water Markets/Tradable Water Rights Feasibility

Despite the promise that water markets hold, only a few countries have formally

established them. The economic argument against tradable water rights rests on the

perception of market failure which arises because of the following (Holden and Thobani,

1996):

® There are high transaction costs from setting up a new legal, regulatory, and
institutional framework, from defining, measuring, and enforcing water rights,
identifying potential beneficial trades, and from making necessary changes in water
intakes and conveyance infrastructure to effect the transfers.

* Capital requirements may be high and time horizons long, thus natural monopolies
are created which require regulation.

® There are issues of aquifer depletion and return flows.

® There are public good aspects of flood control, pollution control, and disease control

along water courses which may justify government intervention.
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¢ There are national security and humanitarian aspects of many water resources which
may justify control by the government.

¢ Using water markets may exclude the poor from access to water.

Results of Shah and Zilberman’s (1995) study showed that the transition from water
rights to water market could be rendered socially undesirable, or hindered politically by
the existence of high transaction costs, unavailability of efficient irrigation technologies,

and by output market considerations such as inelastic demand.

Perry and others (1997) defined a necessary and sequential set of preconditions for the

beneficial introduction of market forces into the allocation of water as follows:

¢ The entitlements of all users under all levels of resource availability are defined and
include specified assignments to social and environmental uses.

e Infrastructure is in place to deliver the defined entitlements.

¢ Measurement standards are acceptable to the delivering agency and the users.

e [Effective recourse is available to those who do not receive their entitlements.

e Reallocations of water can be measured and delivered, and third-party impacts in
quality, quantity, time, and place can be identified.

* Effective recourse 1s available to third parties affected by changes in use.

¢ Users must be legally obligated to pay defined user fees through effective legal and
policy procedures.

* lLarge-scale transfers of water with and between sectors must be subject to approval

and relevant charges by re tory agencies.
ges by Y ag

2.15 Water as an Economic Good

The Dublin Conference (International Conference on Water and the Environment) in
1992 produces a statement which contained four guiding principles for action at local,
national, and international levels and set out an agenda for reversing trends of
overconsumption, pollution, and rising threats from drought and floods (Rodda, 1995 as
cited by Wall, 1997). Principle 4 stated that water has an economic value in all its
competing uses and should be recognized as an economic good. It stated that failure in
the past to recognize the economic value of water has led to wasteful and

environmentally damaging uses of the resource. It said that managing water as an
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economic good is an important way of achieving efficient and equitable use, which also
encourages conservation and protection of water resources. Within this principle, the
Dublin Conference asserted that it is vital to recognize first the basic right of all human

beings to have access to clean water and sanitation at an affordable price.

There is wide interest in and support for the idea of treating water as an economic good.
However, its role as a basic good, a merit good, and a social, economic, financial, and
environmental resource makes setting of appropriate price a difficult task. Water has
several characteristics that make the role of the public sector in its development and
management more essential than for other goods that can be handled efficiently in a
market framework (Perry, et. al, 1997; Dinar, et. al, 1997). Economic treatment of
water, especially pricing, should be in balance with water as a social good, considering the

basic needs of the poor and their limited ability to pay for it (Winpenny, 1995).

2.16 Economic Principles of Scarce Resource Allocation

Water resources that comprise surface water (rivers, lakes, and reservoirs), groundwater,
floodwater, and desalinated water are essential inputs for various economic sectors such
as municipal, industrial, agricultural, hydropower, recreational, and environmental. With
increasing population growth rates, increasing per capita consumption, and dwindling
supply both in terms of quantity and quality, access to limited water resources is
becoming more competitive. Thus, there i1s a pressing need to allocate water among
sectors more efficiently. It is necessary to make economic decisions compatible with
social objectives, that is, efficiency and equity considerations. While economic efficiency
is concerned with the amount of wealth that can be generated by a given resource base,
equity deals with the distribution of the total wealth among the sectors and individuals of
society (Dinar, et. al., 1997).

2.16.1 Equity

Natural resources, especially water, has been traditional viewed as common good and has
been allocated on the basis of social criteria. For this reason, equity whose objectives are
specifically concerned with fairness of allocation across economically disparate groups

has been a basis for water resource allocation. Equitable allocation of a scarce resource
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means that all sectors or parties have a basic right to the resource services regardless of
their ability to pay. As such, equity principles may or may not be consistent with

efficiency objectives (Dinar, et. al.,, 1997).

2.16.2 Economic Efficiency

Allocation of scarce resources to different sectors can be viewed from a purely economic
point of view as a portfolio of investment projects, i.e., the economic sectors use the
limited resource as capital and produce returns. In economically efficient allocation, the
marginal benefit from the use of the resource should be equal across sectors in order to
maximize social welfare. In other words, the benefit from using one additional unit of

the resource in one sector should be the same as it is in any other sector (Dinar, et. al.,

1997).

2.17 Criteria for Allocation

Many water allocation schemes attempt to combine efficiency and equity objectives.
Appropriate means of allocation are necessary to achieve optimal allocation of the scarce
resource. There are several criteria used to compare forms of water allocation (Howel,

et. al., 1986, as cited by Dinar, et. al., 1997):

¢ Flexibility in the allocation of supplies, so that the resource can be shifted from use
to use and place to place as demand changes, making it possible to equate marginal
values over many uses with least cost.

o Security of tenure for established users, so that they will take necessary measures to
use the resource efficiently.

¢ Real opportunity cost of providing the resource is paid for by the users, so that other
demand or externality effects are internalized. This allows the allocation to account
for environmental uses with a non-market value (such as providing habitat for
wildlife). This also directs the employment of the resource to activities with the
highest alternative values.

e DPredictability of the outcome of the allocation process, so that the best allocation can

occur and uncertainty, especially for transaction costs, is minimized.
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Equity of the allocation process should be perceived by the prospective users,
providing equal opportunity gains to every potential user from utilizing the resource.
Political and public acceptability, so that the allocation serves values and objectives,

and is therefore, accepted by various segments in society.

Other criteria include the following:

Efficacy, so that the form of allocation changes an existing undesirable situation such
as depletion of groundwater and water pollution, and drives towards achieving
desired policy goals (Winpenny, 1994).

Institutional and administrative feasibility and sustainability, to be able to implement
the allocation mechanism, and to allow a continuing and growing effect of the policy
(Winpenny, 1994).

Productivity, to direct the employment of the resource to activities whose desired
output per unit input is greater, optimizing the use of water. It can either be related
to the physical mass of production or to the economic value of produce per unit
volume of water (Molden, 1997; Molden and Sakthivadivel, 1999). It is the same as
flexibility in the allocaton of supplies cited eatlier.

Effecuve water use efficiency, to provide a meaningful and useful tool to bridge
micro- and macro-planning perspectives and to incorporate water quality implications
in the strategic search for real water conservation opportunities (Keller and Keller,
1995). This criterion would be an outcome of the security of tenure mentioned
earlier.

Environmental sustainability, to conserve and protect the limited water resources and
incorporate the environmental effects into economic, technical, and social criteria
used to evaluate alternative resource-related undertakings (Winpenny, 1994; Loucks
and Gladwell, 1999). It would be an outcome of the the real opportunity criterion
enumerated earlier. Optimal allocation of water resources requires full recognition of
the environment as a water user and the ability to identify the minimum water
requirements to support and maintain aquatic eco-systems (Geyer-Allely, 1998).
Integrated resource management, to consider supply and demand-side pressures and
alms to minimize waste, maximize use efficiency, and limit consumption to
sustainable levels. The high interdependency among water users (due to the

movement of water within the hydrologic cycle) requires a holistic approach. An
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integrated approach is more likely to address allocation issues and conflicts (Geyer-
Allely, 1998).
Stakeholder participation, to give water users a sense of ownership of the allocation

program and therefore, responsibility for it.

2.18 General Conclusion

Based on the literature reviewed, the following conclusions were derived:

Knowledge of the amount of available water is fundamental to effective and
sustainable water resources management. Factors affecting its availability and
reliability, such as river basin hydrology and institutional considerations like water
rights, should be adequately assessed. With intensifying compettion for water,
effective allocation procedures that minimize and help resolve conflicts must be
developed and implemented. Effective strategies for obtaining more productivity

while maintaining or improving the environment must be formulated.

Water has an economic value in all its competing uses. Managing it as an economic
good — both as a public and private good — is an effective approach towards
achieving efficient, productive, and equitable use as well as promoting conservation
and protection of water resources. A rational water allocation scheme should

combine economic efficiency and equity considerations.

In the face of growing water scarcity and after the basic level of water service is
attained, there are reasons to believe that a market-based water allocation might
function better than government-administered allocation in terms of improving water
use efficiency and productivity, and in rational distribution of water among
competing uses. For beneficial application of market tools into the allocation of
water, a necessary and sufficient set of preconditions for the operation of an effective
water market such as well-defined, quantifiable, and transferable property rights and
institutional mechanisms must first be in place. The development of water markets;
identifying, establishing, and adjudicating water rights; quantifying, monitoring, and
regulating externalities; and providing the appropriate legal and institutional support

remain vital responsibilities of the government.
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Assessment of water resources should include a realistic forecast of the demand for
water, based on projected population growth, economic growth, and a consideration
of different management scenarios, taking into account existing investments and
those likely to occur in the private sector. Since streamflow and other hydrologic
parameters are characterized by great variability and randomness; and that its state
and movement through a basin is highly interdependent and provides for a wide
scope for externalities, market failure, and high transaction costs; modeling could be
a useful way of throwing light on fundamentals to effective water management, such

as water availability and reliability estimates.

Water availability models could provide considerable flexibility for assessing
hydrologic and institutional water availability and reliability, and evaluating alternative
reservoir system operating plans and related water management strategies. However,
determining natural hydrology and defining actual management practices are

prerequisites to representing them in a computer model.
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CHAPTER 3
METHODOLOGY

3.1 Introduction

The research study aimed at assessing the udlity of WRAP in modeling the hydrologic
and institutional water availability and reliability of the Oroua River for the existing water
rights as well as simulating alternative water use and management scenarios. This chapter
describes and discusses the specific methods and procedures carried out to achieve these

objectives. It also provides the rationale for the selection of the simulation model used.

3.2 Rationale for WRAP Selection

Since WRARP 1is specifically designed to facilitate incorporation of a water rights priority
system in water availability modeling, it was deemed capable of providing considerable
flexibility for modeling various rules specified in water rights permits governing water
allocaton and management. The priority scaling option in WRAP-SIM allows rights
associated with specified water use types to be conveniently adjusted. It could be helpful
in figuring out possible impacts of prioritizing a particular watet use over other uses on
water availability. For example, all municipal rights could be given priority over all
agricultural rights in a particular simulation run. WRAP’s provision for specifying
instream flow requirements could be used to evaluate the impacts of the minimum flow

determined for the Oroua River on existing water rights throughout the river basin.

WRAP has known field applications and citations in technical literature published in
refereed journals. Moreover, the model is well-documented and ownership is in the
public domain, allowing for possible source code modifications without having to deal

with property rights issues.

Furthermore, TNRCC (1998) initiated an independent evaluation of the 24 identified
hydrologic models for the State’s water availability modeling project. It assessed WRAP
as having an advantage in handling matters concerning priority systems, channel
losses/gains, and public domain ownership. Its capabilities were assessed to be at par
with the evaluated water availability models (Appendix 3-1) in terms of:

performance/accuracy; ability to place water rights at their proper geographic location
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and to individually account for them in the model; ease in incorporating or modifying
model time step and stochastic capability; ability to deal with special conditions in the
water rights (variable diversion rates, priority dates, and conditional transfers or water
rights exchanges); and manner of handling reservoir/system operations, return flows and
water reuse, instream flows, bay and estuary inflows, groundwater interactions, water

allocation, and water quality.

3.3 General Methodology

The water availability modeling was done in two phases. The first phase involved
developing sequences of monthly naturalized streamflows covering the 1993-1998
period-of-analysis at all pertinent locations. The second phase involved simulating the
water rights and river system given the input sequences of naturalized flows. This is to
determine regulated and unallocated flows and water supply reliability and streamflow
frequency indices. The river basin hydrology was represented in WRAP by naturalized
streamflows at each pertinent location for each month of the hydrologic period-of-
analysis. The Oroua River catchment management and water use requirements were

represented in WRAP in terms of water rights.

The general framework of the research methodology is shown in Figure 3-1.
Information on the stream flow for the Oroua River, water rights, water allocation and
management practice, and relevant maps was sourced from MWRC (see Appendix 3-2).
Based on the available data, the period-of-analysis was determined, the study area was

delineated, and some flow-related inputs were estimated.

The water availability modeling process started with the development of the spatial
configuration of a river/use system in WRAP. The pertinent features of the river basin
system such, as streamflows, abstractions, discharges or inflows, and instream flow
requirements, were assigned control points to model their spatial and hydrological
connectivity. A set of models of the hydrologic characteristics of the Oroua River,
current water use, and management practices was built by developing input information
for each WRAP program in the format of records and associated input files (see
Appendix 3-3 for the various WRAP input files and records). A set of WRAP models of
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alternative water allocation was also built. The WRAP program was run to estimate the natural flows,
regulated and uncommitted flows at each control point, and associated reliability and frequency
indices. Sample parallel manual calculations were done to check whether the built WRAP models
behaved as intended. Sections 3.5 to 3.12 give the details of the WRAP modeling of the Oroua

River water allocation and management.

3.4 Simulation in WRAP

The outline of WRAP simulation is shown in Figure 3-2. The 1993-1998 monthly naturalized
streamflows for the Oroua River at Almadale and Kiwitea at Spur Road stations were developed in
WRAP-HYD. These naturalized flows were used as input to WRAP-SIM to determine regulated or

actual physical flow, and unappropriated or unallocated flows at all control points.

Simulation in WRAP-SIM proceeded in the following order: 1) all input data, except naturalized
flows, were read and organized at the beginning of a WRAP-SIM execution; 2) water rights were
ranked in priority order and watershed parameters were manipulated for flow distribution; and 3) the
simulation was then performed in a set of nested loops. The simulation proceeded by year and

within each year, by month. Within each month, it proceeded by water right in priority order.

The annual loop began with reading the streamflow for each month and the distributed flows from
gauged to ungauged control points. For each month of the simulation, WRAP-SIM performed
water accounting computations for each water right, in turns, on a priority basis. The computations
were performed in three stages for each water right. First, the amount of streamflow available to the
right was determined. Second, water balance computations were performed to compute streamflow
depletion, return flows, diversion and diversion shortages. Lastly, upon the completion of the water
right computation, both regulated or actual physical flow and unallocated flow at all control points
were computed through a series of adjustments reflecting the effects of the water right. TABLES
was used to organize and summarize the simulation results, as well as compute the water supply

reliability and streamflow frequency indices.
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3.5 Delineation of the Study Area

The study adopted the 1993-1998 hydrologic period-of-analysis and covered the Kiwitea
sub-catchment and part of the Oroua catchment upstream of the old Kawa Wool
gauging station. The delineation of the study area and selection of the period-of-analysis
were mainly based on the availability of flow and water use data. Flow records for
Kiwitea Stream at Spur Road gauging station were available from 1977 to 1998, and back
to 1948 for the Oroua at the Almadale gauging station (though with a gap from 1979-
1992). Other gauging stations within the catchment had a much shorter record. In the
case of water rights records, almost all existing rights within the catchment have effective
dates from 1990 onwards. However, it is more likely that some of these abstractions or

discharges had been occurring in earlier times. Based on records, all existing rights were

in effect by 1997.

A 30 to 80-year period-of-analysis would provide a more accurate representation for
actual modeling applications (Wurbs, 2000), but available concurrent flow and water uses
for the Oroua catchment had a much shorter period-of-record. This study opted to use a
recent actual flow data (1993-1998 record) in evaluating the udlity of WRAP for the
Oroua River as a water availability assessment and management tool to minimize
assumptions that have to be made. Estimates and projections of average water demand
and supply conditions should be made in terms of the minimum dry season — not in
terms of annual averages (Seckler, 1996). During the last ten years, the 1997-1998 period
is the driest period that affected most parts of the country (NIWA as cited by Recile,
1999) caused by the El Nifio phenomenon.

3.6 Data Analysis and Generation

Except for the old Kawa Wool gauging station that was washed away by a flood in 1992,
was no downstream gauging station whose flow record could be used to validate the
simulation result by comparing the actual and the simulated regulated flows. An estimate
of the regulated flow for the old Kawa Wool gauging station during the selected period-
of-analysis was generated using a group-based approach proposed by Elshorbagy and co-
authors (2000).
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The procedure included the following: 1) segmentation of the monthly streamflow series
for Almadale, Kawa Wool, and Spur Road stations into groups; 2) investigation of the
group’s normality, trend, seasonality, and correlation structure in relation to data groups;
and 3) modeling the data group in order to estimate the 1993-1998 monthly regulated
flows for the old Kawa Wool station. Group segmentation of the data was based on the
graph of monthly distance from the series mean flow as well as on monthly box-plots.

Test for seasonality also made use of these two graphs.

Normality within the groups was tested using kurtosis and skewness coefficients, while
the correlation structure among groups was analyzed using autocorrelation and partial
autocorrelation functions. The seasonal Kendall test for trend and the seasonal Kendall
trend slope estimator were used to assess the significance and magnitude of any trend,
respectively. The selection of a regression model to predict the likely regulated flow for
the old Kawa Wool station for the chosen period-of-analysis was based on the result of
the above analyses. A box plot, the Mann-Kendall test for trend, and the autocorrelation

and partial autocorrelation functions are shown in Appendix 3-4.

3.7 Control Point Representation of the Spatial Configuration of the Oroua

River Basin System

Gauged streamflows, abstraction and discharge rights, and target instream flow
requirements were assigned a control point (CP) to denote their spatial connectivity and
model the effects of a right on other rights. Most of the rights were each assigned one
control point while some were grouped together in one control point. Grouping of
water rights in a control point was based on relative location of a right to nearby rights as
determined by its associated drainage area. Neighbouring rights with practically the
same drainage area were grouped in one control point. Information on water rights is
summarized in Table 3-1. The spatial configuration of the Oroua River is shown in

Figure 3-3.
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Table 3-1. Water Rights Information

Water Right/Instream Control ~ Permitted Volume  Total Drainage Area

Flow Identifier Point (m3/day) Upstream (ha)*

Albstraction Rights

MWC912876 Pl 2,592 22,671.8
100790 CP2 9,000 28,878.1
4514 CP3 682 30,440.0
IF Almadale Station CP3 79,056 30,440.0
3600 CP3 960 30,440.0
3675 CP4 1,320 31,240.2
4586 P 7,000 31,263.0
4487 CP6 600 31,798.0
4447 CP6 1,225 31,798.0
MWT820019 B L 259 31,992.0
6092 CP8 42 2,909.9
MW(C912875 CP9 768 14,953.7
MWT701526 CP10 432 16,036.9
6273 CP11 2,600 23,517.8
IF Spur Rd Station CP12 8,208 23,860.7
4796 CP14 29 24,443.2
6105 CP15 227 56,898.1
MWTG690185 CP16 6,819 57,100.06

Discharge Rights

6096 CP2 216
5071 CP11 20
4788 CP14 7
4337 CP15 36
4222 CP16 100
4219 CP16 2,000
4220 CP16 8,400
4223 CP16 1,495
MWC912862 CP17 19

*MWRC (through personal communication)
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Figure 3-3. Control Point Schematic of the Delineated Oroua River Basin System
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3.8 Estimation of the Naturalized Flow

The objective of the flow naturalization process was to develop a series of flows, from
which water right demand were subtracted to determine available and unallocated flows.
A general guideline followed to estimate naturalized flows was to avoid or minimize the
possibility of overestimating the naturalized flows due to addition of a quantity of water
that never occurred. Overestimating naturalized flows will overestimate available water

(TNRCC, 1997).

To estimate naturalized flows, gauged flows at selected stations were adjusted by adding
known or estimated abstractions and subtracting estimated discharges. This traditional
method was selected over the rainfall-runoff and statistical approaches due to its

standardization and more acceptable theoretical correctness, as assessed by TNRCC

(1997).

However, except for water right 100790 held by the MDC for Feilding water supply,
records of actual monthly water withdrawals and discharges were not available. Possible
water takes and discharges by other rights were estimated based on the assumption that
these rights (except those for irrigation purposes) used the same percentage of their
permitted volume as water right 100790. Abstractions for the purpose of irrigation were
assumed to have occurred only during the relatively drier months of November to March
where irrigation is more likely to occur and set equal to zero for the remaining months of
the year. Return flows from irrigation were assumed to be practically negligible. Thus,
there were no quantities subtracted to reflect them. This assumption was based on the
fact that Almadale station is upstream of most irrigation abstractions. The effect of three
water abstractions for the purpose of irrigation upstream of the Spur Road station would
be minimal. Also, irrigation return flows would be to groundwater so the effect would

be low.

Sequences of net streamflow adjustment values representing actual and estimated
abstractions, less estimated discharges upstream of the selected gauging stations, are
shown in Appendix 3-5. These values were used as input to WRAP-HYD which was
used to facilitate computation of naturalized flows for all control points or water rights

locations.
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The built WRAP-HYD model for the portion of Oroua catchment studied is shown in
Appendix 3-6. A parallel manual calculation of naturalized flow at all control points was

done to check whether the built model worked as expected.

3.9 WRAP-SIM Model for Simulation of the Oroua Water Management

The simulation of current management methods for surface water abstractions in the
Oroua catchment consisted of two scenarios, namely, allocation based on permitted rates
and allocation schemes at times of low river flows. The first scenario simulated the
“usual” or high river flows allocation management wherein a right may abstract water up
to its permitted rates without restrictions. The second scenario dealt with the allocation
scheme that restricts abstraction rates based on a monthly flow threshold. It also deals
with the allocation rule that suspends irrigation permits while reducing those for public
water supply when flow at Almadale and/or Spur Road gauging stations reached the

specified minimum levels.

Two sub-scenarios were simulated under the first scenario: full consented abstraction
rates of existing rights occurred at all tmes; and estimated abstraction rates of existing
rights. Simulation based on full permitted rates could be used to assess hydrologic and
institutional water availability and reliability for the existing water rights in the Oroua
River for regulatory and water right permitting purposes. Meanwhile, simulation based
on estimated abstraction could be useful for planning purposes. On the other hand,
simulation outputs for the low-flow allocation scenario could be used in identifying the
likely impact in terms of meeting the specified instream flow requirements, the existing
water rights, and the possible water use efficiency of the allocation schemes at times of

low river flows.

Pertinent files and records for the above simulation scenarios were supplied with input
data. Naturalized flows for CP3 (Almadale station) and CP12 (Spur Road station) were
listed in the streamflow (IN) record and distributed to ungauged control points using the
drainage area ratio method entered in water right (WR) record. Information on the
annual permitted volume, the associated control point, type of water right, computation
of instream flow requirement, and water use identifier were supplied in WR and instream

flow (IF) records. Changes in permitted targets were effected in either monthly water
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use coefficient (UC) or WR records. Grouping of water rights based on type of use and
monthly distribution factor of permitted rates were modeled using UC record. The latter
was computed based on actual usage of WR-100790 and assumed to be true for the rest
of the diversion rights. All water abstraction rights were modeled as Type 1 right,
allowing their diversion requirement to be met from available streamflow. The specified
minimum flow thresholds of 915 Ips and 95 lps for Oroua at Almadale and Kiwitea
Stream at Spur Road, respectively, were represented as instream flow requirements at
these gauging locations. They were also assigned to downstream water rights locations
along their respective reaches to maintain and account for them in determining the water
available for downstream rights and additional rights. A Type 0 instream flow
computation was used for the simulation to determine any shortages in meeting an
instream flow requirement. Water discharges were not included in the simulation —
equating them to zero. Though this might not be the case, setting them equal to zero
when their actual rates are unknown would minimize the possibility of overestimating the
available water (TNRCC, 1999). The built WRAP models are shown in Appendices 3-7
to 3-8.

Water allocation in the Oroua River is based on water use type rather than ranked
priority system. During times of high river flows, it could be mimicked by an upstream-
to-downstream priority allocation, wherein a right is allowed to abstract water up to their
permitted rates and water available is only affected by upstream rights. During times of
low river flows, a use type-based restriction and/or suspension of water permit takes
effect whenever monthly and minimum flow thresholds are observed at Almadale and
Spur Road stations. Abstractions for municipal supply are prioritized over industrial and
irrigation purposes. The Target Option (TO) record, designed to allow building of
abstraction and instream flow targets as a function of naturalized/regulated/unallocated
flows and streamflow depletions, was explored to model this allocation. Other related
target-building features, such as Target Series (IS), Drought Index (DI/IS/IP) records,
and the Monthly Limit (ML) record for specifying system operating rules and their

combinations, were investigated.
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3.10 Modeling of Alternative Management Scenarios

The two alternative management scenarios focused on apportioning the combined
maximum abstraction rates for the purpose of irrigaton. The first one involved
proportional allocation among restricted irrigation rights (those without a permit as of 21
April 1994) after all unrestricted irrigation rights (those holding a permit at 21 April 1994)
had diverted their requirements. The second allocation scenario adopted a ranked
priority system based on weighted criteria to apportion the allowed combined maximum

abstraction rates among irrigators regardless of the date the permits were held.

3.10.1 Proportional Allocation for “Recent” Irrigation Rights

The total permitted rates of qualified rights, under the maximum abstraction rates rule,
only comprised about 37 and 25 percent of the allowed combined maximum abstraction
rates for rights taking water from the Oroua River and Kiwitea Stream, respectively. This
simulation scenario apportioned the remaining water among irrigation-related rights
granted after 21 April 1994 based on the abstraction rates historically granted. The
proportional share for each of these rights was determined by the product of its full
permitted rate and the ratio of unused rates to sum of their full permitted rates (Table 3-
2). It was entered as the new permitted target of the associated right. The developed

WRAP model for this management scenario is shown in Appendix 3-9.
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Table 3-2. Apportioning of the Combined Maximum Abstraction among “Recent”

Irrigation Rights*

Full Allowe.d el Abstraction rates
: abstraction under the :
Permitted Maxi \b ; under proportional
Rates e allocation scheme
Rates Rule
1. Oroua River
WR-4514 7.9 0.0 22
WR-3675 15.3 15.3 15.3
WR-4586 81.0 0.0 22.8
WR-4487 6.9 0.0 2.0
WR-4447 14.2 0.0 4.0
WR-MWT820019 3.0 3.0 3.0
WR-6105 2.6 0.0 0.7
Total 130.9 18.3 50.0
Maximum Combined 50.0
abstraction
% of Max. Rates 36.6 100.0
Sum of restricted right rates 112.7
Unused to sum of restricted rates ratio 0.28
2. Kiwitea Stream
WR-6092 0.5 0.0 0.2
WR-MWT701526 5.0 5.0 5.0
WR-6273 30.1 0.0 14.6
WR-4796 0.3 0.0 0.2
Total 35.9 5.0 20.0
Maximum Combined 20.0 100.0
abstraction
% of Max. Rates 25.0
Sum of restricted right rates 30.9
Unused to sum of restricted rates ratio 048

*rates in Ips

3.10.2 Rostering Irrigation-Related Abstractions During Low Flows

A provision for rostering abstractions during low flows is included in the OCWA
Regional Plan. An alternative scheme involving a ranked priority allocation based on
weighted criteria, such as: prior use of water; riparian; irrigation system efficiency;
productivity; investment; and equity or social consideration. These were considered in
apportioning the specified combined maximum abstractions for all rights under

irrigation. Since information on these criteria were not readily available, an arbitrary
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priority ranking based only on prior use of water indicated by the permit date and
upstream-to-downstream location was adopted. An arbitrary weight value of 0.75 and
0.25 for the prior use and the natural priority location, respectively, were used. The
computation for determining the priority ranks provided as inputs to the WRAP model

for this simulation scenario (Appendix 3-10) is summarized in Table 3-3.

Table 3-3. Prority Ranking of Irrigation Rights

Criteria/Weights

Water Rights CI(’);S:)I i Prior Use i Natural | vgi:%l;:d I;{l;?:ﬁ?
(0.75) i Priority (0.25): <

Along Oroua River

WR-4514 CP3 3 1 2.5 4
WR-3675 CP4 2 2 2 2
WR-4586 CP5 5 3 4.5 5
WR-4487 CP6 6 4 55 7
WR-4447 CP6 7 5 6.5 8
WR-MWT820019 CP7 1 6 2.25 3
WR-6105 CP15 4 T 4.75 6
Along Kiwitea Stream

WR-6092 CP8 2 1 1.75 3
WR-MWT701526 CP10 1 2 1.25 2
WR-6273 CP11 4 3 3.75 5
WR-4796 CP14 3 4 3.25 4

*Rank 1 is reserved for those unrestricted nights such as municipal abstractions

3.11 TABLES for Organizing and Summarizing the Simulation Results

The subprogram TABLES was run to develop monthly summary tables for the water
rights and control points using the associated 2SWR and 2SCP records. It was also used
to compute period and volume reliabilities and flow frequency statistics for naturalized,
regulated, unallocated streamflow, and instream flow shortages for the control points
through 2REL and 2FRE records. Tabulated values for naturalized, regulated,
unallocated, and diverted flows and water shortages for the period-of-analysis were

generated through their associated records.
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3.12 Validation of Simulation Results

Parallel manual calculations for naturalized flow estimation and all simulation scenarios
were done to verify whether the WRAP models for the Oroua River behaved as
intended. They included the whole period-of-analysis for naturalized flow determination
and a sample month for the simulation of water allocation practice. February 1998 was
selected for the sample calculation since it was within the driest period in the POR
(NIWA) and had the highest actual to permitted abstraction ratios indicating the closest

matching of paper right and actual diversion rates.

Results of the simulation were checked against results of manual calculaton. The
simulated regulated flows for the whole period-of-analysis were compared with the actual

gauged flows measured at the Almadale and Spur Road stations.

The validity of the drainage area ratio method as a flow distribution was assessed using
linear regression and correlation techniques and flow ratio analysis. For the correlation
and regression techniques, the idea was to set the y-intercept equal to zero to obtain a
regression model where flow at a station is expressed simply as a constant times the flow
on another station. The slope coefficient 7 determined by the zero-intercept (b=0) linear
regression could be related to drainage areas (INRCC, 1999). Theoretically, a high
correlation coefficient for a pair of stations would be associated with reladvely small

difference in drainage areas.

In flow ratio analysis, the basic concept was to evaluate the capabilities for predicting
naturalized flows at subcatchments (Q_ . chmen) from assumed known flows from a larger
catchment (Q_, . cnmenis) Pased on the relationship, Qi ucnment = C Qeacnmenss O distribution
of flows in proportion to ratios of watershed parameters C. The naturalized flow ratios
for a pair station were normalized by dividing them by their respective drainage areas.

These flow ratios would all be 1.00 if flows were strictly proportional to drainage area
(INRCC, 1999).
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Introduction

This chapter presents the results and discussion of the water availability modeling
process for a portion of the Oroua River catchment using the Water Rights Analysis
Package (WRAP). It focuses on the following: 1) the udlity of WRAP model in
developing naturalized flows and simulating the water allocation management; 2) the
simulated water availability and reliability estimates; and 3) the alternative management

scenarios simulated using the program.

4.2 Assessment of the Utility of WRAP in Developing Naturalized Flows

Based on values obtained in manual calculation and using WRAP-HYD, the created
model for WRAP streamflow naturalization worked as expected. The sequences of
monthly naturalized streamflow values computed using the program (shown in Appendix
4-1) equalled the figures obtained in the parallel manual calculation for all control points
(shown in Appendix 4-2). Their tabulated flow-frequency values are reproduced in

Appendix 4-3.

Hydrographs of the monthly naturalized flows and exceedance frequency curves for
Oroua River at Almadale and Kiwitea Stream at Spur Road gauging stations covering the
1993-1998 period of analysis are shown in Figures 4-1 and 4-2, respectively. They
approximate the flows that would have measured at the gauging stations in the absence
of upstream water abstractions and discharges. The corresponding flow-frequency values
for the two gauging stations and all water rights locations at 75%, 90%, 95% and 100%
time exceedance are shown in Table 4-1 while a2 more complete list is given in Appendix
4-3. They indicated that throughout the period-of-analysis, at least 1636 Ips natural flows
at Almadale and 265 Ips at Spur Road gauging sites could have occurred at all times.
These values are about 79% and 179% higher than the required instream flow

requirement at their respective location.
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Figure 4-1. Naturalized Flow at the Oroua River
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Table 4-1. Percentage of Months with Flows Equaling or Exceeding the Values Shown

Control Point 100% 95% 90% 75%

Along Oroua River
CP1 1,218 1,769 2,335 3,661
CP2 1,552 2,254 2,974 4,663
CP3 1,636 2,376 3,135 4,915
CP4 1,679 2,438 3,218 5,044
CP5 1,680 2,440 3,220 5,048
CP6 1,709 2,482 3,275 5,134
CP7 1,719 2,497 3,295 5,165
CP15 3,058 4,441 5,861 9,187
CP16 3,068 4,457 5,881 9,219
CP17 3,073 4,463 5,890 9232

Along Kiwitea Stream
CP8 32 47 60 114
CP9 166 241 310 587
CP10 178 259 332 630
CP11 262 379 487 923
CP12 265 385 494 087
CP14 272 394 506 959

“unit in lps

Naturalized flows along Oroua River and Kiwitea Stream equalled or exceeded 75% to 100%
of the ume are plotted in Figure 4-3. Except at Kiwitea’s most upstream water right, the set
minimum flows of 915 and 95 Ips at Almadale and Spur Road stations, respectvely, were
exceeded at all associated water rights locations 100% of the ume. However, it should be
noted that the instream flow requirements for the Oroua River and Kiwitea Stream are
presently gauged only at Almadale and Spur Road stations, respectively. They are based on
the one-in-five year seven-day low flow observed at these stations. The specific threshold

levels at any other locations are not defined.
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Figure 4-3. Naruralized Flow-Frequency Curve along Oroua River (a) and Kiwitea Stream (b)

In the case of the Oroua catchment, suspension of rights for irrigation purposes and
restriction of those for municipal supply apply when the set minimum flow at their
respective gauging stations are reached. Most water right holders in the catchment have not

historically used their full permitted abstraction rates at all tmes. Many abstractions are
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taken only during a part of a day and uses like irrigation and crop-processing industry are
seasonal (MWRC, 1997). However, if existing rights must be protected before issuing new
rights, full permitted rates of existing rights and environment need should be assumed

occurring at all imes.

Table 4-2 and Figure 4-4 compares the combined cumulative permitted abstractions and
instream flow requirements with the developed naturalized flows at each water right location
along Oroua River and Kiwitea Stream. Since the minimum flow requirements are currently
defined only at Almadale and Spur Road stations, a cumulative value would mean applying
the minimum flow requirements at downstream rights locations. Such an approach was
adopted to account for the set minimum flows in approximating uncommitted or
unallocated flows. The combined cumulauve abstractions and minimum flow requirements
at the gauging stations were below their respective naturalized stream flow 100% of the time.
They were, at most, 69% (at CPs 5-7) and 53% (at CP 12) of associated naturalized flows
along Oroua River and Kiwitea Stream, respectively. This suggests that, on a monthly basis,
there were enough flows to satisfy all consented abstraction rghts, including the required
minimum flow at Almadale and Spur Road gauging stations and at the downstream rights
locations. There were at least 515 Ips unallocated or uncommitted flow along Oroua River
upstream of the Oroua-Kiwitea confluence. The unallocated flow along Kiwitea Stream is at
least 126 Ips, except at its most upstream right location. The percent values of unallocated
or uncommitted water physically available at each water right locaton suggest that water use
in the Oroua River could be increased. However, it should be noted that such values are
only indicative since equivalent threshold levels at ungauged rights locations are presently

not defined.
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Table 4-2. Naturalized Flow versus Water Rights Target

Control Water Right Permitted | Cumulative Target | Naturalized| Available | Unallocated Flow
Point Abstraction| (Abstraction + IF) Flow Flow total | % Available
Along Oroua River
CP1 WR-MWCS02876 30.0 30.0 1,218 1,188 515 43
CcpP2  |WR-100790 104.2 1342 1,652 1,418 515 36
CP3 |WR-4514 7.9 1,068.2 1,636 568 515 91
Minimum Flow (IF) 915.0
WR-3600 11
CP4  |WR-3675 15.3 1,083.5 1,679 595 515 87
CP5 |WR-4586 81.0 1,164.5 1,680 515 515 100
CP6 WR-4487 6.9 1,185.6 1,709 523 523 100
WR-4447 142
CP7 |WR-MWT820019 3.0 1,188.6 1,719 531 531 100
CP15 |WR-6105 26 1,181.2 3,058 1,866 | 1,798 96
CP16 |WR-MWTE90185 78.9 1,270.1 3,068 1,798 | 1,798 100
CP17 |none 0.0 1,270.1 3,073 1,803 [ 1,803 100
Along Kiwitea Stream
CP8 |WR-6092 0.5 0.5 32 32 32 100
CP9 |WR-MWC812875 8.9 94 166 1567 126 80
CP10 |WR-MWCT701526 5.0 14.4 178 164 126 77
CP11 |WR-6273 301 445 262 217 126 58
CP12  |Minimum Flow (IF) 85.0 139.5 265 126 126 100
CP14 |WR-4796 0.3 139.8 272 132 132 100
unit in Ips
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WRAP facilitated the development of naturalized flows and associated frequency indices
using the traditional approach. However, the reliability of naturalized flow estimates
depends on the assumptions made with regard to the following: 1) use coefficients of the
permitted abstractions and discharges for gauged flow adjustments; 2) sufficiency of drainage
area ratio in synthesizing naturalized flows from gauged to ungauged water nights locations;
3) negligible return flows; 4) computational time interval; and 5) repetition of historical
period-of-record hydrology. Discussion of the reliability of the naturalized flow estimates is

on Section 4.7.1.

4.3 Water Allocation Based on Permitted Rates

Simulation of water allocation based on full permitted rates could be used in assessing
hydrologic and institutional water availability and reliability for the existing water rights in the
Oroua River for regulatory and water right permitting purposes. On the other hand,

modeling based on estimated abstractions could be useful for planning purposes.

The developed WRAP models for the allocation based on full permitted and esumated
abstraction rates worked as intended. Their simulated values of available streamflow and
actual diversion for each water right and regulated and unallocated flow for each control
point agreed with the values obtained in the sample parallel manual calculaton shown in
Appendix 4-4. Detailed simulation outputs throughout the period of analysis were not
reproduced here. Rather, a reliability summary for meetung the permitted rights and set

instream flow requirements is presented in Appendix 4-5.

A reliability summary on meeting water requirements of all rights considered in the study
showed that there were enough flows to meet all permitted abstractions and maintain the set
minimum flows at the gauging stations and their respective downstream rights locations. On
a monthly basis, results of the simulation indicated that there were no diversion shortages

experienced by any right and instream flow shortages during the period of analysis.

For the simulation with estumated abstraction scenario, naturalized, regulated, and
unallocated flows along the Oroua River and Kiwitea Stream for January and March 1998
were compared in Figures 4-5. January and March 1998 were chosen for discussion since

they were the driest months during driest period (1997-1998) on record (NIWA, as cited by
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Recte. 1990). Hypothencally, abstractions would be nearest to the permitted rates for these

months, Thelr ratos and averages are tabulared 1 Table 4-3.

F'or Magch, there were ar least unallocated flows or water available for additional abstractions
of 784 and 2219 Ips along Oroua River hefore and after the confuence, respecuvely. On the
average, unallocaied flows along these reaches represented at least 45 and 70 percent of the
regulared fows. Fxcept at the most upstream water rights location wirh silll available water
of only 32 Ips, the sull uncommitted flows were from 136 Ips before to 142 Ips after the Spur
Rouad staunn. They comprised ar least 39 pereent of the regulated flows. There was an
mcrease v unallocared flows after the Oroua Kiwitea confiuence of 2% dmes its enmbined
uinallocared flow betore the confluence. In estimating unallocated fows for rights locarions
downstream of the mvo gauging sanons, flows equal to the set minimom low ar thear
assoclated station wore allocated for the environment. Thev were assumed 10 be the
mstream How requirement at the said locanons, Flow frequency values for unablocared flow s
alonyg Oroun River and Kiwirea Stream durag the perod of analvsis are shown in Fable 4-4

and Fyrure -0, respectiveldy.
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Table 4-3. Streamflow Ratios for January and March 1998

Oroua River January 1998 March 1998
CP NF Reg Una Reg/NF Una/Reg NF Reg Una Reg/NF Una/Reg|
1 1396 1380 890 0.99 0.65 1366 1342 784 0.98 0.58
2 1779 1705 890 0.96 0.52 1740 1632 784 0.94 0.48
average 0.97 0.58 0.96 0.53
3 1875 1790 890 0.95 0.50 1835 1710 784 0.93 0.46
4 1924 1831 890 0.95 0.49 1883 1746 784 0.93 0.45
5 1925 1788 890 0.93 0.50 1884 1682 784 0.89 0.47
6 1958 1809 911 0.92 0.50 1916 1697 799 0.89 0.47
7 1970 1819 922 0.92 0.51 1928 1706 808 0.88 0.47
average 901 0.94 0.50 792 0.90 0.46
Kiwitea Stream
8 33 33 33 0.99 1.00 32 32 32 0.98 1.00
9 171 166 156 0.97 0.94 166 159 136 0.94 0.86
10 184 176 156 0.96 0.89 178 167 136 0.92 0.82
11 270 245 156 0.91 0.64 262 226 136 0.82 0.60
12 273 249 156 0.91 0.63 265 229 136 0.83 0.59
14 272 236 162 0.87 0.69 272 236 142 0.83 0.60
average 136 0.93 0.80 120 0.89 0.75
After Oroua-Kiwitea Confluence
15 3504 3327 2398 0.95 0.72 3429 3169 2219 0.92 0.70
16 3296 3296 2398 1.00 0.73 3441 3117 2219 0.91 0.71
17 3522 3301 2403 0.94 0.73 3446 3122 2224 0.91 0.71
average 2400 1.0 0.7 2221 0.91 0.71
combined average Una flow
before the confluence: 1037 912
times increased: 2.31 2.43
average increase (Jan & Mar): 237

NF — naturalized flow Reg — regulated flow Una — unallocated flow
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Figure 4-6. Unallocated Flows along Oroua River (a) and Kiwitea Stream (b)

Table 4-4. Unallocated Flow*-frequency for Percent Time Exceedance

Control Point 100% 95% 90% 75%
CP1 538 1,324 2,145 3,644
CP2 538 1,324 2,145 3,932
CP3 538 1,324 2,145 3,932
CP4 538 1,324 2,170 4,012
CP5 538 1,324 2,170 4,012
CP6 546 1,349 2,210 4,087
CP7 564 1,361 2,228 4,117
CP15 1,779 3,205 4,742 8,101
CP16 1,779 3,205 4,742 8,101
CP17 1,784 3,212 4,750 8,114
CP8 32 47 60 114
CP9 136 234 302 580
CP10 136 247 320 619
CP11 136 259 364 810
CP12 136 259 364 810
CP14 142 269 376 833

*flows in Ips



4.4  Water Allocation During Low River Flows

Water allocation management during low river flows includes: 1) restriction of irrigation
abstraction rates based on a monthly flow threshold and 2) suspension of irrigation
permits and restriction of abstraction rates for public supply when flows reach the
specified minimum levels. Modeling of these water allocation schemes was aimed at
identifying their likely impacts in terms of meeting the specified instream flows and
existing water right requirements. It could also be used to assess water use efficiency of
the allocation schemes. However, an effort to represent the allocation rules during low
flows in WRAP-SIM did not achieve the desired model structure. This is due to an
apparent inflexibility of the simulation program to model a diversion target that varies as
a function of gauged flow at other locations. Below are the related features of WRAP-
SIM that were considered and explored in an attempt to model the Oroua catchment
allocation scheme, as well as the reasons why they were deemed insufficient or unsuitable

to simulate the Oroua catchment allocation rules during low flows.

e Building a Diversion Target

Target Option (TO) record — This record is designed to build a diversion or instream

flow target as functions of: naturalized, regulated, or unallocated streamflow; reservoir
storage or drawdown; streamflow depletion by other rights; and specified lower and
upper bounds (Wurbs, 2000). In the case of the Oroua catchment, diversion targets for
municipal, industrial, and irrigation supplies should vary automatically with the flow at its
associated gaging station or with the corresponding flow at their location. Though
WRAP-SIM allows building a target step-by-step using several TO records, it will adopt
only one final target which could be specified as either the maximum or minimum or

sum of the target in the last TO record and the preceding cumulative target.

Target Series (IS) record — This record allowed integration of a time series of monthly
targets developed outside of the model into the sequential step-by-step WRAP-SIM
target building scheme and target variation between years or seasons. Though it allowed
modification of diversion requirements computed within the model as a function of
streamflow, only either the greater or lesser or summation or product of the result of TO

versus TS target was adopted.
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e Specifying diversion as a function of a dummy reservoir storage

Drought Index (DI) record — This record, together with its associated drought index
storage (IP) and percentage (IS) records, is used to allow instream flow, diversion, and
hydropower requirements to vary with reservoir storage content. An attempt to model
the instream flow requirements, as storage content of a dummy reservoir to be later
drained using the empty function option, was unsuccessful. Inputting flow percentages
on the IP and IS records, wherein rights restrictions and suspensions take effect, allowed
modeling of the allocation scheme during low river flows. However, the empty function
of DI record had the effect of losing from the system the water in the dummy reservoirs

instead of draining its contents back to the river system.

* Specifying system operating rules

ML record — This record allowed monthly varying limits of streamflow depletion to be
imposed on a right. Months when river flows are likely to fall to the specified thresholds
were identified. However, restrictions on rate of abstractions only apply once the
specified monthly flow thresholds are reached and cease as soon as the river flow goes
above those thresholds. Moreover, restrictions for irrigation-related diversions apply to

their combined abstractions and not on individual rights.

e Control Point Assignment

CP_record — This record allowed grouping of multiple water rights situated along a
specified reach by associating the rights with the same control point. This could facilitate
modeling the combined maximum abstraction rates for the purpose of irrigation during
months with set flow thresholds. However, rights’ access to streamflow available at the
control point is ranked in priority, which is not entirely the case for Oroua River water

allocation management.



4.5 Modified Simulation Run for Allocations Based on Low River Flows

The simulation program did not have a mechanism to automatically trigger a change in
diversion targets whenever the flow fluctuates about a specified level. The WRAP model
built for allocation based on permitted rates was revised to adopt the new set of
diversion targets as defined by the rule on maximum abstraction rates at times of low
river flows and by the set minimum flows. Such revisions were made to simulate the
capability of the monthly flow threshold and minimum flow allocation schemes to
prevent or minimize shortages in meeting the instream flow requirements or free-up

water for environmental needs.

The stipulated combined maximum abstraction rates for irrigation-related rights held
prior to 21 April 1994 and suspension of similar rights held after the said date when flow
reached a specified threshold were modeled through the water right (WR) record. The
new diversion targets were set according to the maximum abstraction rates of 50 lIps
when flow for Oroua River at Almadale station is 1015 Ips; and 20 lps when flow for
Kiwitea at Spur Road station is 300 Ips. These maximum rate values were used since
these are the lowest flow levels where irrigation abstractions are stll allowed. The no-
net-effect-on-flow rule for water right 690185 held by Manawatu Beef Packers Ltd. could
be modeled by specifying a 100 percent return flow in its associated water right (WR)
record. However, it was assumed deferred in simulating allocation based on monthly
flow thresholds to investigate possible impact of unrestricted abstraction by the said
right. Similarly, the new diversion targets from rate restrictions and rights suspension
defined by minimum flows were modified the same way. The permitted abstractions for
the purpose of irrigation and for water right 690185 were set equal to zero for this
simulation scenario. The modified WRAP models for these simulation scenarios are

shown in Appendix 4-6.
Simulation output for regulated and unallocated flows matched the values obtained in the

sample manual calculation (shown in Appendix 4-7), suggesting that the WRAP models
built behaved as expected.
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4.6  Data Requirements for WRAP Modeling

4.6.1 Streamflow and Water Use Records

Like any other water balance studies or volume accounting computations, simulation of
water hydrologic and institutional availability is beset with the problem of estimating
different water flow components — such as return flows and actual water use. WRAP
simulation starts with known naturalized flows, either provided as input or computed
within the program. Thus, accuracy of the simulated available, regulated, and unallocated
flows and water rights and instream flow shortages largely depends on the reliability of
the input data for naturalized flow determination. Moreover, estimation of reliability and
flow-frequency values is based on the premise of repetiion of historical hydrology

represented by naturalized flows.

Developing naturalized streamflows typically represents a major part of the water
availability modeling work (Wurbs, 2000). The extent to which observed flows are
naturalized is based largely on judgement. Quantfying and removing all deviations from
natural flow condition might not always be possible especially in the absence or scarcity
of reliable data. Usually, at least 40 year period-of-record (POR) is used for streamflow
naturalization using the traditional approach (INRCC, 1997); while a 30 to 80-vear

period-of-analysis would be more representatve of actual WRAP modeling application.

The major problems encountered in the case of the Oroua River basin were: lack of
actual water use data for almost all abstraction and discharge rights; unknown return
flows from wrrigation-related rights; presence of data gaps; short overlap of PORs at past
and existing gauging stations; and, ungauged outflows leaving no base to check the
results of the simulation. Synthesizing naturalized flows at ungauged water rights
locations ideally requires information on watershed characteristics such as land use,
precipitation, and drainage area associated with each water right. Problems with the
required data were more concerned on the accuracy and reliability of the estimates rather

than on the utility of WRAP as a water availability assessment and management tool.
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4.6.2 Computational Time Interval

Though the WRAP model had provision for variations in water use targets, the current
version uses a monthly computational interval — monthly data. However, Recile (1999)
noted that the use of monthly streamflow data may not correctly reflect the real flow
situation in the Oroua River since monthly values assumed a uniform flow distribution
throughout the month. A check of the actual daily flow records for Oroua at Almadale
in February 1998 (shown in Appendix 4-8) indicated that monthly data masked the
generally less than 2000 lps daily flows by a flood event of about 18030 lps that
happened at the later part of the month. Though the flood event lasted for several hours
only, it increased the monthly average streamflow by about 6 m'/s (MWRC, as cited by
Recile, 1999). The hydrographs shown in Appendix 4-8 further illustrate that flood

events could increase the monthly flow estimates considerably.

A shorter time-step of weekly or daily would be more useful in the relatively small and
narrow catchment of Oroua River where the water use and allocation management is
defined by the specified flow levels observed at certain gauging stations. There is
provision to revise the monthly computatonal time interval. However, significant
modifications to the Fortran programs would be required to change to other time steps

such as weekly or daily (Wurbs, 20001).
4.7 Reliability of the Simulation Results
This section discusses the reliability of the estimated naturalized streamflows, the validity

of the flow distribution method used, and the simulation output for regulated, available,

and unallocated flows.

4.7.1 Naturalized Streamflows at the Gauged Sites

The river-basin hydrology for the part of the Oroua catchment considered in this study
was represented in WRAP by naturalized streamflows. In general, naturalized
streamflow estimates are not assessed in terms of accuracy because their true value is

hardly known, leaving no base for comparison with the computed or simulated value.
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A review of literature and personal inquiry with MWRC yielded no previous naturalized

flow estimates for Oroua Catchment.

In establishing the best estimates of naturalized flow, one suggested approach is a
comparative naturalized flow determination using other methods (INRCC, 2000). This
however, was beyond the scope of this study and was put forward as an area for future

research.

4.7.2 Drainage Area Ratio as a Distribution Method

The drainage area ratio method used in transposing naturalized flows from gauged to all
ungauged control points or water rights locations was based on the premise that flows at
each control point were in constant proportion to ratios of watershed parameters. In
this case, the watershed parameter is the drainage area. Linear regression and correlation
techniques and flow analysis ratio at pairs of stations could facilitate evaluation on the
naturalized flows distributed by the chosen method. Setting the y-intercept equal to zero
would obtain a regression model where flow at a station is expressed simply as constant
umes the flow on another station. The slope coefficient 7 determined by the zero-
intercept (4=0) linear regression could be related to drainage areas (INRCC, 1999).
Theoretically, a high correlation coefficient for a pair of stations would be associated

with relatively small difference in drainage areas.

In flow rato analysis, the basic concept was to evaluate the capabilities for predicting

naturalized flows at subcatchments (Q ) from assumed known flows from larger

subcatchmen
catchment (Q_,.m.) based on the relatonship, Q. nmer = C Qeuchmenss OF distribution
of flows in proportion to ratios of watershed parameters C. The naturalized flow ratios
for pair station were normalized by dividing their respective drainage areas. These flow
ratios would all be 1.00 if flows were strictly proportional to drainage area (INRCC,

1999).

In the case of Oroua catchment, there were insufficient stations to allow a more
conclusive analysis. There was only one existing gauging station along the main reach
and one along the Kiwitea Stream. To have a gauge on the validity of drainage area ratio

method in distributing flow within the study area, the analysis made use of a 1993-1998
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series of naturalized flows for the old Kawa Wool station located downstream of the
Oroua River-Kiwitea Stream confluence. The “regression” naturalized flow series for
the old Kawa Wool plotted in Figure 4-7 was developed using a set of regulated flows
generated based on concurrent flows at Almadale staton as described in the
Methodology — Section 5.5. The predicton equation determined from categorical
regression was:  Kawa = (Almadale — 38.904 — (trans2_1746.038)) /0.7430, wherein
trans2_1 1s the quanufication of month (Appendix 4-9). The coefficient of
determination (R%) was 0.947. The WRAP-synthesized naturalized flow for the old Kawa
Wool station is also plotted in Figure 4-7.
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Figure 4-7. Predicted Naturalized Flows for the Old Kawa Wool Station

Linear regression coefficients and flow ratos for stations in the study area are
summarized in Tables 4-5 and 4-6, respectively. The complete monthly flow ratio values
for the whole period-of-analysis are shown in Appendix 4-10. Results of regression and
correlation analyses showed an essentially linear relationship for pairs of stations. In
general, the flow ratio varies significantly between months at any station, indicating that
C is not constant for monthly flows at any stations. Varying C values between months
would suggest that the flow for an individual month cannot be predicted reliably
regardless of watershed parameters or form of the relation used to determine C.

Adopting a modified nonlinear form of the basic relationship between flows at different
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locations, such as Q_chmen = C (Qeuchmend) » Would provide little or no improvement in

predictive capabilities (TNRCC, 1999).

Comparison of the slope coefficient 7 and drainage area ratio could provide a measure
of the validity of the drainage area ratio approach as a method for predicting the mean
naturalized flow at one location given the flow at another location. The slope 7 would
be equal the drainage area ratio if the distribution method used worked perfectly. Using
the naturalized flow developed based on predicted flow for the old Kawa Wool showed
variations with » and drainage area ratios, suggesting a possible inadequacy of the

method in the portion of Oroua catchment studied.

The validity of the above findings depended on the validity of the assumptions made in
developing the naturalized flows, mainly on the equation used to generate flows that
were measured at the old Kawa Wool station and on the estimates of abstractions and

discharges that might have occurred during the period-of-analysis.

Table 4-5. Linear Regression Coefficients for Stations in Oroua Catchment

=

Stations R R~ v-intercept® (b)  Slope (m)
Spur vs. Kawa Wool** 0.862 0.743 -0.2954 0.6605
0.846 0.716 0.0 0.550
Spur vs. Almadale 0.882 0.778 -0.343 0.477
0.862 0.742 0.0 0.387
Almadale vs. Kawa Wool**  0.990 0.980 0.068 1.402
0.989 0.979 0.0 1.428

“y-intercept in in/mo

Table 4-6. Flow Ratos for Stations in Oroua Catchment.

_ ) Drainage Flow Ratio
Station Pair
Area Ratio mean min Max
Spur/Kawa Wool ** 0.417 0.47 0.122 1.069
Almadale/Kawa Wool** 0.532 1.43 1.14 1.89

** flow series based on regression
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4.7.3 Regulated, Available, and Unallocated Flows

Generally, simulation outputs such as available water and unallocated flows at a location
are not assessed in terms of accuracy or reliability of estimates because they are best
estimates only, at least for those that incorporate a priority system. There are no actual
data to be matched. Moreover, actual abstractions rarely match the permitted abstraction

rates.

The simulation showed that there were enough flows in the river and stream to meet the
water requirements of the existing rights on a monthly basis. However, this might not be
the case on a shorter time basis, such as weekly or daily, mainly because the simulation
was based on a monthly data and computational interval. The use of monthly streamflow
estimates could be misleading since it assumes a uniform flow throughout the month.
Any flood event that occurred within a short ime could increase the monthly flow value,

making it appear as if there was enough streamflow available for abstractions.

4.8  Alternative Water Management Scenarios

Two alternative management scenarios were simulated to idenufy possible directions to
develop an alternative allocation scheme for the Oroua River. They focused on
apportioning the allowed combined maximum abstraction rates for irrigation. One
allocated the remaining fraction of the combined rates proportionately among irrigation-
related rights granted after 21 April 1994 based on their full permitted rates. The other
used a ranked priority scheme to allocate the combined maximum abstraction rates
among irrigators. This section compared the unallocated flows estimated in alternative
allocation scenarios with those obtained in the allocation based on monthly flow
threshold. In the latter allocation scheme, the combined maximum rates rule for the
purpose of irrigation applies. Irrigation-related rights granted after 21 April 1994 are
curtailed whenever the monthly flow threshold are reached at their associated station.
The analysis focused on the unallocated flow since it is the output parameter that could
indicate level of efficiency of an allocation scheme in terms of utilizing the available
water. Unallocated flow is the amount of flow still uncommitted after all water rights
including instream needs are met. It represents water available for new water right

applicants. A decrease on unallocated flow would mean an increase in diversion of
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available water that, otherwise, flows out of the river system unutilized. The discussion

below made use of the February 1998 values.

The unallocated flows for the two alternative scenarios are compared with those
obtained for the allocation based on monthly flow thresholds in Table 4-7. In general,
percent decreases of unallocated flow (plotted in Figure 4-8) that resulted from
proportionally apportioning the unused percentage of the combined maximum
abstraction rates among “recent” irrigation-related rights were minimal. They ranged
from 0.1 to 1.7 and 0.1 to 3.8 percent along the Oroua River and Kiwitea Stream,
respectively.  As expected, relatively higher percent decreases were computed for
locations with associated “recent” irrigation-related rights (that is, from CPs 4 to 17 and

11 to 14).

Similarly, percent decreases of unallocated flows from ranked priority allocation of the
remaining flow under the combined maximum abstraction rule were also minimal and
followed basically the same trend. Though values for CPs 1, 2, 3 and 8 were 0.4 percent
higher from those with the proportional allocation scheme, the difference is at most 0.1

percent for remaining control points.

Table 4-7. Unallocated Flows (UNA) for February 1998 for the Proportional and
Ranked Priority Allocation Schemes for the Combined Maximum Abstraction Rates for

[rrigation-related Rights

Control Points| Monthly Flow | Proportional Allocation Ranked Priority
Thresholds UNA % decrease, UNA % decrease
Along Oroua
CP1 1,643 1,640 0.1 1,635 0.5
CP2 1,643 1,640 0.1 1,635 0.5
CP3 1,643 1,640 0.1 1,635 0.5
CP4 1,698 1,676 1.3 1,669 1.7
CP5 1,700 1,676 1.4 1,669 1.8
CP6 1,747 1717 1.7 1,716 1.8
CP7 1,761 1,731 1.7 1,730 1.8
CP15 3,883 3,837 1.2 3,837 1.2
CP16 3,883 3,837 1.2 3,837 12
CP17 3,890 3,845 1.2 3,845 1.2
Along Kiwitea
CP8 60 60 0.4 60 0.8
CP9 300 300 0.1 300 0.2
CP10 317 17 0.1 317 0.1
CP11 386 371 3.8 371 3.7
CP12 386 371 3.8 371 37
CP14 398 383 3.6 383 3.6
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The stmulated unallocated flows for the two alternative allocation scenarios showed
minimal percent decrease of unallocated flows from the values obrtamed with the
allocation based on monthly How threshoids. This implied that the aliernative allocadon
schemes provided hutle tmprovement in increasing water use efficiency. One possible
explananon for this minimal improvement was the fact that the ewo altemative schemes
only dealt with apportioning the allowed combined maximum abstraction for the

purpose of lirgation.



CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The 1993-1998 natural flows for Kiwitea Stream and Oroua River upstream of old Kawa
Wool station were estimated. It could represent the baseline condition for allocating
water in this part of the catchment. Available and uncommitted flows at each water right

locations were estimated based on the estimated natural flows.

The study demonstrated that water availability modeling could be a useful tool in the
Oroua River management context. It could be used in the evaluation of additional water
right permit applicaton in the Oroua catchment. Based on the results of the simulaton,
there was enough flow physically available to meet the existing rights including set

minimum flows in the delineated study area for the 1993-1998 simulation period.

For the case of the Oroua catchment, the relevance of WRAP was limited by the
program’s apparent lack of features or mechanism to support modeling of the current
surface water management practice during low river flows. Program modification to
include an algorithm that changes diversion target as a function of gauged flow at some
locations was required to enhance WRAP’s unlity. The Target Opuon (TO) and
Drought Index (DO) records were identified as promising routes to achieve the desired

fearure.

The study demonstrated that the criteria stipulated in the OCWA Regional Plan for
rostering abstractions during low river flow could be accounted using the weighted
ranked priority scheme. Results of the simulation indicated that allocation schemes based
on apportioning the allowed combined maximum abstraction for the purpose of
irrigation did not increase the water use efficiency in the catchment significantly. They

offered very minimal improvement in the utilization of available water.
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5.2 Recommendations

Adaptive modifications to WRAP need to be done to improve its relevance to the water
management and planning for the Oroua catchment. One is to include algorithms that
vary diversion target as a function of gauged streamflow level at certain locations. The
desired feature is quite similar to the DI record that allows diversion, instream flow, and
hydropower requirements to vary as a function of reservoir storage. Another
modification needed is in the simulation time interval. Shorter time steps, such weekly or

daily, would be more appropriate for a small catchment like the Oroua.

There 1s a need to acquire data on actual abstractions, discharges, and other return flows
to the Oroua River and its tributaries, both for compliance and modeling purposes. For
future simulation or modeling studies for the Oroua River, there is a need to have an
actual streamflow measurement or a gauging staton downstream of the river for
validation purposes. It is recommended that a comparative naturalized flow
determination using other methods (e.g., statistical and rainfall-runoff) be conducted to
help establish a reliable estimate of a naturalized streamflow for the Oroua River and its

pertinent tributaries.
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Appendix 3-1. Evaluated Water Availability Models (TNRCC, 1998)

Hydrologic Model

Developer

Water Rights Analysis Package (WRAP)
HEC-PREPRO

South_Central Trans Texas

River Basin Network Simulation Model
(MODSIM)

Power and Reservoir System Model (PRSYM)
Boyle Engineering’s Stream Simulaton Model
(BESTSM)

Stream Simulation Model, State of Colorado
(STATEMOD)

Hydrological Simulation Program-FORTRAN
(HSPF)

HECS

Streamflow Synthesis and Reservoir Regulation
(SSARR)

Interacuve River Simulation Program (IRSP)
River Simulation System (RSS)

Massachusetts Institure of Technology Simulation
Model (MITSIM)

MIKE BASIN

Soil and Water Assessment Tool (SWAT)

OASIS with OCL
WEAP

DWRSIM
Aquarius

Waterware

Texas A&M University

HDR
Colorado State University

University of Colorado’s CADWEB
Boyle Engineering

State of Colorado

United States Environment and Protection
Agency (EPA)

USGS

United States Army Corps of Engineer (US
COE)

United States Army Corps of Engineer (US
COE)

Cornell University

Massachusetts Institute of Technology

Danish Hydraulic Insttute (DHI)
United States Department of Agriculture
(USDA)

California Department of Water Resources
GE Diaz Dept of Civil Engineering, Colorado
State University

Model Assessment Criteria

e  Water Rights Criteria
Priority System
Special Conditions
Aggregaton/Disaggregation
e Functonality Criteria
Channel losses/gains
Return flows/water reuse
Instream flows
Bay & estuary inflows
Water allocation
Ground water interaction
Water quality

®  Operational Criteria
SB1 Timeliness
Performance/accuracy
Time step
Stochastic Capability
Experience
Flexibility
Costs
Ease of use

¢ Information Technology
Ownership
Database linking potential
Source code modifications
GIS compatbility
Documentation
Ease of upgrading
Software/hardware compatibility
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Appendix 3-2

RELEVANT INFORMATION ON THE OROUA RIVER CATCHMENT

The Oroua River is on of the tributaries of the Manawatu River. The Oroua River
Catchment (shown in Figure A-1) has a total area of 900 square kilometers. Much of the
catchment water yield comes from its mountainland watershed. It is estimated that the
10% of the catchment covered by Ruahine State Forest Parks provides approximately
80% of low flows of the river. During low flow periods, tributary flow is extremely
limited especially in area with underlying free draining soils where most of the streams are
ephemeral and have a low water yield. These streams do not provide any significant low

flow to the Oroua River.

Catchment Hydrology

Hydrological data has been collected in the Oroua Catchment at the following sites: 1)
Oroua River at Almadale between 1954 and 1979 and again from 1992 to 1999; 2) Oroua
River at Kawa Wool between 1967 and 1992; 3) Kiwitea Stream at Spur Road between
1977 and 1999; Kiwitea Stream at Gun Club from 1998; and Makino Stream at Boness

Road from 1992 ro 1999,

The Kawa Wool hydrological station, situated approximately 500 meters downstream of
Aorangi Road Bridge at Feilding, was washed away in flood in July 1992. The new long-
term site has since been established at the Almadale Reserve upstream of the confluence
with the Kiwitea Stream and major abstractions from the river. The Spur Road station for
Kiwitea Stream was lost following a flood event in October 1998. A replacement site was
established on the Kiwitea Stream at the Gun Club upstream of the Haynes Creck
confluence. A summary of hydrological flow information collected at recording sites on

the Oroua River and Kiwitea and Makino Streams is shown in Table A-1.
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1. The Oroua River Catchment showing is major tributaries, the Kiwitea and
Makino Streams (Source: MWRC, 2000)

Figure A
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Table A-1. Summary of Flow Data (in lps) for recording sites in the Oroua River,
Kiwitea Stream, and Makino Streams (MWRC, 2000)

Oroua River | Oroua River | Kiwitea Stream | Makino Stream
at Almadale | at Almadale at Spur Road at Boness Road
Catchment Area 293 293 246 138.8
(km?)
Map Reference T23:366 113 | T23:366 113 | T23:325 101 $23:254 023
Period of Record 1955-99 1992-99 1977-99 1992-99
(gap: 1979- (gap: 27/1-
92) 1/2/1999 and
8/3-9/3/1999
Minimum expected
flow (instantaneous)
Annual 920 110 75
Once in 10 years 545 60 55
Expected 1 day flow
flow
Annual 955 120 75
Once in 10 years 580 65 60
Expected 7 day low
flow
Annual 1095 140 80
Once in 5 years 850 100 70
Once in 10 vears 720 80 65
Mean Flows
Annual 10266 8567 2260 824
Autumn (Mar- 7235 6559 1299 332
May)
Winter (Jun-Aug) 16603 12298 4030 1768
Spring (Sep-Nov) 11420 9626 2957 1180
Summer (Dec- 5797 4712 768 276
Feb)
Flow Duration (Percentage of time flow equals or exceeds)
Half median flow 3416 3177 500 116
50% 6832 6353 1000 231
80% 2724 2856 338 131
90% 1772 1977 220 105
95% 1322 1534 165 89
96% 1238 1414 154 85
98% 1052 1194 125 77
99% 905 1080 104 72
Note: Oroua River flow below Feilding 1s influence by water abstraction. This impact is particularly

noticeable at low flows. The historical extent of these abstractions is largely unknown. The
Almadale flow record has been ‘modified’ to reflet the change of location for the water
abstraction for Feilding’s water supply. The abstraction site was transferred form Barrows Rd to
Almadale (downstream of the hydrological station) from July 94 to October 1996. The Almadale
record is therefore the ‘best estimate’ of actual flows at the site for this period.
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Surface Water Demands

Most of the water abstractions are concentrated in the middle reaches of the catchment
between Almadale and Awahuri. The locaton of major abstractions (those permitted to
take over 500 m’/day is shown in Figure A-2. The high demand for water has to be met
largely from surface water because of the poor quality and inadequacy of groundwater

supplies especially around the Feilding area.

Water user groups include those taking for stock and domestic use, town and rural
supplies, crop and pasture irrigation. They could potentially reduce the Oroua River flow
by 433 Ips if all consent holders exercised their permits at the same time. This allocation

converts to 45 percent of the one-day annual low flow at Almadale.

Aggregate quantities of surface water that are permitted to be taken for various uses
under existing resource consents are shown in Table A-2. Abstractors may take the
quantities up to a specified limit, and at a rate specified by conditions on their water
permit. Many abstractions are only exercised for part days. Details on abstraction nights

as well as discharge rights are shown in Table A-3.

Table A-2. Surface water abstractions allowed under existing resource consents, (as of

December 1999).

. ‘ Ips
m’/day (if taken continously)

Oroua River
Manawatu  District  Council  (Feilding

Wiites Supisly) 9000 104
Kiwitea Rural Water Supply 2592 30
Oroua Rural Water Supply 1008 12
Manawatu Beef Packers Ltd. 6819 79
Irrigators (8) 12017 139
Kiwitea Stream

Waituna West Water Supply 778 9
Irrigators (3) 3061 35
Makino and Manganoe West Streams

Irrigators 2120 25
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Figure A-2. Surface Water Abstractions in the Oroua River Catchment (MWRC, 2000)



Appendix 3-2. Information on the Existing Water Rights in the Delineated Study Area of the Oroua River Catchment*(MWRC, through personnal communication)

Consent Volume

Consent No. River/Stream Map Reference | Discharge Takes/Purpose (m3 /day) ANZIC Class Effective Dates Holder
Along Oroua River
MWC912876 Oroua T23: 502-254 v | Water Supply 2592 Water Supply |31.-‘08.‘1 992 - 31/08/2012 |MDC/Feilding
6096 Oroua T23: 483-231 v 216 Sewerage and Drainage Service|19/02/1996 - 26/01/2006 [MDC/Feilding
100790 Oroua T23: 422-156 ¥ | Water Supply 9000 Water Supply 31/07/2000 - 10/07/2005 |MDC/Feilding
4514 Oroua T23: 366-114 Irrigation 682 Fruit Growing nec 12/07/1995 - 21/06/2005 |David Peter Halford
Oroua at Almadale gaging station at T23: 366-113
3600 Oroua T23: 364-113 v | Water Supply 960 Water Supply 15/06/1993 - 30/06/2004 |Oroua 1 Rural Water Scheme
4659 Qroua T23: 364-113 v Water Supply 9000 Water Supply 17/07/1995 - 26/06/2005 [MDC/Feilding
3675 Oroua T23: 347-092 i Irrigation 1320 Crop & Plant Growing nec 08/07/1993 - 30/06/2004 |Jim Christie
4586 Oroua T23: 348-089 v Irrigation 7000 Crop & Plant Growing nec 17/01/1996 - 30/12/2004 |[William Ridd
4487 Qroua T23: 343-075 ¥ Irrigation 600 Crop & Plant Growing nec 05/02/1996 - 30/12/2004 |Craig Hocken
4447 Qroua T23: 341-077 v Irrigation 1225 Crop & Plant Growing nec 07/02/1996 - 30/12/2004 |Ross Hocken
MWT820019 Qroua T23: 328-072 v Irrigation 2592 Crop & Plant Growing nec 31/03/1991 - 01/10/2001 |Reg James
Along Kiwitea Stream
6092 Kiwitea T23: 522-406 Irrigation 42 Sheep-Beef Cattle Farming 01/12/1995 - 10/11/2004 |Te Hekenga Station
MWC912875 Kiwitea T23: 369-239 Water Supply 768 Water Supply 31/08/1992 - 31/08/2012 |MDC/Feilding
MWT701526 Kiwitea T23: 366-197 Irrigation 432 Sheep-Beef Cattle Farming 09/04/1976 - 01/10/2001 |Usmar FR & Marshlands Co.
5071 Chetelham Stream| T23: 437-199 v 20 Dairy Cattle Farming 30/06/1995 - 09/06/2005 |IW Scott & Sons
6273 Kiwitea T23: 336-124 . Irrigation 2600 Crop & Plant Growing nec 05/02/1996 - 30/06/2004 |William Ridd
Kiwitea at Spur Road gaging station at T23: 437-199
4788 Kiwitea T23: 219-083 of 7 Dairy Cattle Farming 19/01/1995 - 02/12/2004 IMiIIs DL & EME
4796 Kiwitea T23:311-074 v Irrigation 29 Plant Nurseries 18/12/1995 - 30/06/2004 |Harrisons Country Garden World
QOroua River-Kiwitea Stream Confluence at T23: 308-066
MWC812775 Oroua S$23: 298-064 - 40 Prefabricated Metal Building Mfd1 1/08/1992 - 30/07/2002 Higgins Contractors Ltd
6105 Oroua $23:291-060 ¥ Irrigation 227 Sports Grounds & Facilities nec [05/12/1995 - 14/11/2004 |Feilding Golf Club Inc
4337 Oroua T23: 305-056 v 36 Dairy Cattle 27/05/1994 - 06/05/2009 [Guy BR
4222 Oroua S23: 298-049 Lk 100 Meat Processing 05/06/1996 - 14/05/2011 |Affco New Zealand Ltd
4219 Oroua S23: 298-048 b 2000 Meat Processing 05/06/1996 - 14/05/2011 |Affco New Zealand Ltd
4220 Oroua S$23: 298-047 v 8400 Meat Processing 05/06/1996 - 14/05/2011 |Affco New Zealand Ltd
MWT690185 Oroua S$23: 297-047 v Industry 6819 Meat Processing 28/03/1969 - 01/10/2001 |Affco New Zealand Ltd
4223 QOroua S23: 297-046 * 1495 Meat Processing 05/06/1996 - 14/05/2011 |Affco New Zealand Ltd
MWC912862 Oroua S23: 293-028 v 19 Dairy Cattle Farming 22/09/1992 - 30/09/2007 [Baxter J

Oroua at Old Kawa Wool Station at S23: 287 038

L

p 1 1o dowr

location
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Groundwater

Groundwater resources in the Oroua Catchment are limited and in most area cannot be
used as an alternative to surface water. There 1s litde scope for using shallow
groundwater resources in the catchment since the water is sometimes contaminated with
iron and manganese making it unsuitable for uses such water supply. In Feilding area,
high quality groundwater 1s found in aquifers at least 60 meters deep, but tapping aquifer
at this depth is expensive. In some other areas of the catchment, there is no deep aquifer
resource for development. The geology of the Oroua Catchment indicates that bores of
a depth less than 20 meters which are also within 500 meters of the river channel are
likely to be drawing from surface water resources. The portion of the catchment above
Feilding enables surface water flow to enter the groundwater system. Using this
groundwater, therefore, is likely to affect surface water flow. A policy treating
groundwater abstractions that are hydraulically connected to the Oroua surface waters
and which affect the flows of the associated river reaches in the same manner as surface

water abstractions has been adopted.

Issues in the Catchment

Three significant water use-related issues have been identfied in the Oroua Catchment.
They include 1) adverse effects on river and stream environments caused by low flows in
rivers during summer dry periods, 2) unacceptable water quality in the Oroua River
downstream of Feilding at times of low flow, and 3) management of competng demands

for surface water resources.

Oroua Catchment Water Allocation and River Flows Regional Plan

In an effort to continue addressing the conflict between the uses and protection of the
river caused by water abstraction and waste discharge, the MWRC formulated the Oroua
Catchment Water Allocation (OCWA) and River Flow Regional Plan that builds upon
the Voluntary Water Management Agreement. The plan is aimed at the following
objectives: 1) to maintain flows in rivers and streams of the catchment at a level that
safeguards their life supporting capacity and minimizes any adverse effects on the

environment; 2) to avoid, remedy or mitigate the adverse effects of low flows including
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unacceptable water quality; and 3) to achieve efficient and equitable use of surface water

in the catchment.

The Plan has ten Regional Rules to manage surface water abstractions in the Oroua

Catchment. These rules are set out in detail in Section 17 of the Plan. Of specific

interest to this study are OCWA Rules 7, 8, and 9, which provide for the following:

a. Restricton of volumes and rates of maximum abstraction from the Oroua River and
Kiwitea Stream

b. Suspension of the exercise of water permits for surface water abstraction for
irrigation and reduction of those for public water supply.

c. Priorty of use among user groups

The abstraction restrictions are triggered by a two-staged regime based on monthly flow
thresholds at times of low river flows (Rule 7) and the suspensions defined by minimum
flow levels for the Oroua River and Kiwitea Stream (Rules 8 and 9). Restrictions are
apportioned to user groups, such as the Irrigators, the District Council (for public water
supply), and to industry (Manawatu Beef Packers Ltd.). The flow restriction thresholds as
they apply to different groups are shown in Table A-4. The rule on maximum rates of
abstraction during low flows only applies to exercise of existing resource consents (those
held as at 21 April 1994). New users, that is, those irrigators who did not hold permits as
of 21 April 1994 are not allowed to take water from Oroua River or Kiwitea Stream when
flows are at or below the specified thresholds, unless their water takes are in accordance

with the rule on transferring water permit.

Rules 8 and 9 set the minimum flow thresholds of 915 Ips for Oroua River at Almadale
when the MDC abstraction for Feilding is sited upstream and 95 Ips at Spur Road for the
Kiwitea Stream, respectively. At or below these level, no user are allowed to abstract
water except for the Manawatu District Council and Manawatu Beef Packers, though
with provisions. The authorized amount for reduced MDC abstraction should not be
greater than as follows: 1) 85 Ips for the Feilding water supply; 2) 13 Ips for the Kiwitea
rural water supply; 3) 5 Ips for the Oroua rural water supply; and 4) 5 lps for Waituna
West rural water supply. On the other hand, the Manawatu Beef Packers may abstract

water provided this abstraction is equalled or exceeded by their discharge of clean cooling
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water. However, the taking of up to 5 m’ of water per day is a permitted activity and

remains unaffected by minimum flow rules.

Table A-4. Flow Restriction Thresholds for Different Water Users (MWRC, 2000)

a. Limits on combined maximum abstraction (for the purpose of irrigation) from the

Oroua River during times of low flow when the MDC water supply abstraction for

Feilding 1s sited upstream of Almadale”

Maximum total
abstracton for
permits granted

Oroua River flow (Ips at Almadale MWRC Recorder Site) at which

abstraction restrictions take effect

under OCWA ) -

Biles:4 oes Nov Dec Jan Feb Mar Apr
50 Ips 1015 1015 1015 1015 1015 1015
120 Ips 1850 1800 1300 NA 1650 1800
Abstracton rate

and time of day | > 1850 > 1800 > 1300 > 1015 > 1650 > 1800

not restricted

" also subject to OCWA Rule 8

b. Limits on combined maximum abstraction (for the purpose of irrigation) from the

Kiwitea Stream™*

Maximum tortal
abstraction for
permits granted

Kiwitea Stream flow (Ips at Spur Road Extension MWRC Recorder

Site) at which abstraction restrictions take effect

der OWCA
;[:11:: 3or5 Nov Dec Jan Feb Mar Apr
20 Ips 300 250 200 150 350 300
Abstraction rate
and ume of day | > 300 > 250 > 200 > 150 >350 > 300

not restricted

*subject to OCWA Rule 9
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c. Restrctions during times of low flow to apply to the Manawara Diserict Council for

abstractions for the Fetdding Water Supply

upstream of the MWRC flow recorder at Almadale.

from Oroua River when the ke is

. !
MMaximum

abstraction by
permits granted

|
L Oroua River flow dps at Almadale
abstraction restrictions take effect

- MWRC Recorder Siter at which :

fo Wanawans

m Sdav

District Council | Nov ll Dec Jan Teb Mar T Apr

U am /day 1015 | 1015 1015 1013 1015 1015
and < 85 lps ] :
| 7000 1/ dav ! :'

Wity m d;‘? 1850 © 1800 1300 1 NA 1650 1800
and < jUi ips B

T 10 V000 :

Lt >18500 0 > 1800 > 1300 | > 1015 | > 1630

RO

Jd. Resricaons o be implemented by Manawaro

Beot Packers

(111

abstractions tor

surface warer from the Oroua River whert the MDY abstraction for Falding s sited

upstrenm ot Almadsle recording staron.

i
Maxvimom
abstracaonn by
Manawata Beef

‘ abstraction restricrions tike offect

Oroua River ow dps at Ahmadade SIWRC Recorder Sie) ar whick

Nar | Apt

Packers | Now Dec Jan | leb .
- Nomnereffecton 1015 IR s |oms |

ﬂ(')‘\}'?\' _ 5 : .
v 4y ATl . i . . .
30 m’; day and 1850 1800 Boo N 1650 1RO

L 25 0ps

Up o permur

> 185(]
fevel

1RO

=13

| 013

= 1630

E Y
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Appendix 3-3a. Types of WRAP-SIM Input Records (Wurbs, 2000)

T, T2,
T3

L

FO

Basic In

Titles or Headings
Comments

File Options

Job Control Data

Control Point Output

Reservoir Output
Water Rights Output
Groups of Water Rights

Monthly Use Factors

Rerurn Flow Factors

Fil t.DA

Required T1 is first record. Optional T1 and T2
follow

Comments may be inserted throughout after
T1/T2/T3 records JC record

Optional FD record is located just after or just
before T1/T12/T3 records

Required |D record follows FD or T1/T2/T3
records

CO, RO, WO, GO records are optional and are
inserted 1n any order following the |JD record and
preceding the UC records

Set of all pairs of UC records follow |ID and precede
RF records

Set of all pairs of optional RF records follow UC
and precede CP records

Control Point

Constant Inflows

All CP records are grouped together; at least one

Set of all CI records in any order follows set of all
CP records

Instream Flow

Water Right
Supplemental Options
Target Options

Target Series

Monthly Limits

Storage and Hydropower
Operating Rules for a
Mutiple-Reservoir
System
Storage-Diversion
Relationship for a Type 4

IF and WR records are grouped in any order, with
the set of WS/OR, SO, ML, TO, TS, and SD
records immediately following corresponding WR or
IF record. OR must follow WS. Otherwise, WS,
SO, ML, TO, TS, and SD records may be in any
order, but the set must immediately follow the
pertinent WR or IF record.

Storage Volume
Surface Area

Set of all SV-SA table grouped together in any order,
with each SA immediately following corresponding
SV

Storage Volume
Surface Elevaton

Set of all PV-PE table grouped together in any
order, with each PE immediately following

Tailwater Discharge
Tailwater Elevaton

Set of all TQ-TE tables grouped together in any
order, with each TE immediately following



_______________ PRIty
DI Drought Index Set of all DI/IS/IP records grouped together. Flach
[S/1P Reservolrs DT record muast be followed by an IS record

__________________ tollowed bv an [P record ]
E.-\,:’r FE }:,\api sadon ser of all F.A :-’: [F records -grr niped together

Allocation/Tactors

Strvampiow (rost AN and Dvaporation-Precpitation (rot, T 71 Tites — Standard Defand? Uormead

(Opaonalle, IN an FV records may foldow T record w1 oot 12V Ble)

IN reconds are grouped wgether by vear, The scet of
IN I flews IN recors for all conrrol ponts for a parncular vear is
tollowed by the set for the nexr vear
(Y Lvaporauon EA records are organized the same as IN records

[t D0ssritiction Lide trans f 280

FI2 Plow Destribunion Fach 11O record {ollows the correspanding F1D record

e Floow  Thsmburcon The ser of all WP records follows the set of all
Coetficients FDATC records

WP Watershed Parameters

1D [F1d of Dara

107



Appendix 3-3b. Sequential Order of WRAP-HYD Input Records (Wurbs, 2000)

Basic Input File (filename root1.DAT)

i Comments Comments may be inserted throughout

FO  File Options FO record is preceded only by optional comment
** records

Lo Job Control Data the JC record follows the FO record

CP  Control Point All CP records are grouped together following the
JC record

Cl Constant Inflows Set of optional CI records follows set of all CP
records

SV Storage Volumes Set of all SV-SA tables grouped together in any
order with,

SA Surface Area each SA immediately following corresponding SV

EP Evaporation-Precipitation Specifications All EP records are grouped

AS, FA, RS, SC, EQ Set of streamflow adjustments records listed
below.

Streamflow adjustment records (EQ, AS, FA, RS, SC) are placed at the end of either the:
Basic Input File (filename root1.D.AT) or Streamflow File (filename rootl.INf)

AS adjustment Specifications An AS record precedes each set of FA records

FA Flow Adjustments and each set of RS/SC records. FA records for
CP are grouped.

RS Reservoir Specifications A RS record precedes each group of SC records

SC Storage Content SC records for a control point are grouped
together

EQ  Regression Equation EQ records may be before, after, or between AS
records

ED  End of Data ED is last record in files containing
AS/FA/RS/RC records.

Streamflow File (filename rootl1 INF,

" Comments Comments may be inserted before each group of
records

IN Inflows IN records are grouped together by year and

control point. Control points may be in any order.
Years should be in sequential chronological order.
IN record precede flow adjustment record sets
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ELV

Fi>

I
WP
D

N
i

Loraporation-Precpitation Depth Tite (filename motl 2171

Comments Comments mav be inserted before each group of
records
Fyaporanon EV records are orgamized the same as IN records

1Y)

femame root]. DY)

Fiow Diigringdion ik

Comments Comments mav be mserred betore cach group of
records
Flow Pisirtbution bach 1'C record follows the corresponding FiD

record. The set of all WP records follows the set
of all FI/FC records.
Flow Uisiatbution Coefhclents

Watershed Parameters
Fod of Dara

ddrmdogy Véde Gabeasipee ran2 1Y 1) falternativg to stansord [N and 12071 jifen ]
Inflows IN/EV records are grouped by vear.
Livaporagon et of BNV records for all coamol pomts tor vear

tollow ser of all IN records for the preceding vear.
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Appendix 3-3¢. Program TABLES Input Records and Associated Tables
(Wurbs, 2000)

Miscellaneous Records

TITL Titles or headings
COMNM comments
ENDF end of input data file

Job Type 1 Records — Develop Tables from WRAP-SIM Input File

IREC listing of specified input records
ISUM water rights summary by control point or type of use
ISRT listing of water rights sorted by priority, type of use, control point, or

water right type

Job Type 2 Records — Develop Tables from WRAP-SIM Output File

28CP summary table for a control point

25WR summary table for a water right

2SRE summary table for a reservoir

28GP summary table for a water right group

2SBA summary table for a river basin (all control points)

2NAT naturalized streamflows

2REG regulated streamflows

2UNA unappropriated streamflows

2DEP streamflow depletions

2DIV diversions

2SHT diversion shortages

2IFS instream flow shortages

2CLO channel losses

2CLC channel loss credits

28TO reservolr storages

2PER percentage of storage capacity and storage-duration for selected reservoirs
2REL reliability and shortage summary

2FRE frequency statistics for streamflow, storage, or instream flow shortage
2FRQ frequencies for specified streamflow, storage, or instream flow shortage

Job Type 3 Records — Develop Streamflow Records from WRAP-SIM Output File

3REG records of regulated streamflows

3NAT records of naturalized streamflows

3UNA records of unappropriated streamflows

3DEP records of streamflow depletions

3U+D records of unappropriated flows plus streamflow depletions

Job Type 4 Record — Develop Tables from WRAP-SIM System Release/Hydropower
File

4SWR system reservoir releases for selected water rights

4SGP system reservoir releases for selected water right groups
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Appendix 3-4a. Box Plot of Oroua River Flow at Almadale
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Appendix 3-4h. Mann-Kendall Test for Trend

Ho: no trend
Ha: presence of trend
Decision: p-value » a-value; accept Ho

p-value < a-value; reject Ho (meaning. presence of trend;

For the Qroua River at Almadale {1948-78}

Month s p value [

atn=3 3.05 0.1
Jan -6 -0.18 accept accept
Feb 11 0.03 reject reject
Mar -34 -0.08 accept reject
Apr -151 0.01 reject reject
May -139 0.01 reject reject
Jun -137 0.0% reject reject
Jul -71 012 acoept accept
Aug -133 G.01 reject reject
Sep 14 -0.49 accept accept
Oet -83 0.08 accept reject
Nov -143 0.04 reject reject
oec -B4 0.08 accept reject

T Wann Kendal stausic

Mediar: Seasonal Kendall Slope Esiimate fsfyr

Almadale Spur Rd
Jan -51 8
Feb 83 15
Mar -B7 1%
Apr -220 40
May -338 35
Jun =240 855
Jul -262 &1
Aug -384 10.5
Sep -34 10.%
Oct -1749 g94.5
Nov -168 30
Dec 134 3.5

|-) wvaiug racales govenward trend

Formulas:
K
S sgnix, —x, )
& ih-
. X, X,
g)J — f &
I — Kk

For the Kiwiteg Streamn at Spur Rd.

{1977-1397)

hoth 5 evalue I 7

afn=21 005 0.1
Jan 26 4.23 accept  accept
Feb @3 .00 reject rgject
tar T2 0.02 reject reject
Apr &1 oor accept reject
May 40 012 accept  accept
Jun 72 0.02 reject reject
Jul 32 0.18 accept  accept
AUy 18 0.3 accept  accept
Sep 2 0.49 accept  accept
Qct 50 0.07 accept regect
Nowv 55 0.5 accept reject
Det 7 .43 accept  accept

(Read o)

where: 51+ Kendall statistic for season

il = {he no. of data over years for season |
k=n0 of season
I=no. of year

sgn (il - xiky =1 #x, x>0
=0 it - %, =0
:'1 .ifXﬂ—Xi,,_cCl

Qi = individual slope estimate for ith season
Seasonal Kendall slope estimator = median of
individual siope estimates



Appendix 3-4c. Autocorrelation and Partial Autecorrelation Values of the Mean Monthly Flow

Series (1948-78) for Oroua River at Almadale

Covariance Values, C(k) _ lag, k
mean; 1 2 3 4 5

Dec 8276
Jan 6114 1611517
Feb 4758 3454707 2028584
mar 5424 3863356 3069059 180213.9
Apr 7403 2313800 2604649 206814.6 1214991
May 1348.9 843852 1251795 1409087 -1115386 -65729.7
Jun 17711 1358552 2511237  -372480.2 -4192835  -333080.8
Jul 19581 B237775 178026.0  -325378.1  -482618.3  -543260.9
Aug 1820.1 5641705 4354213 146332.2 -2704900  -401205.3
Sep 14139 1908023 2295201 177141.4 585320  -110042.8
Oct 1200.4 18144 9 445009 53651.3 41407 6 138159
Nov 89052 -14985 5 -54108 1 -157580.4  -1895568  -1462388 1
mean 11353 2234289  121538.7 -25788.2  -156431.1 -226528.8
variance 2759573
stdev 5253
autocorrelation 0.0041 0.8097 0.4404 -0.0835 -0.5669 -0.82089

k auto partial

o 1 1

1 0.8097 0.5348

2 0.4404 -0.6245

3 -0.0935 -0.7953

4 -0.5669 -0.4159

5 -0.8209 0.7592

¢i(k) J

k 1 2 3

1 0.8097

2 1.3152

3 0.8186 0.4215

4 0.4879 0.5968 -0 4549

5 0.8036
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Appendix 3-4d. Autocorrelation and Partial Autocorrelation Functions of the Mean Monthly

Flow Series (1948-78) for Oroua River at Almadale

Autocorrelation Function (ACF)

08
o8

04
08

Partial Autocorrelatin Function (PACF)

Formulas:
covariance at lag k, C(k):

n—k
Gy = ‘__Z (Y, - ¥)(¥,,4) - 1) WhereYisthe observed data
N m— . .
=1 Y is the mean of the series

Autocorrelation Function, rk:

-
C

LH

Partial Autocorrelation Function, fk(k):

k=1
vy ——Zgb’(k-l)r‘._,
¢ (k) = —
=D ¢,(k=Dr,
1=l

9, (k)=¢,(k—D)—-g. (k) ,(k—1)
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Appendix 3-5. Flow Adjustment (FA) Estimates for the Gauged Control Points {CP)*

Jan Feb Mar Apr Viay Jun Jul Aug Sep Qct Nov Dec
CP3
1993 0.0 0.0 0.0 0.0 0.0 0.0 9.0 185 68.3 68.8 74.1 75.2
1994 50.2 80 4 73.8 656 67.5 602 68.6 683 683 68.8 74.1 75.2
1995 502 a0.4 738 656 67 5 60.2 138.4 24156 2416 2432 2761 280 4
1996 187.0 3082 270.5 2404 2345 2091 238.4 237.5 237 4 2391 27186 27589
1897 184.0 2047 2705 2278 234.5 2081 2384 237.5 237.4 239.1 2716 275.9
1998 184.0 294.7 270.5 2278 2345 2081 238.4 237.5 2374 239.1 2716 2759
CP12
1993 17.0 27.2 250 142 14.6 13.0 14.9 14.8 14.8 14.9 251 254
1994 17.0 27.2 250 142 14.6 130 14.9 14.8 14.8 14.9 251 25.4
1995 17.0 272 250 14.2 14.6 13.0 14.5 14.5 14.5 14 6 247 260
1906 17.3 765 785 138 14.3 127 145 145 14.5 146 69.9 710
1997 54 1 86.6 795 13.9 14.3 127 14.5 14 5 14 5 146 79.8 81.1
1998 54.1 866 7895 138 143 12.7 14.5 145 145 14 6 79.8 81.1
CP17
1903 99.4 1592 1461 125.1 1287 114.8 1309 130.4 130.3 1309 173.9 176.7
1994 117.8 1887 1732 124 .8 128.3 113.9 129.9 1294 128.3 130.2 173.2 175.9
1995 117.3 187.8 172.3 124.0 127.6 1138 128.7 129.2 129.2 130.1 173.0 180.0
1986 165.4 385.2 360.8 124.0 13276 557 -102.2 -101.8 1017 -102.5 111.9 1137
1997 75.8 121.5 1115 976 1005 -896 ~102.2 -101.8 ~101.7 -102.5 111.9 113.7
1998 758 121.5 1115 -97.6 -H30.5 -896 -102.2 -101.8 -101.7 -102.5 111.9 1137

*unit in acre-fty'month

Assumptions in Flow Adjustments computations:
a. All consent holders abstract/discharge the same percentage of thew permitted volume as the MDC/Feilding Water Supply (WR-100790}

b. Water abstraction for irrigation purposes only eccurs from November to March every year,

Formulas:

£

Actuad diversion

Pemittod  diversion vofume

Fod= E (dh-'m'.\'fr)m'of. * 110, 0f " devs) — {dischrarge vol * no. of da}-'s)

where diversion and discharge volumes are in ips
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Appendix 3-8a. WRAP-HYD Madel for Naturatized Flow Determination (Basic Gata)

*e

FO
JC

s

GP
cP
cp
cp
cp
cp
cp
cP
cP
ol
cp
cp
cP
ol
cP
cP
AS
FA
FA
FA
FA
FA
FA

AS
FA
FA
FA
FA
FA
FA
A5
Fa
FA
FA
FA
Fa
FA

ED

WRAR-HYD Input Fite for Oroua River Catchment
Waturalized flow determination for the Croua Hiver

1
6

Control poirt representation of water nghts. takes, discharges_and insteam fiow reguirements

1993

Drainage area ration

1
1

-
£

hychi? o at

1
1

0
056
53.6

240 4
2278
2278

42
14 2
14.2
139
139
13.9

1251
124 &
124
124
976
976

144
14.6
14.G
143
143
14.3

128 7
128.3
1276
127.6
-100 5
-100 5

CP CP2 5
CR2 CP3 5
CP3 CP4 1
Cr4 CPS5 5
CP5 CP6 5
CPs CP7 5
CP7 CP15 5
CP§ CFP9 5
CP9 CP10 ]
CF10 CP1 il
CP1t cP12 A
CPi2 CFP114 1
CP14 CP15 [}
CP15 CF1i6 5
CP16 Py 5
CPi7 OuT 5
Streamflow adjustment 5 {AS/FA) record at CP3 (abstraction less discharges)
CP3 1853 1948 -1 1
CP3 1993 0 4] 0
CP3 1954 50.2 Bl 4 7i8
[ 942 1995 a0 2 a0 4 738
cP3 1996 187 308 2 2705
CR3 1897 184 294 1 2715
CP3 1988 184 2947 2T 5
Streamflow adjustment s (ASKF AY record at CP12 [abstractan less discharges)
CP12 1993 1948 1 1
CPi12 19493 17 272 25
cP1z 1994 17 272 24
CP1z 1995 17 2 2h
CP12 1996 173 76 5 7495
Chz 1997 541 86 6 9 h
CP2 1998 544 366 /95
Streamfiow adjustments (ASFA) records at CP 17 [absirachon less discharges)
CP17 189383 1998 -1 1
CP17 1993 99 4 159.2 146 1
CP17 1994 175 1887 173.2
CP17 1885 M7 3 187 8 1723
CP17 1996 1654 3852 J60.8
CP17¥ 1947 5y 121.5 1115
CP17 1958 Y58 1214 1135

End of HYD DAT File Record

G0z
G0
2091
2001
2091

13
t3
[3¢)
127
127
12.¢

114 8
1149
1138
557
-B5 6
-84 6

G
658.6
139 4
284
2358.4
238 4

1449
14.9
14 5
14 5
14.5
14.5

1309
129.9
1287

S102.2
1002
-t0e 7

185
68 3
29186
A7 5
237.5
2375

48
14.8
14.5
14.5
14.5
14.5

1304
129 4
1292

-101.8
-1 E
-101 8

§8.3
68.3
2416
237.4
2374
2374

1303
129.3
128 2

17
1017
10T

688
66 8
2432
2391
2391
2391

144
4.9
4.8
14.6
4.6
14.6

1309
1302
1301
-102 5
1025
102.5

741

741
2761
276
2716
2716

|
251
247
69.9
7o.8
TO.8

173 g
1732
173
111.9
1114
1114

75.2
5.2
2804
275.9
209
PEER?

254
254
26
71
811
811

176.7
1759

180
113.7
113.7
1137
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Appendix 3-6b. WRAP-HYD Model for Naturalized Flow Determination {Inflow File)

ik

LL]

IN
iN
IN
IN
IN
IN
IN
IN
IN
iN
1N
IN
IN
IN
IN
iN
IN
IN

2

ED

Oroua WRAP-HYD Input File: hydi2.inf
Naturalize¢ streamflows at gauged control points {IN records); IN values for CP17 are predicted and not used in WRAP-H+YD flow distribution

CP3
cP3
Cr3
CP3
CP3
CP3
CP12
CP12
CPi12
cP12
CP12
CP12
CP17
CP17
CP17
CP17
CP17
cP17

1983
1994
1995
1996
1997
1898
1993
10994
1895
1986
1997
1598
1993
1984
1995
1996
1997
1998

End of input Records

12681
6165.8
67314

11508.5
10487 9
3886.8
3865.1
1498.3

846.8
1411.4
16286

5397
18137.3
93696
101295
185591
15185.5
6300.9

15886.3
34714
75117

113551
38637
5530.8
1117.9

666.8
961
1686.7
7061
9831

223478
5638 .4

11076.2

16283 6
61663
84101

9228 5
6839 9
66142
10335.9
16394 1
37131
1454 .8
10423
1064
2301.7
2280
497
13490 4
102756
B837.2
14980 9
23134 8
8067 1

12419
72917
15276 G
26918 4
20845 5
9639.4
2122.4
1407.8
28419
5106 3
6556.2
2038 2
177502
108492
2159566
372652
290915
144128

20324 4
356111
18326.7
24146
82948
15113
3734.8
5732.56
3756 5
11486.7
2019.4
3294.3
284248
48999 .4
257359
33568.3
12233.7
21410.5

248591
276119
27822
271075
22904.8
19857.9
6855.5
102548
9918.4
9414 .1
6724 .4
45801
344935
381986
364814
37518.8
31863 .2
27762 .2

116387
426881
427787

27034
337654
42038.4

2974.8
145701
184787

12377

48857
10053.6
16734 4
58497 6
58643 8
374553
465152
57650 1

13831.¢
25557 4
238855
28662 6
226043
180661

31051
141359
92936
120296

7665.1

4171.4
15851.6
31633 4

249383
358126
27658.7
21550.8

230069
31163.2
34567 .4
1682225
20131
17000
76279
12419
109901
6430.2
5400.5
3518.2
28293 8
38267 .5
43849.3
19158.4
24419
202048

14591.8
276637
30834
223003
36001.9
27186
2432
8511.9
134627
7404 .5
123336
64092
16874.5
34468.2
387352
2724986
45690.8
338253

163558.7
311422
19878.9
165587
158653
15802.2
5106.3
112633
50853
29629
24376
3624.3
19611
392392
240798
19611
18677.6
18592 .8

10401
80125
8034.2

137233
12051.3

11769
24837
1541.7
25405
2627 .4

1824
2626.2

11234
8019.2
8048.4

15709.5
13485.1
13075.2
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Appendix 3-6¢c. WRAP-HYD Model for Naturalized Flow Determination (Distribution File)

*
Lkl

ELd

FD
FD
FD
FD
FD
FD
FD
FD
FD
FD
FD
FD
FD
FD

o

*x

WP
WP
WP
WP
WP
W
WP
We
WP
WP
WP
WP
WP
WP
WP
WP

* %

ED

WRAP-HYD Files for Croua River Management
Oroua WRAP-HYD Flow Distribution File: hydi2. dis
(-1} indicating ungauged CP is downstream of gauged CP

CP1
CP2
CP4
CP5
CP6
CP7
cP8g
CPg
CP10
CP11
CP14
CP15
CP18
CF17

CP3
CP3
CP3
CP3
CP3
CP3
CP1i2
CP12
CP12
CP12
CP1i2
CP3
CP3
CP3

-1
-1
-1
-1

-1

Watershed Parameter {(WP) records

Total drainage area (ha) is used; 0.003861 conversion factor to sg mile

CP1
CP2
CP3
CP4
CPS
CPs
CF7?
CP8
CPS§
CP1G
CP11
CP12
CP14
CP15
CP18
CP17

22671.8
2887807
304389.66

3124072
31263.02
31788.01
31992.01

25085 .89
1485369
16035.88
2351777
23860.75
2444316
56898.05
57100.08
57180561

End of WP records

0.003861
0.003861
£.003861
0.003861
0.503861
0.003861
£.003861
C.003861
0.603861
C.0C3861
£.003861
0.003861
0003861
0.003861
0.003861
0.003881
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Appendix 3-7a. WRAP Model for Oroua Water Allocation Based on Full Permitted Rates (Basic Data File)

T1

T2
FO
JD
CP
CP
CP
CP
CP
CcP

WRAP-SIM Input File for Oroua Water Allocation Management Based on Full Permitted Abstraction Rates

Oroua WRAP-SIM Input File: simi2.dat
Using natural upstream-to-downstream priority allocation
-1

6 1993 1 -1 -1
Control Point (CP) records
CP1 CP2 7
CP2 CP3 7
CP3 CP4 1
CP4 CP5 7
CP5 CP6 7
CP6 CP7 it
CP7 CP15 72
CcP8 CP9 s
CP9 CP10 7
CP10 CP11 T
CP11 CP12 7
CP12 CP14 1
CP14 CP15 7
CP15 CP16 7
CP16 CP17 7
CcP17 ouT 7

Water Right (WR) and Instream Flow (IF) records

NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE

Using type O IF computation (i.e., IF shortages determine only)

CP1 767 1
CcP2 2663 1
CP3 202 1
CP3 23393 1 0
CP3 284 1
CP4 23393 1 0
CP4 391 1
CP5 23393 1 0
CP5 2071 1
CP& 23393 1 0
CP& 178 1
CP8& 362 1
CP7 23393 1 0
CP7 77 1
CcPg 12 1
CP9 227 1
CP10 128 1
CP11 769 1
CP12 2429 2 0
CP14 2429 2 0
CP14 9 1
CP15 23393 1 0
CP15 67 1
CP16 23393 1 0
CP16 2018 1
CP17 23393 1 0

End of Records

IF3

IF4

IF5

IF6

IF7

IF12
IF14

IF15

IF16

IF17

WR-MWCS812876
WR-100790
WR-4514
WR-3600
WR-3675
WR-4586

WR-4487
WR-4447

WR-MWT820019
WR-6082
WR-MWC812875
WR-MWT701526
WR-6273
WR-4796
WR-6105

WR-MWTE90185
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Appendix 3-7b. WRAP Model for Oroua Water Allocation Based on Full Permitted Rates (Distribution File)

b WRAP-HYD File for Oroua River Management
il Oroua WRAP-HYD Flow Distribution File: simi2.dis
il (-1) indicating ungauged CP is downstream of gauged CP
FD CP1 CP3

FD CP2 CP3

FD CP4 CP3 -1

FD CP5 CP3 -1

FD CP8 CP3 -1

FD CP7 CP3 -1

FD CcP8 CP12

FD CP9 CP12

FD CP10 CP12

FD CP11 CP12

FD CP12 CP12

FD CP14 CP12 -1

FD CP15 CP3 -1

FD CP16 CP3 -1

FD CP17 CP3 -1

i Watershed Parameter (WP) records

b Total drainage area (ha) is used; 0.003861 conversion factor to sg.mile
WP CP1 22671.8 0.003861
WP CcP2 28878.07 0.003861
WP CP3 30439.36 0.003861
WP CP4 31240.2 0.003861
WP CP5 31263.02 0.003861
WP CP6 31798.01 0.003861
WP CP7 31992.01 0.003861
WP cP8 2909.89 0.003861
WP CP9 14953.69 0.003861
WP CP10 16036.89 0.003861
WP CP11 23517.77 0.003861
WP CP12 23860.75 0.003861
WP CP14 24443.16 0.003861
WP CP15 56898.05 0.003861
WP CP16 57100.06 0.003861
WP CP17 57180.51 0.003861
= End of WP records

ED
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Appendix 3-7c. WRAP Model for Oroua Water Allocation Based on Full Permitted Rates {Inflow File)

o
*k

£

IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN

WRAP-SIM input File for Oroua River Water Allocation Management Based on Permitted Rates
WRAP-SIM Input File: simi2.inf

Naturalized Flow at CPs

CP3
cP12
CP3
CP12
CP3
CP12
CP3
CP12
CP3
CP12
CP3
CP12

1893
1993
1904
1994
1995
1895
1996
1896
1097
1697
1988
1998

12681
38821
6217.2
15152
6781.5

863.8
116855
14287
10671.9
1682.6
4070.8
593.7

15886.3 9228.5
1145.1 1479.8
35518 69137

594 1067.2
7592 6588
988.2 1088.9

11663.3 10806.4
17632 23812
4158.4 166646

7927 235905
5825.5 39836
1069.8 576.5

12419
21366
73573
14221

15342.5
29561
27158.9
51202
210733
65701
10167.3
20521

20324 4
3749.4
35678.5
5747 1
18384 .2
37711
24380.5
11501
8529.3
20337
15347.5
33086

248591
B6968.5
27672
10267.7
27882.2
99315
273168
9426.8
231138
6637 1
20066 9
4602 .8

11647 .7
28897
427367
14585
42916 1
184932
27272.4
12381.5
34003.8
4900.2
42276.8
10068.1

13850.3
3119.9
256258
14150.7
24127 1
93081
28900
12044 1
228418
76795
18303 .6
41858

230782
7642.7
312315
12433.8
34808.9
110046
16459.9
64445
203684
5415
17237.4
39327

14660.6
24489
277325
8526.8
310772
134773
225384
74181
36241
123481
274251
6423.7

16632.8
51314
31216.2
11288.3
20155
5110
16830.3
30329
16136.9
2517 4
160739
37041

10476.3
24791
8087.7
1567.1
8314.6
2566.5

13999.2
2698 4

123272
1905.1

12044.9
27073
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Appendix 3-8. WRAP Model for Oroua Water Allocation Based on Estimated Abstraction Rates (Basic Data File)

T WRAP-SIM Input File for Oroua Water Allocation Management Based on Estimated Abstraction Rates

T2 Oroua WRAP-SIM Input File: simi2e2.dat

e Using natural upstream-to-downstream priority allocation

FO -1

JD 6 1993 1 -1 -1 0

o Use coefficient (UC) record for different water use types to distribute the annual permitted abstraction among months
i UC identifiers: munit=MWC912876; muni2=WR100790; muni3=WR3600; muni9=MWC912875. irrig=all rights for the
e purpose of irrigation; & indus=WR-MWT690185

uc muni1 056223 099718 082668 0.75829 0.75629 0.69674 YES

uc 0.76895 0.76585 0.79115 0.77094 085773 0.84304 0.783006

uc muni2 056223 0.99718 082668 0.75929 0.75629 0.69674 YES

uc 076895 076585 079115 0.77094 0.85773 0.84304 0.783006

uc muni3 0.56223 099718 0.82668 0.75929 0.75629 0.69674 YES

uc 0.76895 0.76585 079115 0.77094 0.85773 0.84304 0.783006

uc muni9 0.56223 099718 0.82668 0.75929 075629 0.69674 YES

uc 0.76895 0.76585 0.79115 0.77094 085773 0.84304 0.783006

uc irrig 0.56223 099718 0.82668 0.75929 0.75629 0.69674 YES

uc 076895 076585 079115 077094 0.85773 0.84304 0.783006

uc indus 0.56223 0.99718 082668 0.75929 0.75629 0.69674 YES

uc 0.76895 0.76585 0.79115 0.77094 085773 0.84304 0.783006

= Control Point (CP) records

CP CP1 CcP2 7 NONE

CP CP2 CP3 7 NONE

CP CP3 CP4 1 NONE

CP CP4 CP5 7 NONE

CP CP5 CPB 7 NONE

CcP CP6 CP7 7 NONE

CP CP7 CP15 7 NONE

CP CcP8 CP9 7 NONE

CP CP9 CP10 7 NONE

CP CP10 CP11 7 NONE

CP CP11 CP12 7 NONE

CP CP12 CP14 1 NONE

CP CP14 CP15 7 NONE

CP CP15 CP16 7 NONE

CP CP16 CP17 7 NONE

CP CP17 ouT 7 NONE

* Water Right ( WR)and Instream Flow (| F)recor ds

b Using type 0 IF computation (i.e., IF shortages determined only)

WR CP1 767 munit 1 WR-MWC912876
WR CP2 2663 muni2 1 WR-100790

WR CP3 202 irrig 1 WR-4514

IF CP3 23393 1 0 IF3

WR CP3 284 muni3 1 WR-3600

IF CP4 23393 1 0 IF4

WR CP4 391 irrig 1 WR-3675

IF CP5 23393 1 0 IF5

WR CP5 2071 irrig 1 WR-4586

IF CP6 23393 1 0 IF6

WR CP6 178 irrig 1 WR-4487

WR CP6 362 irrig 1 WR-4447

IF CP? 23393 1 0 IF7

WR CP7 i3 irrig 1 WR-MWT820019
WR cP8 12 irrig 1 WR-6092

WR CP9 227 muni9 1 WR-MWC912875
WR CP10 128 irrig 1 WR-MWT701526
WR CP11 769 irrig 1 WR-6273

IF CP12 2429 2 0 IF12

IF CP14 2429 2 0 IF14

WR CP14 9 irrig 1 WR-4796

IF CP15 23393 1 0 IF15

WR CP15 67 irrig 1 WR-6105

IF CP16 23393 1 0 IF16

WR CP16 2018 indus 1 WR-MWTE90185
IF CP17 23393 1 0 IF17

2 End of Records

ED
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Appendix 3-9. WRAP Model for Alternative Allocation Scheme Based on the Combined Maximum Abstraction Rates

T1 WRAP-SIM Input File for Irrigation-related Rights using Proportional Allocation
T2 Oroua WRAP-SIM Input File: simi2pr.dat

FO -1

JD 6 1993 1 -1 -1 0
o Control Point (CP) records

cpP CP1 CP2 7 NONE
CP CcP2 CP3 7 NONE
CP CP3 CP4 1 NONE
cpP CP4 CP5 7 NONE
CP CP5 CP6é 7 NONE
CP CP6 CP7 7 NONE
CP CP7 CP15 7 NONE
CP CcpPs8 CP9 7 NONE
CcP CP9 CP10 T NONE
CP CP10 CP11 7 NONE
cP CP11 CP12 7 NONE
CP CP12 CP14 1 NONE
CP CP14 CP15 7 NONE
CP CP15 CP16 T NONE
cP CP16 CP17 7 NONE
CP CP17 ouT 7 NONE
e Water Right (WR) and Instream Flow (IF) records

o

Using type 0 IF computation (i.e., IF shortages determined only)
Proportional allocation of the remaining flow under the combined maximum abstraction rule among
i irrigation rights held after 21 April 1994

WR CP1 767 1 WR-MWC912876
WR CcP2 2663 1 WR-100790

WR CP3 57 2 WR-4514

IF CP3 23393 1 0 IF3

WR CP3 284 1 WR-3600

IF CP4 23393 1 0 IF4

WR CP4 391 1 WR-3675

IF CP5 23393 | 0 IF5

WR CP5 583 2 WR-4586

IF CP6 23393 1 0 IF6

WR CP6 50 2 WR-4487

WR CP8 102 2 WR-4447

IF CPY 23393 1 0 IF7

WR CP7 i 4 1 WR-MWT820019
WR CP8 6 2 WR-6092

WR CP9 227 1 WR-MW(C912875
WR CP10 128 1 WR-MWT701526
WR CP11 373 2 WR-6273

IF CP12 2429 2 0 IF12

IF CP14 2429 2 0 IF14

WR CP14 4 2 WR-4796

IF CP15 23393 1 0 IF15

WR CP15 19 2 WR-6105

IF CP16 23393 1 0 IF16

WR CP16 2018 1 WR-MWTB90185
IF CP17 23393 1 0 IF17

= End of Records

ED
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Appendix 3-10. WRAP Model for Alternative Allocation Scheme Based on the Combined Maximum Abstraction Rates

8! WRAP-SIM Input File for Irrigation-related Rights using Ranked Priority Allocation
T2 Oroua WRAP-SIM Input File: simirk.dat

FO -1

JD 6 1993 1 -1 -1 0
" Control Point (CP) records

CP CP1 CcP2 7 NONE
cpP CP2 CP3 7 NONE
CP CP3 CP4 1 NONE
CP CP4 CP5 7 NONE
CP CP5 CP6 7 NONE
CcP cPé CP7 7 NONE
CP CP7 CP15 7 NONE
CP CcP8 CP9 7 NONE
CcP CP9 CP10 7 NONE
CP CP10 CP11 7 NONE
CcP CP11 CP12 7 NONE
CP CP12 CP14 1 NONE
cP CP14 CP15 7 NONE
CP CP15 CP16 7 NONE
CcP CP16 CP17 7 NONE
CP CP17 ouT 7 NONE
it Water Right (WR) and Instream Flow (IF) records)

.

Using type 0 IF computation (i.e., IF shortages determined only)
Ranked priority allocation based on weighted criteria (prior use and upstream-to-downstream allocation)

-

WR CP1 767 1 WR-MWC912876
WR cP2 2663 1 WR-100790

WR CP3 202 4 WR-4514

IF CP3 23393 1 0 IF3

WR CP3 284 1 WR-3600

IF CP4 23393 1 0 IF4

WR CP4 391 2 WR-3675

IF CP5 23393 1 0 IF5

WR CP5 609 5 WR-4586

IF CP6 23393 1 0 IF8

WR CPB 0 7 WR-4487

WR CP6 0 8 WR-4447

IF CP7 23393 1 0 IF7

WR CP7 77 3 WR-MWT820019
WR CP8 12 3 WR-6092

WR CP9 227 1 WR-MWC912875
WR CP10 128 2 WR-MWT701526
WR CP11 362 5 WR-6273

IF CP12 2429 2 0 IF12

IF CP14 2429 2 0 IF14

WR CP14 e} 4 WR-4796

IF CP15 23393 1 0 IF15

WR CP15 0 6 WR-6105

IF CP16 23393 1 0 IF16

WR CP16 2018 1 WR-MWTE90185
IF CP17 23393 1 0 IF17

-t End of Records
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Appendix 4-1. Naturalized Streamflows (NAT in acre-ftymo) Developed with WRAP

vsar  Month NAT NAT NAT NAT NAT NAT NAT NAT NAT NAT NAT NAT NAT NAT NAT NAT
CP1 crz CP3 CP4 CP& CP& CP7 cPg CFS CP10 CP11 CP12 CF14 CP15 CP186 CP17
1953 1 9445 120306 12681 130146 130241 13247 133278 4734 24329 26808.2 38263 3jasz.1 3976.9 237037 237878 238213
1993 2 MB3Z24 150715 158863 163043 163162 165954 16GIGE 1396 7176 760.5 1128.6 11451 11731 296851  29B005 208425
1983 3 687386 B755.2 92285 9471.3 0478.2 9540.4 9599.2 1805 927.4 g94.6 1458.5 1479.8 15168 172502 173114 173358
1993 4 92489 11782 12419 127457 12755 128733 130525 2680.6 1339 1436 21056 2136.6 21888 2321389 232963 233292
1683 L 15138 192818 203244 208581 208744 212315 213611 457.3 23498 2520 38855 37494 38408 379909 381258 381795
1993 B 185155 23584  24859.1 255131 255318 259687 261271 B49.8 4367.2 4683.6 6868.3 8968.5 71386 464673 466323 46698
1983 7 86754 110503 1168477 119541 119829 121673 122418 364.6 18737 2009.4 289467 29897 30627 217722 218495 218803
1993 8 10316 131399 138503 142147 142261 1446885 145568 3B0.5 18583 20869 30751 31189 31861 258893 259813 260179
1943 9 171891 218945 230782 236854 237027 241083 242554 9321 47887 5136.7 75328 T642.7 78292 431384 432915 433525
1893 10 108195 139086 146606 150483 160573 16315 154084 2684 15335 1644 6 24117 2448 8 2506.8 27404 275013 27540
1893 11 123884 157797 166328 170704 170828 173752 174812 625.8 32159 3448 8 50576 51314 52567 310905 312009 312448
1993 12 78029 9939  10476.3 107518 107598 109433 110107 3023 15537 1666 2 2443.5 247891 25396 195826 196521 1967458
1994 1 46307 56983 6217.2 6380.8 63864 54947 5534 3 184.8 949 6 1018 4 1493.4 15152 155622 118214 116626 11678
1994 2 26454 33696 3551.8 36452 3647 .9 37103 3733 846 4349 466 & G684 594 710.8 66391 6862.7 B672.1
1994 3 51495 6559 .1 6813.7 7095 6 7100 & 7222.3 7265 4 1301 668.8 7173 10561.9 1067 2 10032 128233  12969.2 129874
1994 4 54739 89759 7357.3 7550.9 7556.4 76857 71326 173.4 §81.2 8508 1401 7 14221 1456 .8 1375256 138013 138207
1894 5 26574 338485 356785 366172 3664349 37271 374984 7009 36017 38626 5664 & 5747 1 58874 66691.2 66928 657022.3
1894 6 206108 262527 27672 28400 284208 289071 200835 1252.2 6434.8 6901 101201 102877 105183 517252 513089 51882
1984 738311 405447 427367 438611 438831 44644 7 440166 17re.y 51405 98026 143754 14585 14941 798846 801682 802811
1994 8 190866 243114 256258 26300 263192 267695 269329 17257 BB68.3 95107 130473 141507 144961 478004 480705 481382
1994 9 232618 206286 312315 320532 320766 326255 3287246 1516 3 77923 83568 122551 124338 127373 583787 58586 58G68.6
1994 10 206557 263101 277325 2845621 284820 2895703 281471 1039.9 5343.8 5730.9 84042 8526.8 87349 518383 520224 520057
1994 11 232504 296151 312462 320376 320609 326085 328085 1376.6 7074 5 7586.9 11126 112883 11563.8 583501 585573 586398
1984 12 60239 7672.9 80877 8300.5 8306.5 8448 7 8500.2 1911 9821 1053.3 15446 15671 16054 151177 151714 151928
1985 1 5051 64337 6781.5 6959.9 G866 7084 2 7127.4 106.3 541.3 580.6 851.4 863.8 8848 126762 127212 127391
1985 2 56547 720286 7892 ¥791.7 7797 .4 7930.9 79793 1205 6193 6642 974 988.2 10123 141812 142415 1426186
18985 3 4906 9 52501 6588 67613 6766 3 68621 8924 1328 582 4 7319 1073.2 1088.9 111656 123145 123582 123756
1995 4 114274 145856 153425 157462 157577 160273 161251 360.5 1852 8 1985 8 29136 2956.1 30283 286786 287804 28821
1995 5 137003 174507 183642 188781 188819 192152 193324 4599 2363.4 2634 6 3716.8 37711 38631 343829 34505 345536
1985 8 207672 264521 278822 286158 286367 291267 283044 1211 2 62241 6675 4788.7 899315 1017389 521181 523032 523769
1985 7 319647 407149 429161 440452 440774 448315 451052 22553 115808 124283 182274 184932 189446 802199 BOS04.7 BOG18.1
1985 8 179703 228886 241271 247619 24780 25204 25357 8 11352 58334 6256 91743 93081 8535.3 45099 452591 453229
1895 g 259263 330235 348089 357247 357508 363626 3065844 1342 68567 7386.2 108464 110046 112732 650857 652967 653887
1995 10 231469 284832 310772 318848 319181 324843 326624 16436 84463 9058+ 132836 134773 138063 580903 582986 583787
1985 11 150118 191212 20155 206853 207004 210546 21183 1% 623.2 3202.5 3434 .4 50365 5110 52347 378743 37808 378613
1995 12 51929 78881 £8314.6 §h33 .4 8539.6 B8685.7 87387 313 1608.4 1725 2529.6 2566.5 28281 155419 15587 15819
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Appendix 4-1. Naturalized Streamflows ... continuation

Year  Month NAT NAT NAT NAT NAT NAT NAT NAT NAT NAT NAT NAT NAT NAT NAT NAT
CP1 CpP2 CP3 CP4 CP5 CP8& CP7 CcP8 CP9 CP10 CP11 CP12 CP14 CP15 CP16 CP17
1996 1 8711 110956 116955 12003.2 12012 122175 122921 174.2 8954 960.2 1408.2 1428.7 14636 218615 21939.2 21970.1
1996 2 8687 110651 11663.3 11970.2 119789 121839 12258.2 215 1105 11851 1737.9 1763.2 1806.2 21801.3 21878.8 21909.6
1996 3 7899.8 100624 10606.4 108854 10893.4 110798 111474 2904 1492.3 1600.4 2347 2381.2 24393 198258 19896.2 199242
1996 4 202285 257659 271589 278734 278938 28371.1 285442 624 4 3208.9 34413 5046.6 5120.2 52452 50766.1 50946.4 51018.1
1996 5 181591 23130 24380.5 25021.9 250402 254687 256241 1402.6 7207 .8 77299 113357 11501 117817 455727 457345 45798.9
1996 6 203459 259155 27316.6 280353 280558 285359 28710 11496 5907.8 6335.8 9291.3 9426.8 9656.9 510609 512422 513144
1996 7 20313 258736 272724 27989.9 280104 284897 286635 1511.2 7765.8 83284 122134 123915 12694 50978.3 51159.3 512314
1996 8 215253 274177 28900 29660.3 29682 30189.9 303741 1468.8 7548.1 8094.9 11871 120441 123381 540206 542124 54288.8
1996 9 122596 156156 164599 168929 169053 171946 172995 7859 4038.9 43314 6352 6444 6 66019 30767.3 30876.5 30920
1996 10 16787.8 213833 225394 231324 231493 235454 236891 904.8 4649.6 4986.4 73125 7419.1 7600.2 42131.2 42280.8 42340.4
1996 11 125355 15967 168303 172731 172857 175815 17688.8 369.9 1900.7 2038 4 29893 30329 31069 314596 315713 316158
1996 12 104269 132812 13999.2 14367.5 14378 14624 147133 3291 1691.1 1813.6 2659.6 2698 .4 27643 26167.7 262606 26297.6
1997 1 79486 101245 106719 109527 109607 111482 112163 205.2 1054.5 1130.9 1658.4 1682.6 1723.7 19948.2 20019 200472
1997 A 3097.3 39451 4158.4 4267.8 4270.9 4344 4370.5 96.7 496.8 532.8 781.3 7927 812 7773 7800.6 78116
1997 3 124121 158098 16664.6 17103 1711565 174084 175146 2877 1478.7 1585.8 23256 2359.5 24171 311499 31260.5 31304.5
1997 4 156958 199924 21073.3 21627.7 216435 220139 221482 801.2 4117.5 4415.8 6475.7 6570.1 6730.5 39390.8 395306 39586.3
1997 5 6352.8 8091.8 8529.3 8753.7 8760.1 8910 8964 .4 248 12745 1366.9 2004.5 2033.7 2083.3 159432 159998 16022.3
1997 6 172167 219283 231139 23722 237393 241456 242929 809.4 4159.5 4460.8 6541.7 6637.1 6799.1 432051 433585 434196
1997 7 253267 32259.7 34003.8 348984 349239 355216 357383 597.6 3071 32934 4829.8 4900.2 5019.8 63560.8 63786.5 63876.3
1997 8 17013 216702 228418 234428 234599 238613 240069 936.5 4812.8 5161.4 7569.1 7679.5 7866.9 42696.5 42848.1 42908.5
1997 9 15170.8 193237 203684 209043 209196 212775 214074 660.4 33936 3639.4 5337.2 5415 55472 380731 38208.3 38262.2
1997 10 26993 343821 36241 371945 372216 378586 38089.6 1505.9 7738.6 82992 121706 123481 126495 677426 67983.1 68078.9
1997 11 12019.1 15309.2 161369 165615 165735 168572 16960 307 1577.7 1692 24812 2517.4 2578.8 30163.5 302706 30313.3
1997 12 91815 116949 123272 126515 12660.8 128774 12956 2323 1193.9 12804 1877.7 18051 19516 230423 231241 23156.7
1998 1 3032 3862 4070.8 4177.9 4181 4252.5 4278.4 72.4 372.1 399 585.2 5937 608.2 7609.2 7636.3 7647
1998 2 4338.9 5526.7 5825.5 5978.8 5983.1 6085.5 6122.6 130.5 670.5 719 1054 .4 1069.8 10959 10889.2 10927.8 10943.2
1998 3 2967 .1 3779.3 3983.6 4088.4 4091.4 4161.4 4186.8 70.3 361.3 387.5 568.2 576.5 590.6 7446.3 T472.7 7483.2
1998 - 7572.8 96458 10167.3 104348 104424 106211 106859 250.3 1286.1 1379.2 20226 2052.1 2102.2 18005 190725 19099.3
1998 5 114311 145603 153475 157513 157628 160325 161303 403.5 2073.5 22237 3261 3308.6 3389.4 28688 28789.8 28830.4
1998 6 149462 190376 200669 20594.8 206099 209626 210905 561.3 28846 3093.6 4536.6 4602.8 47151 375096 376428 376958
1998 7 314885 40108.3 42276.8 43389.1 434208 441638 444333 1227.8 6309.7 6766.8 99234 10068.1 10313.8 790249 793055 79417.2
1998 8 136329 173648 183036 187852 187989 191206 192372 510.5 26233 28133 41256 4185.8 4288 342136 34335 343834
1998 9 12838.7 16353.3 172374 176909 17703.8 180068 181166 4796 2464 6 26432 3876.2 3932.7 4028.7 32220.6 32336 32380.6
1998 10 20426.7 260184 274251 281466 28167.2 286492 28824 783.4 4025.8 4317 4 6331.4 6423.7 6580.5 512637 514457 51518.2
1998 11 119721 152494 160739 16496.8 16508.8 167914 168938 451.7 23214 24895 3650.9 3704.1 37945 300458 301524 30194.9
1998 12 89713 114271 120449 12361.8 12370.8 125825 126593 330.2 1696.7 1819.6 2668.4 2707.3 27734 225146 225946 22626.4

126



Appendix 4-2. Parallel Manual Calculation of Naturalized Flows (NF)
Formulas:
At Gauged Control Point:
NF = Observed flow - Flow adjustment
At Ungauged Control Point:

NF = NF5auged ¢ * Drainage Area Ratio

where:
Drainage Area Ratio (DAR) =  Area yngauged cp
Area gauged cp
Control Point (CP) Drainage area (ha) Drainage Area Ratio

Oroua River N -

Source/Gauged CP: CP3 30,439.96

Ungauged CP:
CP1 22,671.80 0.74
CP2 28,878.07 0.95
CP4 31,240.20 1.03
CP5 31,263.02 1.03
CP6 31,798.01 1.04
CP7 31,992.01 1.05
CP15 56,898.05 1.87
CP16 57,100.06 1.88

P17 57,180.51 1.88

Kiwitea Stream

Source/Gauged CP: CP12 23,860.75

Ungauged CP: CP8 2,909.89 0.12
CP9 14,953.69 0.63
CP10 16,036.89 0.67
CP11 23,517.77 0.99
CP13 24,287.58 1.02
CP14 24 443 .16 1.02
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Appendix 4-3. Flow-Frequency for Naturalized Streamflows* Developed with WRAP

CONTROL MEAN STANDARD PERCENTAGE OF MONTHS WITH FLOWS EQUALING OR EXCEEDING VALUES SHOWN IN THE TABLE MAXIMUM
POINT DEVIATION 100% 99% 98% 95% 90% 75% 60% 50% 40% 25% 10%

CP1 13877.6 7472.4 2645.4 2877 2995.7 38423 5070.7 7948.6 11326 12412 15145 20229 24914 31965
CcP2 17676.6 9517.9 3369.6 3664.6 3815.7 48941 6458.8 10124.5 14426 15810 19290 25766 31734 40715
CP3 18632.2 10032.5 3551.8 3862.7 4022 5158.7 6807.9 10671.9 15206 16665 20333 27159 33449 42916
CP4 191224 10296.4 3645.2 3964.3 4127.8 5294 .4 6987 109527 15606 17103 20868 27873 34329 44045
CP5 19136.4 10303.9 3647.9 3967.2 4130.8 5298.2 6992.2 10960.7 15618 17116 20883 27894 34354 44077
CP6 19463.9 10480.3 3710.3 40351 4201.5 5388.9 7111.8  11148.2 15885 17408 21241 28371 34942 44832
CP7 19582.6 10544.2 3733 4059.7 42271 5421.8 71552 11216.3 15982 17515 21370 28544 35156 45105
CP8 643.2 518.2 70.3 71.8 77.8 101.9 131 248 354 460 625 937 1498 2255
CP9 33051 2662.7 361.3 369.1 399.7 523.5 672.9 1274.5 1821 2363 3210 4813 7701 11590
CP10 3544.5 28556 387.5 395.8 428.7 561.5 7216 1366.9 1953 2535 3443 5161 8258 12429
CP11 5198 4187.7 568.2 580.4 628.7 823.4 1058.2 2004.5 2865 3717 5049 7569 12111 18227
CP12 5273.8 4248.8 576.5 588.9 637.8 8354 1073.6 2033.7 2906 3771 5122 7680 12287 18493
CP14 5402.5 4352.5 590.6 603.3 653.4 855.7 1099.8 2083.3 2977 3863 5248 7867 12587 18945
CP15 34827.9 18753 6639.1 7220.3 7518 9642.7 127256 19948.2 28424 31150 38007 50766 62524 80220
CP16 34951.5 18819.5 6662.7 72459 75447 9676.9 12770.8 20019 28525 31261 38142 50946 62746 80505
CP17 35000.8 18846.1 6672.1 7256.1 7555.3 96906 12788.8 20047.2 28565 31305 38196 51018 62835 80618

* flow unit is acre-ftYymo
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Appendix 4-4. Sample Parallel Manual Calculation of Current Water Allocation’

Period: February 1998

Sequence of Water Allocation & Abstraction Rates

After MWC-912876 After WR-100730 After WR-4514 After IF1a After WR-3600 After WR-3675
Based on Full Permitted Rates 639 2219 16.8 1949 4 237 326
Control Point  Water Right Priority NF CPflow CPflow Available CP flow Available CPflow Available CP flow  Available CPflow Available CP flow Available
CP1 MWC912876 u 43389 43389 42749 42749
CcP2 WR-100790 P 5526.6 5526.6 5462.7 52408 5240.8
CP3 WR-4514 T 5825.5 58255 57616 57616 5539.7 55228 55228
CP3 WR-3600 r 5825.5 58255 57616 57616 5539.7 5539.7 55228 55228 3573.4 5489.2 35498
CP4 WR-3675 e 5978.7 5978.7 59147 59147 5692 8 5692 8 5676.0 5676.0 5676.0 3726.6 3702.9 5619.8 36704
CP5 WR-4586 a 5983.0 5983.0 5919.1 59191 56972 5697.2 5680.4 56804 5680 4 3730.9 5656.7 37073 3674.7
CPe WR-4487 & 6085.4 6085 4 60215 60215 57996 5799.6 57827 57827 5782.7 38333 57591 38097 57265 37771
CP& WR-4447 f 6085.4 60854 6021.5 60215 57996 5799 6 57827 57827 57827 3833.3 57591 3809.7 57265 arrra
CP7 WR-MWT820019 o 61225 61225 6058 6 6058 6 5836.7 5836.7 58199 58199 58199 3870.5 5796.2 38468 57636 38142
CP8 WR-6092 130.5 130.5
cPg WR-MWC912875 2 670.4 6704
CP10 WR-701526 e 719.0 7190
CP11 WR-6273 n 1054 4 1054 4
CP12 Kiwitea St 5 1069.8 1069.8
CP14 WR-4796 t 1095.9 10959
CP15 WR-6105 ; 108850 108890 108251 108251 10603 1 10603 1 10586.3 105863 10586.3 86369 105626 8613.2 105301 8580.7
CP16 WR-MWTE90185 a 109276 109276 108637 108637 106418 106418 106250 106250 10625.0 86756 106013 86519 105688 B8619.3
CP17 Kawa Wool St m 108430 109430 108791 108791 10657 .2 106572 106404 106404 10640 4 86910 106167 B667.3 105841 8634.7
After MWC-912876 After WR-100790 After WR-4514 After IF1a After WR-3600 After WR-3675
Based on Estimated Abstraction Rates 63.7 2213 16.8 1949 4 233930 236 325
ggntroi Point Water Right Priority NF CPflow CPflow Availzble CPflow Available CPflow Available CPflow  Available CPflow Available CP flow Available
CP1 MWC912876 U 43389 43380 42751 42751
CP2 WR-100790 P 5526 6 5526 6 5462 9 5452.9 524186 52416
CP3 WR-4514 f 58255 5825.5 5761.8 5751.8 540 5 5540.5 55237 5523.7
CP3 WR-3600 r 58255 58255 57618 5761.8 55405 5540.5 5523.7 5523.7 35743 5500.1 3550.7
CP4 WR-3675 e 5978.7 5978.7 5914 9 5914.9 5693 6 5693 6 5676.8 5676 8 5676 8 3727 4 5653 2 3703.8 56208 36714
CP5 WR-4586 » 59830 5983.0 5919.3 5919.3 5698.0 5698.0 5681.2 5681.2 5681.2 37318 5657.6 37082 5625.1 3675.7
CP8 WR-4487 m 60854 6085.4 6021.7 60217 58004 58004 57836 57836 57836 3834 2 5760.0 38106 5727.5 37781
CP6 WR-4447 t 60854 60854 6021.7 60217 58004 58004 57836 57836 5783.6 3834 2 5760.0 38106 5727.5 37781
CP7 WR-MWT820019 o 61225 61225 6058.8 6058.8 58375 58375 5820.7 5820.7 5820.7 3871.3 57971 38477 57647 3s15.2
CcPs8 WR-6092 130.5 1305
CP9 WR-MWC912875 0 670.4 670.4
CP10 WR-701526 : 719.0 7190
CP11 WR-6273 n 1054 4 1054 4
CP12 Kiwitea St s 1069.8 1069.8
CP14 WR-4796 ! 10959 10959
CP15 WR-6105 ; 108890 108890 108252 108252 106039 106039 105872 105872 10587.2 B637.8 105636 B614.1 105311 8581.7
CP16 WR-MWTE90185 a 109276 109276 108639 108639 106426 106426 106258 106258 10625 8 86764 106022 86528 105698 8620.3
CP17 Kawa Wool St m 109430 109430 10879.3 103793 106580 106580 106412 106412 10641 2 8691.8 106176 B8668.2 10585.2 8635.7

* Upstream-to-downstream prionty allocation at “usual” or high river flows, units in acre-ftfimo
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Appendix 4-4. Sample Parallel Manual Calculation . continuation

Period: February 1998 Sequence of Water Allocation & Abstraction Rates
After WR-4586 After WR-4487 After WR-4447 After WT820019 After WR-6092 After MWC-912875  After MWT701526
Based on Full Permitted Rates 1726 148 302 64 1.0 189 107
Control Point _ Water Right Priority CPflow Available CP flow Availabe CPflow Available CPflow Available CP flow Available CP flow Available CP flow Available
CP1 MWC912876 u
CP2 WR-100790 4
CP3 WR-4514 g
CP3 WR-3600 r
CP4 WR-3675 e
CP5 WR-4586 H 54515 3502 1
CP8 WR-4487 m 3604.5 55391 35897
CPsé WR-4447 1 5553.9 3604 5 3589.7 55089 3559.5
CP7 WR-MWT820019 ] 55910 36416 5576.2 36258 3596.6 553986 35802
CPs WR-6092 129.4 1294
CP9 WR-MWC912875 2 669.4 650.4 6504
CP10 WR-701526 = 717.9 7179 699.0 688.4 688.4
CP11 WR-6273 n 10533 1053.3 1034 .4 1034.4 1023.7
CP12 Kiwitea St 5 1068.7 1068.7 1049.8 1049.8 1039.1 1039.1
CP14 WR-4796 ¢ 1094.8 1094.8 1075.9 1075.9 1065.2 1065.2
CP15 WR-6105 ; 10357.5 B4081 103427 83833 103125 8363.1 103061 B356.7 10305.1 83556 102861 B336.7 102755 8326.0
CP16 WR-MWT690185 a 103961 84467 103813 B4319 103511 B4017 103447 83953 103437 83943 103248 83754 103141 B364.7
CP17 Kawa Wool St m 104115 84621 103967 84473 103665 84171 103601 84107 103591 B409.7 103402 83908 10329.5 83801
After WR-4586 After WR-4487 After WR-4447 After WT820019 After WR-6092 After MWC-912875 After MWT701526
Based on Estimated Abstraction Rates 1721 148 301 64 10 18.9 106
Control Point  Water Right Priority CPflow Available CP flow Available CP flow Available CPflow Available CP flow Available CP flow Available CP flow Available
CP1 MWC912876 U
CP2 WR-100790 p
cP3 WR-4514 :
CP3 WR-3600 r
CP4 WR-3675 e
CPs WR-4586 a 5453.0 35036
CP6 WR-4487 i 55554 3606.0 3591.2
CP6 WR-4447 ; 55554 36060 3591.2 55105 35611
CP7 WR-MWTB20019 o 55925 36431 36284 5547 7 3598.2 55413 35919
CPs WR-6092 1294 1294
cPg WR-MWC212875 D 669 4 669.4 650.5 650.5
CP10 WR-701526 : 718.0 718.0 699.1 699 1 688.4 688.4
CP11 WR-6273 n 1053.3 1053.3 10345 10345 1023 8 1023.8
CcP12 Kiwitea St s 1068.7 1068.7 1049.8 1049.8 1039.2 1039.2
CP14 WR-4796 t 1094.8 1094 .8 1075.9 1075.9 1065.3 1065.3
CP15 WR-6105 ; 10359.0 84096 103442 83948 103141 8364.7 10307.7 83583 103067 8357.3 102878 83384 102772 83278
CP16 WR-MWTE90185 a 10397.6 B448.2 103829 84335 103528 B403.3 103464 83970 103454 83959 103265 8377.1 103159 8366.4
CP17 Kawa Wool St m 10413.0 B4636 103983 84489 10368 2 B418.7 10361.8 B4124 10360.8 B411.3 103419 83925 10331.2 8381.8

* Upstream-to-downstream prionty allocation at "usual” or high nver flows, units in acre-fi/mo
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Appendix 4-4. Sample Parallel Manual Calculation .. continuation
Period: February 1998 Sequence of Water Allocation & Abstraction Rates

After WR-6273 After IF2 After WR-4796 After WR-6105 After MWTE90185  Unappropriated
Based on Full Permitted Rates 64.1 2024 08 56 168.2 Flow
Control Point ~ Water Right Priority  CP flow Available CP flow Available CP flow Available CPflow Available CP flow Available
CP1 MWC912876 u 35021
CcP2 WR-100790 g 35021
CP3 WR-4514 \ 35021
CP3 WR-3600 r 35021
CP4 WR-3675 e 35021
CP5 WR-4586 a 35021
CP6 WR-4487 m 3559 5
CP6 WR-4447 | 35595
CP7 WR-MWT820019 0 35902
CP8 WR-6092 129 4
CcPg WR-MWC912875 2 650 4
CP10 WR-701526 W 688.4
CP11 WR-6273 n 9596 9596 7726
CP12 Kiwitea St s 975.0 875.0 975.0 7726 7726
CP14 WR-4796 t 10011 10011 798.7 1000 4 798.0 798.0
CP15 WR-6105 ; 10211.3 82619 102113 80595 B261.2 102050 82556 8126.1
CP16 WR-MWTE90185 a 10250.0 83006 102500 80982 102493 82998 B294.2 100755 81261 81261
CP17 Kawa Wool St m 10265 .4 83160 102654 81136 10264 7 83152 102591 B8309.6 8141.5 B8141.5

After WR-6273 After IF2 After WR-4796 After WR-6105 After MWT690185  Unappropriated
Based on Estimated Abstraction Rates 63.9 2024 24230 07 56 167.7 Flow
Control Point ~ Water Right Priority  CP flow Available CP flow Available CP flow Available CP flow Available CP flow Available
CP1 MWC912876 u 35036
CcP2 WR-100790 P 35036
cP3 WR-4514 5 3503 .6
CP3 WR-3600 r 35036
CP4 WR-3675 e 3503.6
CP5 WR-4586 a 35036
CP6 WR-4487 m 3561 1
CP6 WR-4447 i 3561 1
CcP7 WR-MWTB820019 o 3591.9
cPs WR-6092 129.4
CP9 WR-MWC912875 B 650.5
CP10 WR-701526 . 688.4
CP11 WR-6273 n 959.9 959.9 7729
cP12 Kiwitea St s 9753 89753 8753 7729 7729
CP14 WR-4796 t 1001 4 1001 .4 799.0 1000.6 798.2 798.2
CP15 WR-6105 ; 10213.3 82638 102133 80614 102125 8263.1 102069 8257.5 8128.5
CP16 WR-MWTE90185 a 102519 83025 102519 81001 10251.2 B301.8 102456 8296.2 100779 8128.5 81285
CP17 Kawa Wool St m 10267.3 8317.9 102673 81155 102666 83172 102610 83116 100933 8143.9 8143.4

* Upstream-to-downstream priority allocation at "usual” or high river flows, units in acre-ft/mo
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Appendix 4-5. Reliability Summary for Selected Control Points Under Allocation Based on Full Permitted Rates

Target Mean Reliability Percentage of Months Percentage of Years
Name | Diversion  Shortage | Period | Volume . With Diversion Equaling or Exceeding Percentage of Target Diversion Amount | With Diversion Equaling or Exceeding Percentage of Target Diversion Amount
(ac-ftlyr) | (ac-filyr) | (%) (%) 100% 95% 90% 75% 50% 25% >0% 100% 98% 95% 90% 75% 50% >0%

CP1 767 0 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
cpP2 2663 0 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
CP3 486 0 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
CP4 391 0 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
CP5 2071 0 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
CP6 540 0 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
CP7 77 0 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
CP8 13 0 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
CP9 227 0 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
CP10 128 0 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
CP11 769 0 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
CP12 0 0 There are no diversions at this control point

CP14 10 0 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
CP15 67 0 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
CP16 2018 0 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
CP17 0 0 There are no diversions at this control point

Total 10228 0 100
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Appendix 4-6a. WRAP Model for Oroua Water Allocation Based on Monthly Flow Threshold
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WRAP-SIM Input File for Oroua Water Allocation Management Based on Monthly Flow Threshold

Oroua WRAP-SIM Input File: simi2Zmt.dat

6 1993

Control Point (CP) records
CP1 CP2

CP2 CP3

CP3 CP4

CP4 CP5

CP5 CP6

CP6 CP7

CP7 CP15

CP8 CP9

CP9 CP10
CP10 CP11
CP11 CP12
CP12 CP14
CP14 CP15
CP15 CP16
CP16 CP17
CP17 ouT

Water Right (WR) and Instream Flow (IF) records

-1

-1

i
-

NN NN S N N N N N N N N s N

NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE

Using type 0 IF computation (i.e., IF shortages determined only)

Rights granted after 21 Apr 1994 are suspended

CP1
cP2
CP3
CP3
CP3
CP4
CP4
CP5
CP5
CP8&
CP6
CP8&
CP7
CP7
CP8
CP9
CP10
CcP11
CP12
CP14
CP14
CP15
CP15
CP16
CP16
CP17

767
2663
0
23393
284
23393
391
23393
0
23393
0

0
23393
g

0

227
128

0
2429
2429
0
23393
0
23393
2018
23393

End of Records
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IF4
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IF12
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WR-MWC912876
WR-100790
WR-4514
WR-3600
WR-3675
WR-4586

WR-4487
WR-4447

WR-MWT820019
WR-6092
WR-MWC912875
WR-MWT701526
WR-6273
WR-4796
WR-6105

WR-MWTE690185
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Appendix 4-6b. WRAP Model for Oroua Water Allocation Based on Minimum Flow

T1
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FO
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cpP
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CP
CP
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CpP
CpP
CcP
CcpP
CcpP
CcP
CcP
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WR
WR
WR
IF
WR
IF
WR
IF
WR
IF
WR
WR
IF
WR
WR
WR
WR
WR
IF
IF
WR
IF
WR
IF
WR
IF

L d

ED

WRAP-SIM Inpt File for Oroua Water Allocation Management Based on Minimum Flows

Oroua WRAP-SIM Input File: simi2mn.dat

6 1993
Control Point (CP) records
CP1 CP2
CP2 CP3
CP3 CP4
CP4 CP5
CP5 CP6
CP6 CP7
CP7 CP15
CP8 CP9
CP9 CP10
CP10 CP11
CP11 CP12
CP12 CP14
CP14 CP15
CP15 CP16
CP16 CP17
CP17 ouT

Water Right (WR) and Instream Flow (IF) records

-1

i
-

NN N N = N N N N N N N N = N

NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE

Using type 0 IF computation (i.e., IF shortages determined only)
Reduced abstraction rates of municipal rights & suspended rights for irrigation purposes

CP1
CP2
CP3
CP3
CP3
CP4
CP4
CP5
CPS
CP6
CpPeé
CP6
CP7
CP7
CP8
cpPg
CP10
CP11
CP12
CP14
CP14
CP15
CP15
CP16
CP16
CP17

332
2173
0
23393
128
23393
0
23393
0
23393
0

0
23393
0

0

128

0

0
2429
2429
0
23393
0
23393
0
23393

End of Records
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IF4

IF5

IF6

IF7

IF12
IF14

IF15

IF16

IF17

WR-MWC912876
WR-100790
WR-4514
WR-3600
WR-3675
WR-4586

WR-4487
WR-4447

WR-MWT820019
WR-6092
WR-MWC912875
WR-MWT701526
WR-6273
WR-4796
WR-6105

WR-MWT690185
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Appendix 4-7. Sample Parallel Manual Calculation of Water Allocation Based Monthly Flow Thresholds and Minimum Flows

Period: February 1998

Sequence of Water Allocation & Abstraction Rates

Based on Monthly Flow Thresholds* After MWC-912876 After WR-100790 After WR-4514 After IF1a After WR-3600 After WR-3675
63.9 2219 00 1949.5 237 326

Control Point Water Right Priority NF CPflow CPflow Available CPflow Available CP flow Available CPflow  Available  CP flow Available CP flow Available

CP1 MWC912876 u 43389 43380 42749 42749

CP2 WR-100790 P 5526.6 5526.6 5462.7 52408 5240.8

CP3 WR-4514 f 5825.5 5825.5 57616 5761.6 5539.7 5539.7 5539.7

CP3 WR-3600 r 5825.5 5825.5 5761.6 57616 5539.7 5539.7 5539.7 5539.7 3590.2 5516.0 3566.5

CP4 WR-3675 - 5978.7 5978.7 59147 5914.7 5692.8 5692.8 5692.8 5692.8 5692.8 3743 3719.7 5636.6 3687.1

CP5 WR-4586 b 5983.0 5983.0 59191 5919.1 5697.2 5697.2 5697.2 5697.2 5697.2 37477 5673.5 37240 3691.5

CP6 WR-4487 m 6085.4 6085.4 60215 6021.5 57996 5799.6 5799.6 5799 6 57996 38501 5775.9 3826 .4 57433 3793.9

CP6 WR-4447 t 6085.4 6085.4 6021.5 6021.5 5799.6 5799.6 5799.6 5799.6 5799.6 3850.1 5775.9 3826 4 57433 3793.9

CP7 WR-MWT820019 o 6122.5 6122.5 6058.6 6058.6 5836.7 5836.7 5836.7 5836.7 5836.7 3887.2 5813.0 3863.6 5780.5 3831.0

CP8 WR-6092 130.5 1305

CP9 WR-MWC912875 O 6704 6704

CP10 WR-701526 & 7190 7190

CP11 WR-6273 n 1054 .4 1054 .4

CP12 Kiwitea St s 1069.8 1069.8

CP14 WR-4796 t 1095.9 1095.9

CP15 WR-6105 ; 10889.0 10889.0 108251 108251 10603.1 10603.1 10603.1 10603.1  10603.1 8653.7 105795 86300 10546.9 8597.5

CP16 WR-MWTE90185 a 109276 109276 10863.7 10863.7 106418 106418 106418 1064186 106418 86923 10618.1 8668.7 105856 8636.1

CP17 Kawa Wool St m 10943.0 109430 10879.1 108791 10657.2 10657.2 10657.2 10657.2 10657.2 8707.7 10633.5 8684.1  10601.0 8651.5

Based on Minimum Flows** After MWC-912876 After WR-100790 After WR-4514 After IF1a After WR-3600 After WR-3675
27.7 181.1 0.0 19495 107 00

Control Point Water Right Priority NF CPflow CPfiow Available CP flow Available CP flow Available CP flow  Available  CP flow Available CP flow Available

CP1 MWC912876 u 43389 4338 9 43112 43112

cP2 WR-100790 P 55266 55266 54080  5498.9 53178  5317.8

CP3 WR-4514 : 5825.5 5825.5 5797.8 57978 5616 7 5616.7 5616.7 5616.7

CP3 WR-3600 r 5825.5 5825.5 5797.8 5797.8 5616.7 5616.7 5616.7 5616.7 3667.3 5606 .1 3656.6

CP4 WR-3675 e 5978.7 5978.7 5951.0 5951.0 5769.9 5769.9 5769.9 5769.9 5769.9 3820.4 5759 2 3809.8 5759.2 3809.8

CP5 WR-4586 a 5983.0 5983.0 5955.3 5955.3 5774.2 5774.2 5774.2 5774.2 57742 38248 5763.6 38141 5763 6 3814.1

CP6 WR-4487 " 60854 60854 6057.7 6057.7 5876.6 5876.6 5876.6 5876.6 5876.6 39272 5866.0 3916.5 5866.0 3916.5

CP6 WR-4447 \ 6085.4 6085.4 6057.7 6057.7 5876.6 5876.6 5876.6 5876.6 5876.6 3927.2 5866.0 3916.5 5866.0 3916.5

CcP7 WR-MWT820019 o 61225 6122.5 6094.8 6094 .8 59137 5913.7 5913.7 5913.7 5913.7 3964.3 59031 3953.6 5903.1 3953.6

CPs8 WR-6092 130.5 130 ¢

CP9 WR-MwC912875  © 6704 6704

CP10 WR-701526 : 719.0 719.0

CP11 WR-6273 n 1054 .4 1054 4

CP12 Kiwitea St s 1069.8 1069.8

CP14 WR-4796 : 1095.9 1095.9

CP15 WR-6105 ; 10889.0 108890 108613 108613 10680.2 10680.2 106802 106802 10680.2 8730.7 10669.5 87201 10669.5 8720.1

CP16 WR-MWT690185 a 109276 109276 108999 10899.9 107188 107188 107188 107188 107188 87694 10708.2 8758.7 10708.2 8758.7

CP17 Kawa Wool St m 10943.0 109430 109153 109153 10734.2 10734.2 107342 107342 10734.2 87848 107236 87741 107236 8774.1

* Upstream-to-downstream priority allocation at "usual” or hugh river flows
** adopting the specified 50 Ips and 20 Ips maximum combined abstractions for irigation nghts held prior to 21 April 1994 and suspension of those granted after the said date along Oroua River and Kiwitea Stream, respectively



Appendix 4-7. Sample Parallel Manual Calculation .. continuation

Period. February 1998 Sequence of Water Allocation & Abstraction Rates

Based on Monthly Flow Thresholds* After WR-4586 After WR-4487 After WR-4447 After WT820019 After WR-6092 After MWC-912875 After MWT701526
0.0 0.0 00 64 00 189 107

Control Point Water Right Priority NF CPflow CPflow Available CPflow Available CP flow Available CP flow Available CP flow Available CP flow Available CP flow Available

CP1 MWCg12876 u 43389 43389

cP2 WR-100790 : 5526.6 55266

CP3 WR-4514 i 58255 58255

CP3 WR-3600 r 58255 58255

CP4 WR-3675 - 5978.7 5978.7

CP5 WR-4586 . 59830 5983.0 5641.0 3691.5

CP6 WR-4487 '“ 60854 60854 37939 57433 37939

CP6 WR-4447 i 60854 60B54 57433 37939 37939 57433 37939

CP7 WR-MWTB20019 o 61225 61225 5780.5 38310 57805 38310 3831.0 57741 38246

CPs8 WR-6082 130.5 130.5 130.5 1305

cP9 WR-MWC912875 2 6704 670.4 6704 651.5 651.5

CP10 WR-701526 - 719.0 719.0 719.0 719.0 700.0 689 4 689 4

CP11 WR-6273 n 1054 4 1054 .4 1054 4 1054 4 10354 10354 1024.8

CP12 Kiwitea St 5 1069.8 1069 8 1069.8 1069 8 1050.8 10508 1040.2 1040.2

CP14 WR-4796 1 10959 10859 1095.9 1095.9 1076.9 1076.9 1066.3 1066.3

CP15 WR-6105 : 10889.0 108890 10546.9 B5875 105469 B597.5 105469 85975 105405 85911 105405 8591.1 1052186 85721 105109 8561.5

CP16 WR-MWTE90185 a 109276 109276 105856 86361 105856 8636.1 105856 8636.1 10579.2 B629.7 10579.2 86297 10560.2 86108 105496 8600.1

CP17 Kawa Wool St m 109430 109430 106010 86515 106010 B651.5 106010 86515 105946 86451 105946 86451 105756 B8626.2 10565.0 86155

Based on Minimum Flows** After WR-4586 After WR-4487 After WR-4447 After WTB20019 After WR-8092 After MWC-912875  After MWT701526
00 0o 00 0.0 0.0 10.7 0.0

Control Point Water Rﬂ' ht Priority NF CPflow CPfiow Available CP flow Available CP flow Available CP flow Available CPflow Available CPflow Available CP flow Available

CP1 MWC912876 u 43389 433589

CcP2 WR-100790 P 55266  5526.6

cP3 WR-4514 3 58255 58255

CP3 WR-3600 ' 58255 58255

CP4 WR-3675 e 5978.7 5978.7

CP5 WR-4586 b 5983.0 5983.0 5763 6 38141

CP& WR-4487 » 60854 60854 5866 0 3916.5 5866 0 3916.5

CPs& WR-4447 1 60854 6085.4 58660 3916.5 5866 () 3916.5 5866.0 39165

CP7 WR-MWTB20019 o 61225 61225 5803.1 39536 58031 3953 6 5903 1 3953.6 5903.1 39536

CP8 WR-6092 1305 130.5 1305 1305

cP8 WR-MWC912875 B 670.4 670.4 6704 670.4 659.8 6598

CP10 WR-701526 b 719.0 719.0 719.0 719.0 708 3 708.3 7083 708.3

CP11 WR-6273 n 1054.4 1054 4 1054 4 1054 4 10437 1043.7 10437 1043.7

CP12 Kiwitea St 5 1069.8 1069.8 1069.8 1069.8 1059.1 10581 1059.1 10581

CP14 WR-4786 ! 1085.9 10959 1095.9 1085.9 1085.2 1085.2 1085.2 1085.2

CP15 WR-6105 ; 108890 108890 108695 87201 106695 87201 10669 5 87201 10669.5 B7201 10669.5 87201 106589 B7094 106589 87094

CP18 WR-MWTE80185 a 109276 109276 107082 B758.7 107082 87587 107082 B758 10708.2 B7587 10708.2 B758.7 106975 87481 10697.5 B748.1

CP17 Kawa Wool St m 109430 109430 107236 87741 107236 87741 107236 8774.1 10723.6 B7741 107236 B7741 107129 87635 1071289 8763.5

"1 t priority 1 at "usual” or high river flows

** adopting the specified 50 Ips and 20 Ips

for imgation nghts held pror to 21 Apnl 1994 and suspension of those granted after the said date along Oroua River and Kiwitea Stream, respectively
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Appendix 4-7. Sample Parallel Manual Calculation ... continuation

Period: February 1998 Sequence of Water Allocation & Abstraction Rates
Based on Monthly Flow Thresholds* After WR-6273 After IF2 After WR-4796 After WR-6105 After MWT690185  Unappropriated
0.0 2024 00 0.0 168.2 Flow

Control Point Water Right Priority NF CPflow CPflow Available CPflow Avallable CPflow Available CP flow Available CP flow Available

CP1 MWC912876 u 43389 43368 9 3566.5
CP2 WR-100790 P 5526.6 5526.6 3566.5
cP3 WR-4514 i 58255 58255 3566.5
CP3 WR-3600 ' 5825.5 58255 3566.5
CP4 WR-3675 e 5978.7 5978.7 3687.1
CP5 WR-4586 » 5983.0 5983.0 3691.5
CP8 WR-4487 " 60854 60854 3793.9
CP6 WR-4447 t 60854 6085 .4 3793.9
CP7 WR-MWTB820019 o 61225 61225 38246
cers WR-6092 130.5 130 5 1305
CP9 WR-MWC912875 2 6704 6704 651.5
CP10 WR-701526 . 7190 7190 689.4
CP11 WR-6273 n 1054 4 1054 4 1024 .8 10248 837.8
CP12 Kiwitea St s 1069 8 1069.8 1040.2 10402 1040.2 8378 8378
CP14 WR-4796 t 1095.9 10959 1066 3 1066.3 863.9 1066 3 863.9 8639
CP15 WR-6105 ; 10889.0 10889.0 105109 85615 105109 83591 8561.5 105109 8561.5 84320
CP16 WR-MWTE90185 a 109276 109276 105496 86001 10549 6 83977 10549 6 B8600.1 8600.1 103814 84320 8432.0
CP17 Kawa Wool St m 10943.0 109430 105650 86155 105650 84131 10565.0 B6155 10565.0 8615.5 B447 4 B447 4
Based on Minimum Flows** After WR-6273 After IF2 After WR-4796 After WR-6105 After MWTE90185 Unappropriated

00 2024 00 00 00 Flow

Control Paint Water Right Priority NF CPflow CPflow Avalable CPflow Avallable CPflow Available CP flow Available CP flow Available

CP1 MWC912876 u 43389 4338 9 3656.6
CP2 WR-100790 P 5526.6 5526 6 3656.6
cP3 WR-4514 % 58255 58255 3656.6
CP3 WR-3600 i 5825.5 58255 3656.6
CP4 WR-3675 [ 5978.7 5978.7 3809.8
CP5 WR-4586 a 5983.0 5983.0 38141
CP6 WR-4487 & 60854  6085.4 3916.5
CP6 WR-4447 t 60854 60854 3916.5
CP7 WR-MWTB820019 o 61225 61225 39536
CP8 WR-6092 130.5 1305 130.5
CPS WR-MWC912875 e 6704 6704 659.8
CP10 WR-701526 . 7190 7190 708.3
CcP11 WR-6273 n 1054 4 1054 4 10437 1043 7 856.7
CP12 Kiwitea St s 1069.8 1069.8 10591 105¢ 1 1059 1 B856.7 B856.7
CP14 WR-4796 J 10959 1095.9 1085.2 1085 2 882.8 10852 8828 8828
CP15 WR-6105 ; 10889.0 108890 106589 87094 106589 8507.0 106589 8709.4 106589 8709 4 8709.4
CP16 WR-MWTE90185 a 109276 109276 1086975 87461 106975 85457 106975 87481 106975 B8748.1 106975 87481 87481
CP17 Kawa Wool St m 10943.0 109430 107129 87635 107129 85611 107129 87635 107129 8763.56 107129 8763.5 8763.5

* Upstream-to-downstream prionty allocation at “usual” or high river flows
** adopting the specified 50 Ips and 20 Ips maximum combined abstractions for imgation nghts held prior to 21 Apnl 1994 and suspension of those granted after the said date along Oroua River and Kiwitea Stream, respectively
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Appendix 4-8. Fcbruary 1998 Daily Flow for Orona River al Almadale Station
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Appendix 4-8. Prediction Equation for oid Kawa Woo! Station Using Concurrent Flow Data (1971-1891 pariod)
for the Almadale Station

Equation:  Amadale flow = Kawa Wool flow *0.742984 + trans2_1 * 45.037575 + 38.903932
R-squared: 0.54671

where trans2_1 is a "quantification of month” obtamed using SPSS categorical regression
precesure and s related to month as shown below

Montn trans2 1

Jan -1.84
Feb -0.54
Mar -0.98
Apr 027
May 186
Jun 1.35
Jui .26
Aug 1.21
Sep 0.07
Oct -0.42
Nov -0.03

Dec .52




Appendix 4-10. 1993-1998 Monthly Flow Ratios

Naturalized Flow (ac-ft/mo) Naturalized Flow (inch/mo) Flow (inch/mo) Ratio DAR/FR DAR/FR

Month Almadale Spur Rd Kawa Wool Spur  Almadale WRAP Regression Spur/WRAP Spur/ Almadale/ Almadale/ Spur/ Almadale/
i WRAP  Regression Regression Regression WRAP Regression Regression
1 12681 3882 23821 18237 0.79 202 2.02 1.55 0.39 0.51 1.31 100[ 082 0.41
2 15886 1145 29841 22507 0.23 253 253 1.91 0.09 0.12 133 1.00 342 040
3 9228 1480 17335 13637 0.30 1.47 147 1.16 0.20 0.26 127 1.00 1.60 042
4 12419 2136 23329 17875 043 1.98 198 152 022 0.29 1.31 1.00 1.46 0.41
5 20324 3750 38178 28553 0.76 324 324 242 0.24 0.31 134 1.00 1.33 0.40
6 24859 6969 46697 34608 1.42 3.97 387 294 0.36 0.48 1.35 1.00 0.86 0.39
7 11648 2990 21880 16865 0.61 1.86 1.86 1.43 0.33 042 1.30 1.00 098 0.41
8 13851 3120 26018 15982 063 221 221 1.36 029 047 163 1.00 0.89 0.33
9 23078 7643 43352 28424 1.56 3.68 3.68 241 0.42 064 1.53 1.00 0.65 0.35
10 14661 2447 27540 17005 0.50 234 234 144 0.21 0.34 162 1.00 1.21 0.33
11 16633 5131 31245 19785 1.04 265 2.65 1.68 0.39 0.62 1.58 1.00 067 034
12 10476 2479 19679 11411 0.50 1.67 1.67 0.97 0.30 0.52 172 1.00 0.80 0.31
13 6217 1515 11679 9487 0.31 0.99 0.99 0.81 0.31 0.38 123 1.00 1.09 043
14 3551 694 6671 5827 014 0.57 0.57 0.49 0.25 0.29 114 1.00 1.46 0.46
15 6914 1067 12987 10449 022 1.10 1.10 0.89 0.20 0.24 124 1.00 1.71 0.43
16 7358 1422 13821 10974 0.29 1.17 1.17 0.93 0.25 0.31 126 1.00 1.34 042
17 35679 5748 67021 49128 1.17 5.69 5.69 417 0.21 028 1.36 1.00 1.49 0.39
18 27672 10268 51981 38312 209 441 441 3.25 047 0.64 1.36 1.00 065 0.39
19 42737 14585 80279 58628 297 6.82 6.82 498 0.44 0.60 1.37 1.00 0.70 039
20 25625 14151 48136 31763 288 409 4.09 270 070 1.07 1.562 1.00 0.39 0.35
21 31231 12434 58667 39397 253 4.98 498 335 0.51 0.76 149 1.00 0.55 0.36
22 27733 8527 52095 34598 1.74 442 442 2.94 0.39 0.59 1.51 1.00 071 0.35
23 31216 11288 58639 39412 2.30 498 498 3.35 0.46 0.69 1.49 1.00 061 0.36
24 8087 1567 15192 8195 0.32 1.29 1.29 0.70 0.25 0.46 1.85 1.00 091 0.29
25 6781 864 12738 10247 0.18 1.08 108 0.87 0.16 0.20 1.24 1.00 207 0.43
26 7592 988 14262 11264 0.20 1.21 121 0.96 017 0.21 1.27 1.00 1.98 0.42
27 6588 1089 12375 10010 0.22 1.05 105 0.85 0.21 0.26 1.24 1.00 1.60 0.43
28 15343 2956 28821 21721 0.60 245 245 1.84 025 0.33 1.33 1.00 1.28 0.40
29 18395 3772 34554 25863 0.77 293 293 220 0.26 0.35 1.34 1.00 1.19 0.40
30 27882 9931 52376 38595 202 4.45 445 3.28 045 0.62 1.36 1.00 068 0.39
31 42916 18494 80617 58773 3.76 6.85 6.85 4.99 0.55 0.75 1.37 1.00 0.55 0.39
32 24127 9309 45321 29512 1.89 3.85 3.85 251 049 0.76 1.54 1.00 0.55 0.35
33 34809 11005 65387 43978 224 5.55 5.55 374 0.40 0.60 1.49 1.00 0.70 0.36
34 31077 13478 58378 38865 274 4.96 4.96 3.30 0.55 0.83 1.50 1.00 0.50 0.35
35 20155 5110 37861 24253 1.04 3.22 3.22 2.06 0.32 0.50 1.56 1.00 0.83 0.34
36 8314 2567 15618 8228 0.52 133 1.33 0.70 0.39 0.75 1.90 1.00 0.56 0.28
37 11695 1428 21969 16724 0.29 1.87 1.87 1.42 0.16 0.20 1.31 1.00 204 0.41
38 11663 1764 21909 16669 0.36 1.86 1.86 1.42 0.19 0.25 1.31 1.00 1.65 0.41
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Appendix 4-10. 1993-1998 Monthly Flow Ratios ... continuation

Naturalized Flow (ac-ft/mo) Naturalized Flow (inch/mo) Flow (inch/mo) Ratio DAR/FR DAR/FR

Month Almadale Spur Rd Kawa Wool Spur Almadale WRAP Regression Spur/WRAP Spur/ Almadale/ Almadale/ Spur/ Almadale/

WRAP _ Regression Regression Regression WRAP Regression Regression
39 10607 2382 19924 15342 0.48 1.69 1.69 1.30 0.29 0.37 1.30 1.00 1.12 0.41
40 27158 5120 51016 37389 1.04 433 433 318 024 0.33 1.36 1.00 127 0.39
41 24381 11501 45798 33696 234 3.89 3.89 2.86 0.60 0.82 1.36 1.00 0.51 0.39
42 27317 9427 51314 37464 1.92 436 4.36 3.18 0.44 0.60 1.37 1.00 0.69 0.39
43 27272 12392 51230 37353 252 435 435 317 0.58 079 1.37 1.00 0.52 0.39
44 28901 12045 54289 35711 2.45 461 461 3.03 0.53 0.81 1.52 1.00 0.52 0.35
45 16460 6445 30920 19057 1.31 263 263 1.62 0.50 0.81 1.62 1.00 0.51 0.33
46 22539 7419 42339 27147 1.51 3.60 360 2.31 0.42 0.65 1.56 1.00 0.64 034
47 16831 3033 31616 19723 062 269 269 1.68 0.23 0.37 1.60 1.00 113 0.33
48 13999 2748 26297 15819 0.56 223 223 1.34 0.25 0.42 1.66 1.00 1.00 0.32
49 10672 1683 20047 15261 0.34 1.70 1.70 1.30 0.20 0.26 1.31 1.00 1.58 0.41
50 4159 793 7812 6288 0.16 0.66 066 0.53 0.24 0.30 1.24 1.00 1.38 0.43
51 16665 2360 31304 23246 0.48 266 266 1.97 0.18 0.24 1.35 1.00 1.72 0.40
52 21073 6570 39585 28994 1.34 3.36 3.36 2.46 0.40 0.54 1.37 1.00 0.77 0.39
53 8530 2033 16022 12133 0.41 1.36 1.36 1.03 0.30 0.40 1.32 1.00 1.04 0.40
54 23114 6737 43419 31774 1.37 3.69 369 270 0.37 0.51 1.37 1.00 0.82 0.39
55 34003 4901 63874 46413 1.00 542 542 3.94 0.18 0.25 1.38 1.00 1.65 0.39
56 22842 7680 42907 27557 1.56 3.64 364 234 0.43 0.67 1.56 1.00 062 0.34
57 20368 5415 38261 24317 1.10 3.25 325 2.07 0.34 0.53 1.57 1.00 0.78 0.34
58 36241 12349 68078 45588 2.51 578 578 387 0.43 0.65 1.49 1.00 0.64 0.36
59 16137 2518 30312 18790 0.51 2.57 257 1.60 0.20 0.32 1.61 1.00 1.30 0.33
60 12327 1905 23156 13569 0.39 1.97 197 1.15 0.20 0.34 1.71 1.00 1.24 0.31
61 4071 594 7647 6377 0.12 0.65 065 0.54 0.19 0.22 1.20 1.00 1.87 0.44
62 5826 1070 10943 8532 022 093 093 072 023 0.30 1.28 1.00 1.39 042
63 3984 577 7483 6179 0.12 0.64 064 0.52 0.18 0.22 1.21 1.00 1.87 0.44
64 10167 2052 19098 14315 0.42 1.62 162 122 0.26 0.34 1.33 1.00 1.21 0.40
65 15348 3308 28830 21310 0.67 2.45 245 1.81 0.27 0.37 1.35 1.00 1.12 0.39
66 20067 4603 37695 27673 0.94 3.20 3.20 235 0.29 0.40 1.36 1.00 1.05 0.39
67 42276 10069 79415 57548 2.05 6.74 6.74 4.89 0.30 042 1.38 1.00 1.00 0.39
68 18304 4186 34383 21449 0.85 2.92 292 1.82 0.29 047 1.60 1.00 0.89 0.33
69 17237 3933 32380 20103 0.80 275 275 17 0.29 0.47 1.61 1.00 0.89 0.33
70 27425 6424 51517 33723 1.31 438 438 2.86 0.30 046 1.53 1.00 0.91 0.35
71 16074 3704 30194 18705 0.75 2.56 2.56 1.59 0.29 047 1.61 1.00 0.88 0.33
72 12045 2707 22626 13189 0.55 1.92 1.92 1.12 0.29 049 1.72 1.00 0.85 0.31
DAR - Drainage Area Ratio average 0.32 0.47 1.43 1.00 0.90 0.37

FR - Flow Ratio
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