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[1] A key challenge in managing semiarid basins, such as in the Murray-Darling in
Australia, is to balance the trade-offs between the net benefits of allocating water for
irrigated agriculture, and other uses, versus the costs of reduced surface flows for the
environment. Typically, water planners do not have the tools to optimally and dynamically
allocate water among competing uses. We address this problem by developing a general
stochastic, dynamic programming model with four state variables (the drought status, the
current weather, weather correlation, and current storage) and two controls (environmental
release and irrigation allocation) to optimally allocate water between extractions and in situ
uses. The model is calibrated to Australia’s Murray River that generates: (1) a robust
qualitative result that “pulse” or artificial flood events are an optimal way to deliver
environmental flows over and above conveyance of base flows; (2) from 2001 to 2009 a
water reallocation that would have given less to irrigated agriculture and more to
environmental flows would have generated between half a billion and over 3 billion U.S.
dollars in overall economic benefits; and (3) water markets increase optimal environmental
releases by reducing the losses associated with reduced water diversions.
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1. Introduction

[2] Over half of the global accessible runoff is appropri-
ated for human purposes [Postel et al., 1996] and some
80% of freshwater used by humans is extracted for irriga-
tion purposes [Thenkabail et al., 2009]. In semiarid regions,
such as Australia’s Murray-Darling Basin, irrigation is of
particular importance and can increase the value of agricul-
tural production severalfold relative to that of dry-land cul-
tivation. For example, irrigated agriculture in Australia
generates 28% of the value of agricultural production from
only 1% of its agricultural land area [ Meyer, 2005].

[3] While water for irrigation generates substantial bene-
fits, extractions also have the potential to generate environ-
mental costs because they alter both the volume and
variability of river flow [Bunn and Arthington, 2002 ; Dudg-
eon et al., 2006; Poff et al., 2007, 2010]. This is a concern
because globally the area of land devoted to irrigation has
expanded from 280 to over 400 million ha in the past three
decades [Thenkabail et al., 2009]. Much of the surface
water supplied to irrigated agriculture is stored, at some
point in time, in the world’s more than 45,000 large dams
that are capable of holding up to 15% of the total global sur-
face runoff [Nilsson et al., 2005].
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[4] Water regulation for irrigation is a particular challenge
in the Murray-Darling Basin, Australia. This is because dam
storage capacity exceeds the mean annual runoff and system
outflows have been reduced to a fraction of their predevelop-
ment levels. Much of this development has occurred in the
recent past as water diversions in Australian rivers increased
by over 50% between 1985—-1986 and 1995-1996 [National
Land and Water Resources Audit, 2001]. Water storages
smooth river flows and provide a secure supply of water for
irrigation when required, especially over summer months.
As a result of this regulation, peak flows associated with
flooding events have diminished in both size and frequency,
and median annual flows out to sea in the basin are now less
than 30% of their natural levels [Commonwealth Scientific
and Industrial Research Organisation (CSIRO), 2008].

[s] The nature of water regulation in the southern
Murray-Darling Basin is that many existing water resource
plans allow for water diversions for irrigated agriculture to
be reduced by a smaller proportion than inflows during low-
inflow periods. As a result, on the Murray River the water
diverted for irrigation has increased from less than half in
the 1980s and 1990s to over 75% in the past decade-long
drought [Grafion and Jiang, 2010]. Reduced environmental
flows have contributed to widespread degradation along the
Murray River with 95% of the floodplain trees on its lower
reaches either degraded or dying [Murray-Darling Basin
Commission (MDBC), 2003]. Norris [2010, pp. 23-24] has
summarized the key environmental assessments in the basin
over the past decade and observed there is clear evidence of
poor ecological conditions in many of its rivers. Before the
current drought, Norris et al. [2001] concluded that 40% of
the river length assessed had a degraded environmental
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condition. At the end of the system there is high salinity,
exposed acid-sulfate soils that generate water acidity that
can result in fish die offs, and virtually no flows at the Mur-
ray Mouth over the past decade [Senate Standing Commit-
tee on Rural and Regional Affairs and Transport, 2008].

[6] In response to the evidence of degraded habitats, sci-
entists have argued for increased environmental flows [Poff’
et al., 1997; Richter et al., 1997; Arthington et al., 2010;
Poffetal.,2010]. The problem for policy makers and water
planners is that allocating more water for the environment
means less water for irrigated agriculture. To help decision
makers respond to this dilemma and to better understand
the trade-offs, we develop an optimal and dynamic water
allocation model. As far as we are aware, it is the first
dynamic and stochastic water model that accounts for the
key states of the environment and correlated weather events
that can be used to economically optimize water allocations
for diversions versus in situ uses.

[71 We calibrate the optimal dynamic water allocation
model to the Murray River of Australia, but it could be
applied generally to any river system where there are trade-
offs between diversions (agricultural, industrial, or domes-
tic) and environmental flows coupled with adequate data on
flows and benefits of alternative uses. Recent work has pro-
duced global data sets of irrigated land area [ Thenkabail et
al., 2009], large dams [Nilsson et al., 2005], and freshwater
ecosystems [Lehner and Ddoll, 2004] plus a capacity to
model human and climate change impacts on continental
and global water systems [Lehner et al., 2006; Haddeland
et al.,2007; Dai et al., 2009; Doll et al., 2009]. These data
and tools make it possible to use our modeling approach to
examine the sustainability of marginal adjustments in the
timing and location of water delivered for agricultural pro-
duction. By contrast to existing methods that are local scale
and idiosyncratic, our optimal dynamic water allocation
model is a general analytical approach capable of quantify-
ing the economic trade-offs between the environment and
extractive uses at a basin scale. The underlying parameters
of the model can be adapted to particular catchments where
there is additional information on the hydrology and ecol-
ogy. Sensitivity of the results in terms of net gains (dollars)
and water allocations can then be assessed under alternative
scenarios in terms of climate, the environment, and net ben-
efits of use.

[8] The dynamic model is constructed with four state
variables: the current weather, the weather correlation, the
current water storage available for allocation, and the status
of droughts (if any). At any point in time, given the four
states and any serial correlation in the weather, the water
planner determines the two control variables: environmen-
tal water releases from storages and permitted irrigation
extractions. The quantity of water saved for future use is
the unallocated inflow into the system and is neither allo-
cated to irrigators, nor is it released to the environment in
the current period, but is stored in dams for later use.

[9] The model is to maximize the net present value of
water from allocating it between competing uses. In other
words, it maximizes the discounted net present value of
the expected benefits of water in (1) irrigated agriculture,
(2) environmental releases, and (3) future uses in terms of
both extractions and in situ uses by specifying an optimal
action contingent on the information available at any
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points in time using the Principle of Optimality [Bellman,
1957]. The model is calibrated to the Murray River to
show the difference between actual and optimal water allo-
cations and the estimated net gain in dollar terms. While
the specific optimal irrigation volume and environmental
releases are sensitive to particular parameter values, the
model does generate a qualitatively robust result, namely,
that artificial floods or “pulse” effects [Junk et al., 1989]
are needed to avoid excessive environmental costs associ-
ated with droughts.

[10] Section 2 describes how the relationships among
variables are modeled. Section 3 briefly describes the Mur-
ray region and its river system, and the baseline numerical
parameters used in terms of calibration and application.
Section 4 presents the key model results and compares
actual versus optimal water allocations over the period
2001-2009 along with a sensitivity analysis of the results
to changes in the base-case parameter values. Section 5
offers a brief discussion and conclusions.

2. Model Description

2.1. Modeling Weather, Weather Serial Correlation,
and Climate Trend

[11] The model includes three types of weather: dry,
normal, and wet (indexed by d, n, and w). This allows us to
account for serial correlation in weather when setting cur-
rent water allocations; we specify that the weather type in
each year is a random variable, but correlated with the
weather in the two previous years. Thus, the weather last
year (denoted as P) and this year (denoted as W), can
directly influence the probability of the next year’s weather.
(Conventionally, we use capital Latin letters for state varia-
bles, Greek letters for parameters, and lowercase letters for
control variables or functional notations.) The weather fur-
ther in the past affects the weather next year indirectly via
the weather in the previous two years.

[12] Table 1 represents a hypothetical relationship
between weather over different years. The (d, d) cell in the
first matrix represents the probability of dry weather in the
following period (60%) given that the previous and current
period were both dry. The (d, n) cell indicates that if the
current weather is normal and last year’s weather was dry,
the probability of dry weather in the following period is
only 30%. If the weather was normal this year and also last
year, then the (n, n) cell indicates that the probability of
dry weather next year would be only 15%. The second and
third matrices have similar interpretations except they refer,
respectively, to the probability of normal weather and wet
weather occurring next year. The probabilities given in the
identically located cells in each matrix sum to 1.0.

[13] The hypothetical probabilities in Table 1 indicate
that (1) the climate trend is neutral because the probabil-
ities of the two extremes, dry and wet weather, are symmet-
ric and (2) the correlation becomes weaker if the two years
are further apart such that the current weather has a bigger
effect on the probability of next year’s weather than last
year’s weather. A climate trend, such as a drought, can be
incorporated into the weather if the probabilities are asym-
metric. The transition of the weather type from the current
year (W) to the following period is probabilistic as the
weather type in the next year is not yet realized. The only
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Table 1. Hypothetical Serial Correlation of Weather Periods

GRAFTON ET AL.: OPTIMAL DYNAMIC WATER ALLOCATION

W00G08

Probability of Dry Weather Next Year,

Probability of Normal Weather Next Year,

Probability of Wet Weather Next Year,

Wip1=d Wii=n Wii=w
w P=d P=n P=w w P=d P=n P=w w P=d P=n P=w
d 0.6 0.5 0.4 d 0.3 0.3 0.4 d 0.1 0.2 0.2
n 0.3 0.15 0.2 n 0.5 0.7 0.5 n 0.2 0.15 0.3
w 0.2 0.2 0.1 w 0.4 0.3 0.3 w 0.4 0.5 0.6

information we have about the transition law of W is the
uncontrolled probability distribution described as

PH—l = VVH
d if the next period weather is dry,

(1)

W1 = < n if the next period weather is normal ,

w if the next period weather is wet.

[14] This probability distribution is important as it helps
determine the current water allocation. The total water
availability each year, measured as summed inflows over
the basin inflow points, also depends on the weather type,
and hence, itself is a random variable. If we use the weather
type as subscripts, then the water availability can be repre-
sented by a three-clement vector ® = {®¢ @" "},
where 7 < @ < O,

2.2. Water Balance Calculation

[15] All river systems that have water extractions require
a minimum amount of water to convey allocations from
upstream to downstream locations. This water can be called
conveyance water and is a “fixed cost” in terms of the
water required to meet irrigation requirements. We denote
this amount, net of evaporation associated with the convey-
ance of water along the river, as a fixed quantity 6. The
mass conservation condition relating the three uses of water
(irrigation, environment, and future allocation) is

AR+ (e+i)=® —6—1nR,

or after rearranging and with time subscripts it can be writ-
ten as follows:

Ry = (0, —6)— (e, +1i) —nR + Ry, (2)

where AR is the change in the water storage, R is current
storage, e are planned environmental releases, i is irrigation
extractions, and 7 is the evaporation rate in water storages.
(We specify evaporation as fixed proportion of volumes in
the general setup of the model. When calibrating the model
at a catchment level evaporation should account for various
factors including surface area of water storages, temperature,
wind, etc.) However, the storage, at any points in time, is
always bounded from above by the maximum storage
capacity that is denoted by R If the inflow in a year is too
large, water will be spilled out of storage facilities. Therefore,
the transition of the water storage in equation (2) is modified
in equation (3) to capture the maximum storage capacity:

Riyy = min[(®, — 6) — (e, + i) — R, + R, R] . (3)

2.3. Flood Intensities, Flood Break Periods, and

Environment Water Intake

[16] Floods with different intensities have different
impacts on the environment, where intensity refers to both
the volume and duration of flows. Bigger floods inundate
higher floodplain surfaces and wetlands more distant from
the river channel. They also deliver larger volumes of water
onto the floodplain and can extend the period of time before
rewetting is required. A smaller flood applies water to lower
and nearer floodplains. Our model simplifies the environ-
mental requirements by defining the periods required
between floods as a “break period” (denoted as IT).

[17] Floods are classified into big, medium, and small
types (indexed as b, m, and s) with different break periods
(T, > II,, > TI; > 0). A simplification in the model is that
smaller floods have shorter break periods. Thus, the intensity
of a flood depends on whether the minimum thresholds
(denoted as A,, A,,, and Ay with A, > A, > Ay > 0) that
trigger each type of flood are exceeded by the environment
water intake. (We differentiate between conveyance water
and environment water intake. Conveyance water that con-
tains unregulated inflow may contribute to floods (or even
provide some environmental benefit). However, as we
assume a fixed conveyance, all environmental effects of
the conveyance are considered to be “sunk.”) There are
two sources of the environment water intake, namely envi-
ronment releases (e) and the spill water (f) arising after the
storage is completely full by inflows. (A certain proportion
of irrigation water returns to the environment as specified
in CSIRO [2007] and may have some ecological benefits.
However, as irrigation demands are spread through time in
a year, water returning from irrigation generates few bene-
fits and does not contribute to floods. Thus, water diver-
sions for irrigated agriculture may be viewed as “lost” to
the river environment [Kingsford, 2010, p. 11].) The break
period, which is determined by the flood intensity, can be
represented by

1T, if big floods: e +f > A,,
I1,, if medium floods: e 4+ f € [A,, Ap), (4)
IL, if small floods: e + f € [Ay, An),

=

where the spill water f arises only when the inflow (®,),
netting evaporation along the rivers and at storage facility
(6 + nR;), and the irrigation and environmental volumes (i,
+ e,) combined with the current storage, exceeds the maxi-
mum storage capacity R. Therefore, the spill water f can be
calculated as

f=max{[® — (§+nR)—(e+i)]+R —RO0}. (5
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2.4. Interflood Period and Drought Length

[18] An interflood period is defined as the time between
two flood events and, thus, it begins and ends with a flood.
A drought is defined as commencing when the interflood
period exceeds the break period. In other words, an inter-
flood period is divided into two intervals: (1) a break pe-
riod where wetting is recent enough that desiccation of the
floodplain has not produced substantial environmental
costs, and (2) a period after the break period when drought
costs to the environment are incurred and before the next
flood.

[19] To capture the break times and the damaging
droughts, we use a state variable L which can have both neg-
ative and positive values. A negative value implies that the
environment is still in the break time of the previous flood.
A positive value shows how many periods have elapsed
since the end of the previous break time, or the length of a
damaging drought. When a flood occurs, this state variable
becomes negative, implying the start of a flood break time.
When two floods are close to each in time, the larger break
period will dominate. The transition of this state variable is
given by

—1I,, if big flood,

min(L;, —IT,,) if medium flood,
min(L,, —II) if small flood,
L;+1 if no flood.

(6)

Ly =

2.5. Drought Cost, Irrigation Profit, and Social Return

[20] The environmental impact of an extended interflood
period is expressed as a “drought cost” that depends on the
length of a damaging drought. After a flood, the drought
cost remains zero during the break time (when L < 0)
before starting to rise exponentially. Thus, the drought cost
can be represented by the following:

ca(L) = a x [max(L,0)]’, (7)

where o > 0 is the drought cost coefficient and [ is the
drought cost elasticity. We assume 5 > 1.0 such that the
drought cost is an increasing and convex function with
respect to the drought length. In other words, as a drought
lasts longer, the drought cost will increase at an increasing

Drought cost
to environment

Modest floods have
no break period.

Time from the
previous flood

Medium floods
have a break

Big floods have a
longer break

Figure 1. Hypothetical drought costs to the environment.
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rate. Figure 1 presents an illustration of hypothetical
drought costs and break periods.

[21] The initial break period carries no “cost” reflecting
adaptation of freshwater biota to natural dry periods
between floods. As the interflood period is extended
beyond the natural duration a cost is incurred, related, for
example, to reduced quantities of carbon and nutrients
delivered to the river from the floodplain [Baldwin, 1999;
Wilson et al., 2010], or a lack of flood events to trigger
water bird breeding events [Kingsford and Auld, 2005].
The exponential increase in cost with longer interflood
periods represents the variable threshold effects in some
ecological responses. For example, potential threshold
effects relate to the role of flooding as a trigger for flood
recruitment of fish [Harris and Gehrke, 1994], emergence
of microinvertebrates from floodplain soils [Jenkins and
Boulton, 1998], and regeneration of riparian forests [Bacon
et al., 1993]. Although not represented in the model, there
is a maximum cost with drought that would occur when the
floodplains have lost all of their environmental value as a
freshwater ecosystem.

[22] The net benefits from irrigation are defined as irri-
gation net profit. We define the inverse demand function
for irrigation water as the constant-elasticity form p(i) =
~vi~¢. The term p(.) is the inverse demand function of irri-
gation water, ¢ € (0, 1) is the price elasticity, and v is a
parameter. Net profit from water used by irrigated agricul-
ture is illustrated in Figure 2 and defined by the following
integral :

i) = / pls)ds — pli) x i = it ®)

[23] Provided the price elasticity lies between 0 and 1,
the net profit from the water used in irrigated agriculture is
a concave function with respect to the irrigation volume. In
other words, an increase in the irrigation volume will raise
the irrigation net profit, but at a decreasing rate. This is
because irrigation water will first be used for crops where
the difference in net profit between dry land and irrigated
production is greatest while subsequent irrigation uses of
water would generate lower net profit. Thus, when there are
reductions in water extractions to irrigated agriculture, the
least profitable irrigation activities with the lowest marginal

Price for T . o
irrigation Highly efficient
water irrigators

Least efficient
irrigators

Irrigation
volume

Current irrigation
diversion

Figure 2. Hypothetical net profit from irrigated agricul-
ture and water diversions.
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net benefit would give up their water first and prior to irriga-
tors with a higher marginal net benefit. We can now define
a “social return function” from a given water allocation as
per equation (9), which is the net irrigation profit defined in
equation (8) net the drought cost defined in equation (7):

20
1—¢

n(L,e,i) = i~ — a x [max(L,0)]”. 9)

2.6. Optimal Allocation
Programming Equation

Strategy and Dynamic

[24] The optimal water allocation takes into account the
current weather, serial correlation in weather across years,
the drought length, and disposable water (storage plus
inflows) at the beginning of each year. The environment
releases and permitted irrigation extractions are determined
to maximize the expected net present value of the return
described in equation (9). Mathematically, the problem is

o0 l t
max EOZ (7) (Ly, e, 1r)
s \l+p

<eq+ig<®y+R;>

(10)

subject to the initial values of all state variables and the
transition laws described in equations (1), (3), and (6). The
Bellman equation for this problem is

V(PmWr7Lt7Rr) = I?aiﬁ |:7|'(Lr7 €y, ir)
e,i

(11)

1
+——EV(Priy, W1, Loy, Rivt) | -
]_,’_p ( t+1 t+1 t+1 l+1)

[25] The Bellman equation (11) reflects the Principle of
Optimality in the context of dynamic water planning prob-
lem. It implies that, at any points in time, the optimal irriga-
tion allocation (7) and environmental release (e) are chosen
to maximize the current social return defined in equation (9)
plus the discounted value of the expected benefit from the
next period onward. These two control variables are chosen
contingent on the four state variables, namely, the current
weather realization, the past weather realization, the drought
length, and the water in storage.

3. Model Calibration to the Murray Region
3.1.

[26] The model is applied to the Murray River region of
Australia. It extends from the upper reaches of the river to
its mouth and encompasses over a half million ha of irri-
gated cropping land and 600,000 ha of floodplains includ-
ing internationally recognized wetlands [Kingsford, 2010;
Overton et al., 2010]. The Murray River is highly regu-
lated such that the flow through its mouth has been
reduced by over 60%, and the periods of no flow have
increased in frequency from about 1% to 40% of the time
[CSIRO, 2008]. The frequency of medium and small
floods has been severely reduced [Lintermans, 2007] and
resulted in substantial declines in its riparian forests
[Overton et al., 2010].

[27] To operationalize the model, we use the units of
billion U.S. dollars (USDs) for monetary variables and
teraliters (TL) for water volumes and 2001 as the baseline

Overview of the Murray Region
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year. For the baseline scenario, we take the price elasticity
€ ~ 0.85 from Grafton and Jiang [2010], who estimate
that a 10% reduction in irrigation volume results in a
1.59% reduction in annual net irrigation profits. This price
elasticity is similar to Scoccimarro and Collins [2006] and
Brennan [2004]. Substituting the irrigation volume and
profit in the base year 2001 into equation (8) (the irriga-
tion volume is 4.14 TL and irrigation net profit is USD
1.62 billion [Grafton and Jiang, 2010]), we calculate
v = 0.2647.

[28] To calculate the drought cost parameters («, 3), we
rely on an assumption of “half-depletion time” (denoted
as a) and “full-depletion time” (denoted as b). The half-
depletion time is the length of a drought that makes the
cumulative present value of the drought cost equal to
50% of the irrigation net profits over the same period of
time. Likewise, the full-depletion time is the length of a
drought that makes the cumulative present value of the
drought cost equal to 100% of the irrigation net profits. For
the baseline scenario, we specify a “pro-irrigation” set of
parameters such that the half-depletion time is a = 20
years and the full-depletion time is b = 30 years. Given
these assumptions, and assuming the discount rate
p = 0.05, the drought cost coefficient and elasticity can
be directly calculated and are given by («, 3) = (0.0037,
2.1). A comparison of the results under different values
of the half-depletion time and full-depletion time is also
provided.

3.2. Hydrological Parameters and Weather
Correlation

[29] The arithmetic mean of total water inflows associ-
ated with the three types of weather are estimated using
monthly total inflow data for the period May 1891 to April
2006. The monthly data is aggregated into annual data for
July—June years. There are multiple irrigation supply reser-
voirs located both on the Murray River and its tributaries,
with the Goulburn and Murrumbidgee rivers delivering
greatest inflows. In addition, the Snowy Mountain scheme
diverts water into the Murray River Basin from the adjacent
Snowy River Basin.

[30] The model represents the water supply system as a
single annual input to a single “virtual” reservoir with stor-
age capacity equal to the sum of major reservoirs storage
capacities within the Murray catchment. This simplification
is required to examine basin-scale trade-off decisions
between environmental and irrigation water use. Scenario
analysis using detailed representation of the water supply
system based on shorter-time steps, and the representation
of individual storages and water transfers would be neces-
sary for local water resource planning to complement the
broad-scale analysis.

[31] The classification of dry, normal, and wet weather
is based on Robinson et al. [2005]. This implies that if
water availability is below the 25th percentile it is dry
weather, if water availability is above the 75th percentile
it is wet weather, and the remaining distribution is normal
weather. Given this classification, the average water avail-
ability associated with each type of weather can be esti-
mated for the Murray River with the details provided in
Appendix A.
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Table 2. Base-Case Parameter Values for Optimal Dynamic
Water Allocation Model

Variable Description Notation Value

Price coefficients ¥ 2.647
Price elasticity 5 0.85
Drought cost coefficient @ 0.0037
Drought cost elasticity Jo] 2.1
Annual discount rate p 0.05
Inflows (in 10° GL) ) (4.68,9.93,21.5)
Weather correlation pattern see Appendix A see Appendix A
Thresholds for small, medium, (As, Ay Ap) (1.5,2.5,4.0)

and big floods
Break periods for small, medium, (1L, 1L, IIp) 0,1,2)

and big floods
Conveyance o 1.1
Storage evaporation rate 0.05

3.3. Other Parameters

[32] Approximations of the water volumes that trigger
floods and flood break times are derived from the following
sources: Webster [2001], Goulburn Valley Environment
Group [2007], Scott [1997], Pusey and Arthington [2003],
and Baldwin [2008]. The conveyance water is taken from
Campbell [2008], Grafton and Jiang [2010], and Ganf et al.
[2010]. The flood break times are assumed to be 0, 1, and 2
years for small, medium, and big floods, respectively. All
numerical values used to calibrate the model are reported in
Table 2.

4. Model Results

[33] We solve the stochastic dynamic programming prob-
lem given by expression (11) to determine how much water
should be released to the environment and also allocated to
irrigation in each period based on the current state variables.
These allocations will, in general, vary over time and depend
on the realization of the uncertain weather (dry, normal, or
wet). The model results are compared to the actual water
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allocations that occurred on the Murray River from 2001 to
2009, a period coincident with a major drought.

4.1. Baseline Scenario and Principles in Water
Allocation

[34] When irrigation volumes are reduced by a given per-
centage, net profits decline by a smaller proportion because
of the concavity of irrigation net profits and the existence of
water markets along the Murray River. Water markets allow
water to be transferred from low to higher value uses
[National Water Commission, 2009]. Consequently, if overall
diversions by irrigators are reduced, the least profitable irri-
gation activities are reduced first. Without water markets the
loss in profits from reduced diversions to irrigation would be
much larger and the dynamic water allocation model would
allocate correspondingly less water for the environment.

[35] Figures 3—5 show the optimal irrigation volume is
generally less than the actual volume except for the period
immediately following a relatively wet year in 2002 and in
2005. Cumulatively, putting aside the base year 2001, from
2002 to 2009 the actual total irrigation volume is 24.73 TL
while the optimal allocation to irrigated agriculture is 22.12
TL (see Table 4), which represents a reduction of 2.61TL
(approximately 10%). As a result of this reduction in the
irrigation volume, the net aggregate profits (discounted to
the base year 2001) are reduced from 11.52 to 11.19 billion
USD (see Figure 5) by about USD 330 million, or approxi-
mately 2.8%. (We convert all Australian dollars to U.S.
dollars at the exchange rate of $A 1.00 = USD 0.90.) The
nonproportional relationship between the percentage reduc-
tion in the irrigation volume and the net profit captures the
fact that any reduction in the water available for irrigation
is incurred first by the less profitable irrigation activities.

[36] Figures 68 illustrate the benefits from environmen-
tal releases. In the optimal allocation two artificial floods
are created in 2004 and 2006 that keep drought costs at rel-
atively low levels, as shown in Figure 6. Figures 7 and 8,
respectively, present the annual and cumulative drought
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Figure 3. Annual irrigation extractions (actual versus optimal).
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Figure 4. Annual net profits in irrigated agriculture (actual versus optimal).

costs (discounted to the base year 2001 and accumulated
from 2001 to 2009) from optimal and actual water alloca-
tions. The optimal water allocation reduces the cumulative
drought cost calculated to be over USD 1 billion without
any floods over the period. By contrast, the two floods cre-
ated under the optimal water allocation keep the cumulative
drought costs at less than USD 200 million, generating
gains of around USD 800 million. Comparing the reduction
in the irrigation profit and the saving from the environment,
the net gain of the optimal water allocation from the actual
allocation during the 2001-2009 period is USD 558 million
(in 2001 prices).

4.2. Response Function

[37] The optimal water allocation crucially depends on
the realization of uncertain weather and specific annual

inflows. In general, a higher level of disposable water vol-
umes (i.e., the current storage and the current water
recharging inflow) and/or a longer drought period will trig-
ger the decision to make a flood. This is because whether
to create a flood or a pulse effect depends on the amount
of water available, and the current cost if there is a damag-
ing drought.

[38] Figure 9 illustrates the optimal environmental
releases in dry years with different disposable water quanti-
ties and drought lengths. Three years after a flood break pe-
riod (the drought length is 3 years), a medium flood should
be made only if 13 TL of water is available (all storage
facilities are full). If the disposable water that is available
is 9 TL, a small flood should be created. If only smaller
volumes of water are available, it is optimal to wait for
another year before a small flood is created.
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Figure 5. Cumulative net profits in irrigated agriculture (actual versus optimal).
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Figure 6. Environmental releases (actual versus optimal). The actual environment allocations from
2002 to 2007 are calculated as the residual water quantity of inflow net conveyance, consumptive diver-
sion, and change in storages [MDBC, 2004, 2005, 2006, 2007, 2008]. For actual environment allocation
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in 2008 and 2009, see MDBC [2008] and Murray-Darling Basin Authority [2010].

4.3. Pulse Effects

[39] The analysis of 2001-2009 actual water allocations
and the hypothetical response function emphasize an im-
portant qualitative result of the optimal strategy, the pulse
effect. This effect implies that floods will be created in
some years and no water beyond conveyance or base
flows is released to the environment in other years. If an-
nual inflows are always realized at the mean, the flood or
pulse events would always be created in a regular manner.
We illustrate this point in Figure 10 for dry and normal
weather sequences where small or medium floods are cre-
ated every 3 years. The reason for the pulse effect is that

the environmental release will be postponed until a drought
lasts for a certain period of time and becomes too damaging.
In practice, the flood cycle may not be as regular because
the period between two planned floods will vary depending
on the actual realization of the weather and the water
inflows, both of which are random variables.

4.4. Sensitivity of the Price Elasticity Parameter

[40] The price elasticity for irrigation water measures the
sensitivity of the net profits associated with irrigated agri-
culture when irrigation diversions are reduced. The larger
the price elasticity in the inverse demand (g) for a given
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Figure 7. Annual drought costs to the environment (actual versus optimal).
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Figure 8. Cumulative drought costs on the environment (actual versus optimal).

reduction in irrigation extractions the greater will be the
increase in the price of water used in irrigation, and the
more modest will be the decline in the net profit defined
by (8). We calculate the optimal allocation strategies for
different price elasticities and the gain from the optimal
water allocation relative to actual strategies. These results
are presented in Table 3. Smaller elasticities generate
larger net profit reductions from a given reduction in irri-
gation extractions and, thus, smaller gains from reallocat-
ing water from irrigated agriculture to environmental
flows, and less frequent or smaller floods. For instance,
when £ = 0.60 the gains from reallocation from irrigation
to environmental flows are some USD 300 million, but

when € = 0.90 the gains from reallocation are over USD
600 million.

4.5. Sensitivity of the Drought Cost Parameters

[41] In addition to the price elasticity, the drought cost
coefficient («) and the drought cost elasticity () have an
important influence on the optimal water allocation. A
higher value for the drought cost coefficient and/or the
drought cost elasticity implies that the drought cost will
increase more quickly with respect to the drought length.
The base-case parameters are estimated from the drought
lengths (years) that would make the drought cost equal to
50% and 100% of the present value cumulative irrigation

3
2.5 4
2 -
P 151 = = = o o
11 —&—Water availability=7 TL
=i Water availability=9 TL
=+ \Water availability=13 TL
0.5 1
0 A A " : T T T T T T
1 2 3 4 5 6 7 8 9 10

Drought length in years

Figure 9. Optimal environmental releases with different water availability.
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Figure 10. Optimal environmental releases with constant inflows (dry and normal).

net profits from water use. The base-case assumptions place
an upper bound on environmental costs and are proirriga-
tion because it is possible that the drought costs to the envi-
ronment may exceed the net profits in irrigation. (Morrison
et al. [2010] find that the total willingness to pay to
improve the quality of the Coorong, at the Murray Mouth,
that would increase the frequency of water bird breeding
from every 10 years to every 7 years, raise native fish popu-
lations from 30% to 40% of original levels, and increase
the area of healthy native vegetation from 50% to 60%, is
in excess of USD 1 billion per year for 10 years.) The base-
case parameters indicate that a modest reallocation of 2.62
TL from irrigated agriculture to environmental flows,
coupled with a pulse environmental flow regime, would
have generated net social returns of USD 558 million over
the period.

[42] We calculate the optimal strategies under various
assumptions on the drought cost parameters and report
the results in Table 4. Different parameter values generate
different drought costs. If drought costs equal 100% of
net profits in irrigated agriculture after 30 years, the net
social return from pursuing an optimal water allocation is
a little less than half a billion USD. If the drought cost
reaches 100% of net profits in irrigated agriculture after
15 years the social return is much higher, or some 3 bil-
lion USD.

[43] Depending on the values of the drought cost param-
eters (« and (), it is possible that the optimal dynamic

water allocation mimics environmentally based watering
rules designed to achieve a “moderate” probability of a
healthy working river where environmental flows are
about half of natural flows, or a “high” probability of a
healthy working river where environmental flows are two-
thirds or greater of natural flows [Jones et al., 2002, p. 6].
An optimal water allocation achieves a moderate probabil-
ity of a healthy working river if € = 0.85 and the cumula-
tive costs to the environment of no floods equals 50% of
cumulative net profits from irrigated agriculture after 12
years, and 100% of cumulative net profits after 20 years.
An optimal water allocation approximates a high probabil-
ity of a healthy working river with € = 0.90 and if the
cumulative costs to the environment of no floods equals
50% of cumulative net profits from irrigated agriculture
after 7 years, and 100% of cumulative net profits after
10 years.

5. Concluding Remarks

[44] We develop a general and optimal dynamic water
allocation model to help answer the question of how to allo-
cate scarce surface water among competing uses while
accounting for trade-offs and weather. The model accounts
for stochasticity in weather related events, optimizes the
trade-off in water allocation between irrigated agriculture
and environmental flows, and can be applied to any two-
use surface water trade-off at a basin scale. Thus, the

Table 3. Sensitivity Analysis of Price Elasticity of Irrigation Water on Optimal Water Allocation to the Environment, Murray River

2002-2009

Price Elasticity Net Gain in USD (millions)

Flood Cycle in Dry Years Flood Cycle in Normal Years

e =0.60 300
e=0.75 486
e=0.85 558
e =0.90 612

Small floods every 4 years
Small floods every 4 years
Small floods every 3 years
Small floods every 3 years

Small floods every 2 years
Small floods every 2 years
Medium floods every 3 years
Medium floods every 2 years
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Table 4. Optimal Water Allocation (Teraliters) and Sensitivity Analysis of Drought Cost Parameters, Murray River, 2002-2009*

Optimal Water

Sensitivity Analysis of Optimal

Allocation Water Allocation (¢ = 0.85)
(Base Case):

e =0.85,

Actual Water a =20,
Allocation® b =30 a=15b=25 a=12,b=20 a=10,b=15

Conveyance
Year Water (6) e i e i e i e i e i
2002 1.10 0.54 4.74 0.00 5.79 2.53 3.41 2.53 341 2.53 3.41
2003 1.10 0.33 3.42 0.00 1.52 0.00 1.46 0.00 1.46 0.00 1.46
2004 1.10 0.80 3.39 1.52 3.37 0.00 4.82 2.52 2.30 2.52 2.30
2005 1.10 0.09 3.36 0.00 4.20 1.50 2.69 0.00 4.19 0.00 4.19
2006 1.10 0.59 4.00 1.53 4.00 2.53 3.03 2.53 3.03 2.53 3.03
2007 1.10 0.16 2.63 0.00 0.81 0.00 0.80 0.00 0.80 0.00 0.80
2008 1.10 0.02 1.49 0.00 1.29 0.00 1.29 0.00 1.29 0.00 1.29
2009 1.10 0.12 1.70 0.00 1.14 0.00 1.13 0.00 1.13 0.00 1.13
Total 8.80 2.64 24.73 3.06 22.12 6.56 18.63 7.59 17.61 7.59 17.61
Environmental 0.11 0.14 0.35 0.43 0.43
releases/diversions

Gain optimal 0.558 1.539 2.403 3.168

versus actual
allocation (2001, in
billions of USD)

“Here, a is number of years until the cumulative environmental costs of drought equals 50% of the cumulative net present value of net profits in irri-
gated agriculture, and b is number of years until the cumulative environmental costs of drought equals 100% of the cumulative net present value of net

profits in irrigated agriculture.

®Sources for actual water allocation: MDBC [2004, 2005, 2006, 2007, 2008] and MDBA [2010].

model operationalizes many of the key factors that decide
how water should be allocated across competing uses and
in situ uses.

[45] Our model provides decision makers with a tool to
assess the trade-offs between different allocations with dif-
ferent parameter values. This is accomplished by specifying
a convex relationship between drought length and environ-
mental damages, and a concave relationship between water
diversions and net profits from irrigated agriculture. The
underlying parameters of the use and in situ uses for water
can, and should, be modified by decision makers to under-
take sensitivity analyses of the optimal water allocation to
changes in parameter values.

[46] We calibrate the model to the Murray River scenario
to compare actual with optimal water allocations. Concav-
ity in net profits in irrigated agriculture associated with
water extractions, coupled with a competitive water mar-
kets, reduce the costs of increased environmental flows as
reductions in irrigation diversions would come first from
low profit activities. Our results show that, contrary to cur-
rent practice, small or medium floods should be created
every | or 2 years to generate pulse effects in terms of envi-
ronmental flows. The qualitative nature of the pulse effect
is robust to changes in the underlying parameters used in
the model. If a periodic pulse strategy had been imple-
mented over the past decade along the Murray River, the
model calculates that this would have generated net societal
benefits of between half a billion and some 3 billion USD
in net present value terms, depending on parameter values.

[47] Current water planning on the Murray River sub-
stantially reduces the frequencies of medium and small
floods when inflows are below average. Below normal
inflows also increase the trade-offs between water extrac-
tions and environmental flows. It is in these dry-to-nor-
mal inflow periods that the dynamic water allocation
model is of greatest value in terms of improving water

allocation decisions and increasing net benefits to soci-
ety. Overall, the results show that the optimal dynamic
water allocation model is an important tool to water plan-
ners to (1) better understand the trade-offs between com-
peting uses and (2) optimize water allocation decisions.
However, our model is not able to determine the timing
and size of environmental releases to any specific sites or
ecosystems because of the abstract representation of the
hydrological and ecological systems. The calculation of
releases to specific assets requires more finely detailed
models that better capture the spatial information of the
network structure of tributaries and ecological systems.

Appendix A
Al. Estimation of Inflow Means

[48] Using the data on total inflows from 1892 to 2006,
we calculate the seasonal yearly inflow (a seasonal year
starting in July and ending in June). The average yearly
inflows associated to each type of weather can be estimated
in Table Al.

[49] Given the estimate of In(inflows), the mean of the
water availability associated to each weather type can be esti-
mated, such that ®¢ ~ 8407+(1/2)0.2882 — 4668 (GL;; P
~ H162+(1/2002882 — 9930 (GL);  @W o 993HH(1/2)02882

= 21,491 (GL).

Table Al. Estimated Water Availability

Independent Variables Coefficients SE t Value
Dry weather 8.407 0.060 139.23
Normal weather 9.162 0.038 238.83
Wet weather 9.934 0.048 203.52
Dependent variable Sample size Overall fitness SE
In(inflows) N=115 R*=0.78 0.288
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Probability of Dry Weather W, ; =d

Probability of Normal Weather W, ; =n

Probability of Wet Weather W, = w

/4 P=Ww, P=Ww, P=Ww, /4 P=Ww, P=Ww, P=w, w P=W; P=Ww, P=w,
Wy 0.33 0.43 0 /24 0.67 0.50 0.67 /24 0 0.073 0.33
W, 0.25 0.21 0.37 W, 0.56 0.58 0.55 W, 0.19 0.31 0.09
W, 0 0.31 0.17 W, 0.67 0.23 0.50 W, 0.33 0.46 0.33
A2. Weather Correlation Haddeland, 1., et al. (2007), Hydrologic effects of land and water manage-

[50] We estimate the weather correlation using the for-
mula

prob(Wey1 = i|W, = j, W,—1 = k)
_ frequency (Wi =i, W, =j, W;-1 = k)

)

frequency(W; = /. Wi = k)

where i, j, k = {d, n, w}.

[51] Using the weather classification by Robinson et al.
[2005], the weather correlation can be represented in
Table A2.
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