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SUMMARY 

In Viet Nam’s Dak Lak Plateau, wetland rice production has the second largest total dry 
season irrigation demand and the largest per hectare demand. Viet Nam’s Law on Water 
Resources calls for the efficient allocation of scarce water and the current allocation of 
dry season water to wetland rice production is questionable on these grounds. During 
the dry season the proliferation of wetland rice plots along river systems and at the 
outlets of reservoirs diverts or delays water delivery to alternative uses, such as coffee 
irrigation, domestic use and hydropower generation. The question is the extent to which 
diverting scarce water to irrigated rice production represents the socially optimal 
allocation strategy in the Dak Lak Plateau. A second related question is whether locally 
advised dry season water requirements for wetland rice production maximize economic 
returns to the farmer.  
 
Estimates of wetland rice farmers’ willingness to pay for water at different supply 
volumes are required to answer these inter-related questions. For the rational irrigator, 
willingness to pay for an additional unit of water supply equals the additional net profit 
it creates, otherwise known as value marginal product. This paper estimates the value 
marginal product of irrigation water for dry season wetland rice production when 
supply is unconstrained and at seven levels of supply constraint. In the absence of sound 
empirical data on the relationship between water inputs and rice outputs in the Dak Lak 
Plateau, a three-stage estimation approach is employed. In the first stage, an agronomic 
model calibrated to local environmental production conditions is developed to simulate 
rice’s water input / harvestable mass output relationship for different irrigation 
strategies and supply volumes. In the second stage, outputs from the agronomic 
simulation model are used to define generalized water yield response and soil moisture 
transition equations at four-day irrigation intervals. Finally, the generalized yield and 
soil moisture functions are used in a mathematical programming model, along with 
other technical and physical production constraints, in order to define profit 
maximizing irrigation schedules. A dry season irrigation water demand curve is then 
derived from these estimates.  
 
Compared to locally advised dry season wetland rice water requirements, results show 
the profit maximizing dry season irrigation schedule with unconstrained seasonal water 
supplies uses 24 percent less water and increases farmers’ profits by 9.5 percent, from 
VND3.15 million to VND3.45 million per hectare. The profit maximizing irrigation 
schedule is an alternate submergence non-submergence (SNS) strategy. Sensitivity 
analyses highlight the impact of stochastic weather conditions on the economically 
optimal irrigation strategy. The research provides crucial information for water 
regulation policy. It also suggests programs to further evaluate and encourage uptake of 
SNS irrigation in the Dak Lak Plateau is warranted.    
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1 INTRODUCTION 

In Viet Nam’s Dak Lak Plateau, irrigation rice plots proliferate around streams, at 

reservoir outlets and within irrigation systems. Irrigated wetland rice production has the 

second greatest total dry season irrigation water demand and the largest demand on a 

per hectare basis. Competition between farmers and between the rural and urban sectors 

for scarce dry season water has been increasingly evident in the Dak Lak Plateau, 

especially during recent drought years. In the case of water shortage, Viet Nam’s Law on 

Water Resources requires allocation to be based on percentages defined in the region’s 

river basin plan and on principles of “fairness and reasonability”. While the Law does 

not provide explicit guidance on how percentages should be defined, rationality, 

economy and efficiency are fundamental guiding principles (Article 4.1). The Law 

further requires that organisations and individuals using water for agricultural 

production “take measures to save water” (Article 26.2). Water’s at-source short-run 

marginal economic value to the Dak Lak Plateau’s coffee smallholders, who account for 

the majority of the Plateau’s annual water demand, has been estimated in other research 

report in this project’s series (Cheesman & Thanh, 2007). Little is known about water’s 

marginal economic value in irrigated wetland rice production, however the Law on 

Water Resources requires these values as an input in regional planning.  

This research paper’s primary objective is to estimate the economic value of water 

diversions to irrigated dry season rice production in the Dak Lak Plateau. Local field 

level experimental data describing the physical relationship between water input and 

rice output is unavailable in Dak Lak. Further, preliminary research in Dak Lak 

indicated rice farmers could not provide reliable estimates of dry season irrigation 

volumes when using the flood technique. As a result, some other approach was needed 

to estimate the water crop production relationship that estimates of the marginal value 

of irrigation water could be derived from.  

Integrated simulation-economic optimization models have been increasingly applied in 

agricultural economics research to maximize returns to water from irrigation scheduling 

and for estimating the marginal value of scarce irrigation water. In this paper a simple, 

deterministic water crop growth simulation model calibrated to local 
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environmental production conditions is developed to evaluate irrigated wetland rice’s 

yield response to water inputs based on a four-day irrigation rotation. Generalized non-

linear water crop production and soil moisture transition functions are derived from the 

simulation model’s outputs using parametric regression techniques. The irrigation 

schedule that maximizes the representative, risk-neutral irrigator’s profit is obtained by 

non-linear mathematical programming. The optimization model is employed to evaluate 

three policy relevant questions about dry season irrigated rice cultivation in the Dak Lak 

Plateau: (1) what is the representative rice farmer’s economically optimal irrigation 

schedule under conditions of unconstrained and constrained seasonal water availability? 

(2) What is the representative farmer’s marginal economic value of water for dry season 

irrigated rice production? And (3) to what extent do locally advised dry season water 

requirements for wetland rice production in Dak Lak approximate the economically 

optimal requirement.     

The paper is structured as follows. A background to irrigated dry season rice production 

in Dak Lak is provided in Section 2. Section 3 outlines the theoretical basis for valuing 

irrigation water in agricultural production and selectively reviews optimization and 

simulation-optimization approaches for deducing the economic value of water in 

agricultural production. The rice simulation-economic optimization model is developed 

in Section 4 and estimated in Section 5. Results and conclusions are drawn in Sections 6 

and 7.     

2 BACKGROUND 

In 2002, approximately 46,000 hectares in the Dak Lak Plateau were allocated to annual 

crops, including approximately 16,500 hectares to irrigated rice production (Table 1). 

Farmers grow rice in two seasons in Dak Lak: the Winter-Spring rice season from 

November to March / April and the Summer-Autumn season from May to August. 

Wetland rice is grown over a 105 to 120 day period in Dak Lak, on smallholdings of 

generally less than 0.4 hectares. During the Summer-Autumn season there is sufficient 

rainfall for the rice crop; during the dry Winter-Spring crop season rainfall is 

insufficient and very irregular. Rice production in the dry Winter-Spring season is 

therefore only stable with irrigation. Other annual crops, such as maize and soybean, are 

generally planted early in the Winter- Spring season and harvested before the 
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onset of the dry season. These crops are predominantly rainfed. To enable a continuous 

water supply, irrigated rice is generally cultivated on fields in former swamps near 

streams, at the outlets of reservoirs and within irrigation systems. Irrigated rice is 

mainly gown in medium to heavy textured Vertisols, a swelling and shrinking soil 

characterised by high clay content. Vertisols have high water-holding capacity, 

resulting in low hydraulic conductivity and low infiltration rates (Eswaran & Cook, 

1988). These properties make Vertisols especially well suited to irrigated rice 

production, but other crops such as maize, soybean and cotton can also be grown.  

Under the cropping system practiced in Dak Lak, wetland rice is grown in level basins 

under near continuous submergence where the soil is saturated and anaerobic from after 

crop establishment to close to harvest time. Smallholders practice direct wet seeding, 

primarily due to the high labor cost of the transplanting method. For the Winter-Spring 

rice crop, farmers usually tiller and level to prepare their fields at the end of September 

after the harvest of the last Summer-Autumn rice crop. The plot is prepared with an 

initial flooding one to two weeks prior to seeding in order to bring soil water content to 

saturation. Excess water is drained from the plot prior to seeding and pre-germinated 

seeds are broadcast directly on the saturated soil. Following seeding, the crop is allowed 

to grow to approximately two centimeters in height before submergence and then is 

subject to continuous flooding to a depth of between 10 and 20 centimeters until just 

prior to harvesting. Smallholders in Dak Lak generally attempt to maintain at least 10 

centimeters of submergence in order to control weeds and reduce irrigation frequency. 

Reported yields for Winter-Spring rice in Dak Lak vary between sources. The 

Agriculture and Forestry Service of Dak Lak reported yields of up to 5500 kilograms per 

hectare in 1995. Lower yields of 3300 kilograms per hectare for the Ea Tul catchment 

have been reported (DANIDA, 2000). Winter-Spring irrigated rice production fluctuates 

considerably in Dak Lak based on water availability.  

Submerged rice’s total dry season irrigation demand is second only to coffee in the Dak 

Lak Plateau. Local authorities have previously recommended a total Winter-Spring 

irrigation of around 12,000 cubic meters per hectare, including a 2,000 to 3,000 cubic 

meter land preparation (Moller, 1997: 75). Based on the 2002 cropland allocation, this 

roughly equates to a total dry season irrigation demand of 200 million cubic 
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meters for wetland rice production. As a point of comparison, total dry season irrigation 

demand for Robusta in the Dak Lak Plateau is approximately 430 million cubic meters, 

assuming an extent of approximately 130,000 hectares and 3,300 cubic meters dry season 

irrigation per hectare. 

The current dry season water allocation to irrigated rice production raises several 

questions given competing demands for dry season water resources. Viet Nam’s national 

Law on Water Resources (1998) calls for the rational, fair and efficient allocation of 

scarce water. In this context one question is whether diversions to irrigated rice 

production are efficient when dry season supply constraints exist. During the dry 

season, the proliferation of irrigated rice plots along river systems and at the outlets of 

reservoirs diverts or delays water delivery to alternative uses, such as coffee irrigation or 

in-situ uses including hydropower generation. The question is the extent to which 

diverting scarce water to irrigated rice production represents the socially optimal river 

basin allocation strategy.  

The second question is whether the locally advised seasonal irrigation volume for 

Winter-Spring rice is the economically optimal farm level strategy. Frequently there is a 

large disparity between the amount of water required to maximize irrigated rice yields 

and the volume actually applied (Tuong & Bhuiyan, 1999). Irrigation schedules that 

alternate between periods of submergence and non-submergence during rice’s whole 

growing season can maximize yields and reduce deep percolation losses by between 30 

and 75 percent of applied water, depending in part on soil density (Belder, Bouman, & 

Spiertz, 2006; Mao, 1996; Tuong et al., 1999). Where irrigation water is priced or is 

associated with direct variable costs (in terms of hired labour and pumping costs) or an 

opportunity cost (such as family labour), over-irrigation in irrigated rice systems 

diminishes farm level returns because the excess water applied does not increase final 

marketable yield but does increase production costs1.  

Estimates of the economic value of water in dry season irrigated rice production are 

needed to answer these inter-related questions. Given wetland rice yields are more 

sensitive to water shortages during some stages of its growth cycle than others, 

                                                 
1 It may however contribute to controlling weeds or other forms of infestation. This is taken up later. 
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estimating the economic value of water in irrigated rice production ideally requires 

specifying dry season rice yield as a function of the timing, quantities and quality of 

irrigation inputs using a dated water-crop production function. These dated water-crop 

production functions could be based on controlled local field experimentation (for 

example Singh, Gajri, & Arora, 2001). Such field research has not been conducted for 

irrigated rice production systems in Dak Lak however. Simulation modeling provides 

one alternative to estimating dated water-crop production functions in the absence of 

empirical data. The theoretical basis for estimating the economic value of water in 

irrigated agriculture and simulation approaches to estimating this value are introduced 

in the following section.  

3 VALUING WATER IN IRRIGATED AGRICULTURE 

A production function defines the maximum physical output that can be achieved given 

some production process from alternative combinations of physical inputs (Beattie & 

Taylor, 1985). Crop water production functions define the physical input output 

relationship between crop yield and a measured amount of water diverted to the plant. 

Yield can either be expressed as a function of evapotranspiration, which is a measure of 

the amount of water actually used in the soil-plant system for growth, or as a function 

of applied water (Scheierling, 1995).  

Given a water crop production function, the economic value of unpriced water can be 

derived using the theoretical basis of Ricardian differential rents (Conradie & Hoag, 

2004; Young, 2005: 166-167). A profit maximsing smallholder operating under perfect 

competition with unconstrained water availability will equate the marginal benefit and 

the marginal cost of all priced variable inputs, thereby exhausting economic profits. 

After subtracting the opportunity costs of fixed inputs and the shadow value of all other 

non-marketed inputs, the economic value of the quantity of irrigation water used in the 

production process equals the residual returns from production. The residual value is the 

return from water inputs. If only variable inputs have been subtracted, a short-run 

economic value of water is obtained. If all costs have been subtracted, a long run value is 

obtained (Turner, Georgiou, Clark, & Brouwer, 2004). When all non-water costs have 

been accounted for, including the opportunity cost of water delivery infrastructure to 

the plot, the residual is an appropriate measure of producer surplus, equalling 
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the maximum amount a rational profit maximising smallholder would pay for the 

irrigation water at source in the long run.  

The value marginal product of irrigation water equals the maximum amount the 

irrigator would be willing to pay for an additional unit of water when the profit 

maximising water consumption level has not been obtained. Analytically, this is the 

shadow price defined by the derivative of the optimised profit function for a given 

constraining water supply (Bontemps & Couture, 2002; Young, 2005). Given knowledge 

of irrigators’ shadow prices at different levels of supply constraint, a derived demand 

function can be defined.   

Given a fixed water stock at the beginning of a cropping season, the rational risk neutral 

smallholder will aim to maximise net returns from irrigation water by adopting the 

economically optimal irrigation schedule given the seasonal water stock. To define the 

economically optimal irrigation schedule at the beginning of the season the smallholder 

needs to know the crop’s potential yield, how the crop responds to water deficits at 

different stages within its growth cycle and the existing and future environmental 

production, technical, institutional and price constraints on inputs and outputs (Campos 

et al., 2003). For a fixed seasonal water stock, the economically optimal irrigation 

strategy allocates water between irrigation decision states to maximise profits. At its 

optimum, the irrigation schedule cannot be changed to achieve a greater net return from 

the scarce water input given the environmental production conditions, input and output 

prices, irrigation technology and other farm-level and institutional constraints. 

Economic and agronomic optimal irrigation schedules will not necessarily coincide in 

irrigated rice production. An agronomic optimum irrigation schedule is defined when 

crop yield is maximised per unit of water applied for a given irrigation technology (Vaux 

& Pruitt, 1983). To achieve an agronomic optimum, wetland rice’s physiology suggests 

smallholders should apply a sequence of shallow irrigation depths at frequent intervals 

at the beginning of the growing season and progressively increase the depth and interval 

between irrigation events as the plant’s root system develops (Brouwer, Prins, & 

Heibloem, 1989). This strategy may not maximise returns to the irrigator however. For 

example if frequent shallow irrigations are required to achieve an agronomic optimum, 
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this may cost more in terms of direct pumping costs, labour and irrigation equipment 

than the economic benefit of the yield increment gained by following this intensive 

management strategy.  

3.1 MATHEMATICAL PROGRAMMING MODELS 

Mathematical programming provides one deductive avenue for identifying economically 

optimal irrigation schedules and estimating irrigation water’s value marginal product. 

The general dynamic model formulation solves for multi-stage decision models. The 

resource allocation problem maximises profits from irrigation, taking into account water 

stock depletion resulting from current use on future availability and other factors that 

directly influence temporal resource availability. Following Blanco Fonseca et al., (2002) 

and Young (2005), for a discrete time, limited horizon problem with no discounting and 

ignoring production costs other than variable irrigation costs, the general dynamic 

model is as follows. For each time period t, the system is described by a stage decision 

variable (ut) and a state variable (xt). The state variable represents the exogenous 

irrigation stock and the decision variable is the endogenous irrigation volume 

determined by the smallholder. For example, given an initial stock of irrigation water 

(x1) and a weekly irrigation schedule, the decision on how much irrigation water will be 

applied to a crop in the first week following planting is u1. The physical return obtained 

from the irrigation decision, defined in terms of some physical production index, is 

given by r1(x1,u1). Assuming no other production costs for the sake of simplicity, the net 

economic return to the smallholder obtained from the irrigation decision is calculated 

by multiplying the physical production index by the crop output price, less variable 

irrigation costs .   [ ]irrtttt cuuxrp *),(* −

Assuming an additive transient production function, the objective function to be 

maximised is generally expressed as: 

[ ]

1

1

1

)1(
,...,2,1),(

*),(*max

xx
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(1) 

In words, (1) states that the general dynamic problem is to determine the 
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schedule of irrigation volumes that maximises the net returns of the objective function 

to the end of the time horizon, T. The constraint ),(1 ttttt uxgxx =−+ is the equation of 

motion that describes the transition path of the state variable. The transition path is a 

function of both decisions taken over the stock in period t and exogenously determined 

changes in the resource. Using the irrigation water example, the transition path that 

describes the change in water stock availability between  and  would include the 

amount of water taken out of the stock for irrigation, percolation and surface 

evaporation losses and the amount of water added to the stock through rainfall or some 

other mechanism. Given a fixed water stock, the solution to the maximisation problem 

in (1) is a measure of the net returns to water from the cropping activity (Young, 2005). 

By parametrically constraining total water stock availability in a mathematical 

programming model, a schedule of shadow prices and an irrigator’s inverse demand 

curve for irrigation water are obtained (Conradie et al., 2004). The maximisation 

problem in (1) can be solved in principle using either dynamic programming, discrete 

mathematical programming or a range of other approaches (reviewed in Mujumdar 

(2002)). Discrete mathematical programming approach is less computationally intensive 

and more flexible than dynamic programming (Flichman & Blanco Fonseca, 2002).  

tx 1+tx

Mathematical programming models of irrigation scheduling assume the irrigator uses 

either an open-loop, ex ante or feedback, ex-post strategy to formulate irrigation 

decisions (Bontemps et al., 2002). In the open-loop formulation, the irrigator anticipates 

the water stock and environmental production conditions that will prevail during the 

growing season and determines their economically optimal irrigation schedule 

accordingly. The feedback strategy assumes the farmer modifies their irrigation schedule 

during the growing season with updated information about stochastic environmental 

production and water stock conditions. Analytically, optimisation using the feedback 

strategy is more complex than the open-loop strategy (Bontemps, Couture, & Favard, 

2001). Modelling a feedback strategy is generally warranted if key environmental 

production conditions and water stocks cannot be reliably anticipated at the beginning 

crop season. In a stochastic environment, additional information obtained during the 

growing season has economic value to the farmer when it can be used to modify 

production activities in ways that increase net returns from production. If 
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environmental production conditions are stable across a cropping cycle, an open-loop 

model is sufficient because open-loop and feedback strategies will approximate one 

another.   

3.2 SIMULATION-OPTIMISATION MODELS 

Without reliable field data, crop water production functions can be defined with 

simulation. In the literature the relationships used to describe crop production responses 

to water scarcity at different stages of the crop’s growth cycle are described by Jensen 

(1968) and  Doorenbos and Kassam  (1979). These models estimate final yield based on 

phenological (growth stage) sensitivity to the severity of water stress, the water stress 

duration or the combination of these factors (Rao & Rees, 1992). Crop water production 

function simulation models integrated with mathematical programming of economically 

optimal irrigation scheduling and cropland allocation vary in complexity. Simple crop 

production simulation models generally do not incorporate complex soil water balance 

models, adopting more basic assumptions to approximate the production relationship 

between applied water, evapo-transpiration and yield (see for example: Adkins, 1993; 

Kumar, Indrasenan, & Elango, 1998; Salman, Al-Karablieh, & Fisher, 2001; Sethi, 

Kumar, Panda, & Mal, 2002). Although some authors have suggested these simplified 

assumptions are valid for deficit irrigation (Kipkorir, Raes, & Labadie, 2001), the limited 

empirical research in this area suggests use of these simplified models may result in 

inaccurate yield estimates (Ghahraman & Sepaskhah 2004).  

Mathematical programming models of economically optimal irrigation scheduling and 

cropland allocation may also simplify non-linear water crop yield functions and soil 

moisture transition functions with linear approximations (for example Limaye, Paudel, 

Musleh, Cruise, & Upton Hatch, 2004). Assuming linearity in the crop yield function 

may result in sub-optimal irrigation and land allocation decisions compared to non-

linear programming approaches (Benli & Kodal, 2003), thereby distorting estimates of 

water’s economic value. In these models the optimal value is defined by the model’s 

constraints, making interior solutions impossible. Similarly, assuming linearity in the 

soil moisture transition function may result in misidentification of the economically 

optimal irrigation schedule by the programming model, which would again distort the 

economic value of water. Soil moisture dynamics in a single unsaturated soil 
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layer are generally described as non-linear time dependent functions of the initial soil 

moisture content in soil science literature (Raes, 2002). If a linear approximation of a 

non-linear soil moisture depletion function is not a reasonable approximation, the 

irrigation scheduling optimisation algorithm will define a sub-optimal irrigation 

schedule because the model will incorrectly estimate the soil moisture state variable(s).   

Crop growth simulation models integrating soil moisture dynamics have been used 

widely to evaluate economically optimal irrigation strategies under limited water supply 

for crops other than irrigated rice (Acharya, 1997; Bontemps & Couture, 2001; Borges, 

Joao Carlos, Hedden-Dunkhorst, & Afonso Ferreira, 2003; Botes, Bosch, & Oosthuizen, 

1996; Bryant, Mjelde, & Lacewell, 1993; Burt & Stauber, 1971; Dinar & Letey, 1996; Kuo 

& Liu, 2003; Paudel, Limaye, Hatch, Cruise, & Musleh, 2005; Rinaldi, 2001; Scheierling, 

1995). Simulation models incorporating dynamic soil water balances have been 

developed for irrigated rice production (Belder et al., 2006; Confalonieri. & Bocchi, 

2005; Pirmoradian & Sepaskhah, 2006; Rao, Sarma, & Chander, 1988; Rosengrant & 

Shetty, 1994; Singh et al., 2001; Wu & Wilson, 1998). With the exception of Rosengrant 

and Shetty (1994) these simulation models have not been applied to the evaluation of 

the economics of irrigated rice irrigation. The model developed in the following section 

is the first known integrated simulation-economic optimization model of irrigated rice 

irrigation scheduling.     

4 MODEL SPECIFICATION 

The simulation-economic optimisation model of irrigated rice production developed in 

this section follows the approaches of Bryant et al. (1993) and Paudel et al. (2005). 

Because empirical data relating rice production to soil water content at each decision 

stage are not available for the study area, the relationship is modelled with a simple 

water crop simulation model. Simulation model outputs are used to fit generalised 

irrigation-stage production functions for irrigated rice assuming that relative yield is a 

non-linear function of the available water at the beginning of the irrigation stage. The 

soil water balance state equation is defined as a non-linear function of soil moisture 

depletion from the previous irrigation period and the irrigation applied in the decision stage. 

An open-loop, discrete non-linear mathematical programming model is employed to 

estimate the economically optimal irrigation dose for each stage subject to 
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the non-linear soil-moisture constraint, seasonal water stock and other technical and 

environmental production conditions.  

4.1 MECHANISMS 

4.1.1 WATER-CROP PRODUCTION FUNCTION SIMULATION 

The relationship between available soil moisture for uptake by the crop and relative 

yields at each stage is modelled using the crop simulation model BUDGET (version 5.0) 

(Raes, 2002). BUDGET simulates the complex biophysical processes of plant growth, 

water extraction by plant roots and water and salt movement in the soil profile, 

assuming an otherwise pristine production environment. Relative to other rice 

production models, BUDGET is simple and requires minimal input data.  

Final relative yield is estimated via a dated production function based on a modified 

form of Jensen’s (1968) multiplicative approach. Subscripts a, m, c , i  and j  index actual, 

potential, maximum, growth stage and irrigation interval index respectively, Y is yield, 

ET evapo-transpiration, N are sensitivity stages, M is the number of time steps each with 

a duration of  days and L is the growth stage’s length in daysjt∆ 2. Relative yield is 

obtained by: 

⎥
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This equation is valid for most crops for water deficits in the range (1-(ETa/ETm)<=0.5) 

(Raes, 2002). The approach estimates a crop’s response to water deficiency at time steps 

smaller than the growth stage, overcoming the limitation of Doorenbos et als. (1979) 

                                                 

2 · Note that 121 =
∆++∆+∆

i

M

L
ttt K

. 

15 
 



 

approach that enforces constant water stress throughout the growing period, thereby 

limiting the approach’s applicability when irrigation intervals are less than the crop 

growth stage.     

Retention, movement and uptake of water in the soil profile is described in BUDGET 

with a finite difference model, defined by soil depth and time. The governing flow 

equation and root zone water uptake is solved daily to define soil moisture content in 

each cell in the crop root zone3. In simplified terms, daily available soil moisture is 

defined as:  

( ) ( ) ttttintin ETDRAININFILSMSM −−+= −1  (4) 

Where SMin is the initial soil moisture (boundary) condition at day t, INFIL describes 

water infiltration into the soil profile (mm), DRAIN is drainage out of the crop’s root 

zone and ET actual evapo-transpiration from the soil profile (mm). Infiltration for day t 

is obtained by rearranging: 

( ) ( ) ( ) ttsurttttintin INFILERORAINIRRSURSUR −−−++= −1  (5) 

where SURin is the initial level of puddled surface water (mm), IRR total irrigation 

(mm), RAIN rainfall (mm), RO runoff (mm) and Esur evaporation from the surface water 

body. With bunds, surface runoff in BUDGET is defined as all water applied above the 

user-specified bund height. Rainfall and irrigation water lost to surface runoff is 

estimated based on the curve number method (USDA, 1964). After the subtraction of 

any surface runoff, the infiltration rate is defined by an exponential drainage function 

accounting for the initial wetness and the drainage characteristics of the soil layers. The 

drainage subroutine describes the volume of water lost to free drainage as a function of 

time when soil water content is between field capacity and saturation.  

Potential crop evaporation (ETc), which describes the soil evaporation and crop 

transpiration rate of a well-watered soil, is computed using the FAO Penman-Montieth 

approach. The approach incorporates a crop coefficient to integrate characteristics that 

differentiate the simulated crop from the reference crop (Allen, Pereira, Raes, & Smith, 
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1998; Raes, 2002). Soil evaporation is derived based on soil wetness and crop cover. The 

actual water uptake by plant roots is described by means of a sink term (Feddes et al., 

1978) that takes into account soil depth (root distribution) and soil water content in the 

soil profile. The effects of waterlogging and water shortage on crop evapo-transpiration 

are described by multiplying the crop coefficient by stress factors. 

4.1.2 GENERALISATION OF WATER-CROP PRODUCTION AND WATER STOCK 
TRANSITION FUNCTIONS  

BUDGET generates output files containing daily estimates of relative yield, soil moisture 

and irrigation application. Running a large number of irrigation combinations holding 

other environmental production conditions constant generates a database of relative 

yield and initial soil moisture relations for each irrigation stage. This database can be 

used to estimate generalised relative yield production functions for each stage given 

available soil moisture at the beginning of the irrigation stage and to define soil 

moisture transition functions between the irrigation stages.  

To account for potential non-linearity in the soil moisture depletion function, the 

generalised water balance transition equation between two irrigation intervals is defined 

as: 

jijijijiji IRRAWAWAW ,,1
2

1,21,1, νβγγ +++= −−  (6) 

jiAW , defines available water (mm) for the crop at the beginning of irrigation interval j, 

growth stage i, nγ  are coefficients describing the depletion rate of available water from 

the previous stage  (mm); 1, −jiAW 1β  is the coefficient describing effective water stock 

recharge from the irrigation event  (mm) and jiIRR , ji,ν  is an error term defining 

residual between the estimated regression model soil moisture and the BUDGET 

simulation for the crop.  

Available water is defined as the sum of surface water (SUR) and soil moisture content 

in the root zone (SM). This approach simplifies the water balance transition equation 

and allows for direct estimation of the impact of surface water depth on irrigation stage 

                                                                                                                                            
3 For more information on these routines see - Raes, D. 2002. BUDGET. A soil water and salt balance model 
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dependent yield response. In the case where there is no surface water, the equation 

reduces to a simple soil moisture transition equation that is consistent with previous 

literature (Georgiou, Papamichail, & Vougioukas, 2006; Ghahraman et al., 2004). Using 

output data from BUDGET, the water stock at the beginning each irrigation interval is 

estimated based on the water balance equation given by: 

( ) )()( 1,,,,,,,1,, −− −+−−−+++= jijijijijijijijiininji ASMASMETDRAINROIRRRAINSMSURAW (7)

This equation modifies equation (4) by directly incorporating the effect of root zone 

development on available water stock. The available soil moisture is approximated from 

saturation (SAT), field capacity (FC), permanent wilting point (PWP) and average root 

depth during the irrigation interval. As the crop’s root system deepens, the contribution 

of additional available soil water is added to the soil water balance equation via the term 

.  )( 1,, −− jiji ASMASM

The generalised relationship between relative yield and available water at each 

irrigation interval is defined by a fifth degree polynomial function of initial soil water 

available for uptake: 

( )
( ) ( ) ( ) ( ) ( ) ( ) jiininininjiin
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( )
( ) jim

jia

Y
Y

,

,  defines relative yield for irrigation interval j in growth stage i and has a 

maximum value of unity. nα  are coefficients characterising the available water / yield 

production relationship, ( ) ( ) jiininjiin SMSURAW ,, +=  describing the available water as 

an aggregate of puddled surface water and soil moisture in the root zone (mm) at the 

beginning of the irrigation interval. The error term ji,ε  defines the residual between the 

polynomial regression model yield index and the BUDGET simulation data for each soil 

moisture condition.  

                                                                                                                                            
(version 5.0). Leuven: Faculty of Agricultural and Applied Biological Sciences, K.U.Leuven. 
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4.1.3 MATHEMATICAL PROGRAMMING MODEL  

The non-linear programming model’s objective is to define the irrigation schedule that 

obtains the highest net returns for the smallholder given production costs, crop output 

prices, environmental production conditions and seasonal constraints on land and water 

availability. The farmer’s per hectare net return maximisation function is expressed as: 
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Pi is the rough rice farm gate output price, MY is the maximum potential rough rice 

yield, 
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,  defines final relative yield as a product of relative yields 

achieved in each growth stage, with relative yield within each growth stage being a 

product of stage-dependent irrigation interval yields c defines a constant variable cost 

per cubic meter of irrigation,  is a dummy variable taking the value of 1 if the 

farmer irrigates and 0 if they do not,  quantifies fixed costs associated with each 

irrigation event and  are all other production costs.  

ji,∂

FC

FC

The objective function is subject to the non-linear constraints on the relative yield 

production function (8) and inter-stage soil moisture depletion (7).  Additional 

constraints are defined by: 

jijiji IRRQQ ,1,, −= −  
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Equations (10)-(14) define physical constraints on the optimal set of irrigation decisions. 

Equation (10) describes the transition of the smallholder’s available water stock given 

irrigation applied. Equation (11) constrains available water in the root zone to within 

upper and lower bounds. Equation (12) constraints irrigation stage dependent soil 

moisture, relative yields and the available water stock for irrigation to non-negative 

values. Equation (13) defines the initial soil moisture and irrigation water stock 

respectively. Equation (14) constrains total irrigation applied to be equal to or less than 

the available seasonal stock. 

The decision problem in entirety is: 

( )
( ) ( ) FCCIRRc
Y
Y

MYP
N

i

M

j
Fjiji

N

i

M

j jim

jia −⎥
⎦

⎤
⎢
⎣

⎡
∂+−

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

= ∑ ∑∏ ∏
= == = 1 1

,,
1 1 ,

, **maxπ  (15) 

st.  
 

jijijijiji IRRAWAWAW ,,1
2

1,21,1, νβγγ +++= −−  (16) 

( )
( ) ( ) ( ) ( ) ( ) ( ) jiininininjiin

jim

jia

jijijiji
AWAWAWAWAW

Y

Y
,

5
5

4
4

3
3

2
2,1

,

,

,,,,
***** εααααα +++++=  

 (17) 

jijiji IRRQQ ,1,, −= −  
(18) 

jijiji SMSMSM ,,, ≤≤  
(19) 

( )
( ) 0,0,0 ,

,

,
, ≥≥≥ ji

jim

jia
ji Q

Y
Y

SM  
(20) 

QQSMSM inin == ,  
(21) 

20 
 



 

( ) QIRR
M

i

N

j
ji ≤⎥
⎦

⎤
⎢
⎣

⎡
∑ ∑
= =1 1

,  
(22) 

 

5 APPLICATION 

The BUDGET water crop simulation model was initialised with environmental and crop 

parameters typical for Winter-Spring irrigated rice production in the Dak Lak Plateau. 

The main parameters required for the optimisation procedure are given in Tables 2-4. 

Irrigated rice planting dates and crop parameters were obtained from the Dak Lak 

Department of Agriculture and Rural Development. To obtain a conservative total water 

demand estimate, crop duration is set at 120 days, which is at the upper bound of locally 

reported cropping calendars for irrigated rice. Dry season irrigated rice production costs, 

non-irrigation input levels and output prices were obtained from a smallholder farm 

survey completed in 2004. An average irrigation cost of VND1420 per mm ha-1 meter is 

employed based on the same survey data4. This irrigation cost includes only the labour 

component of irrigation and therefore presents a conservative lower bound of the true 

volumetric irrigation cost. Because the majority of the Dak Lak Plateau’s wetland rice 

plots are gravity fed and outside irrigation systems, the difference between the 

volumetric irrigation cost used and the actual irrigation cost are probably negligible. 

Labour requirements for irrigation account for approximately 16 percent of total 

production costs in these estimates. Bund depth was set at 20 centimetres based on local 

observations (D'haeze, 2004: 188). It was assumed that irrigation water quality was 

slightly saline, which is consistent with local observations. The simulation production 

plot’s soil properties are based on soil profile analyses of paddy plots in Dak Gan 

reported in D'haeze (2004). The representative plot is constructed of a moderately fine-

textured clay loam upper layer to a depth of 30 centimetres and a clay pan under this. 

The upper soil layer has very slow hydraulic conductivity, whereas the clay pan layer 

demonstrates extremely slow hydraulic conductivity. The soil profile definition is 

                                                 
4 Farmers in Dak Lak do not practice SNS irrigation and a volumetric irrigation cost could not be obtained for 
this irrigation strategy as a result. SNS may require more effort to implement than a continuous submergence 
strategy; it is therefore possible that the average irrigation cost per cubic meter will be greater for the SNS 
strategy.  
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considered to be a relatively representative for smallholder irrigated rice production in 

Dak Lak.  

The approach of Hoogland et al., (1981) was used to model water extraction from the 

root zone. Under this approach the maximum amount of water that can be extracted by 

crop roots is defined as a function of root volume at each layer. An extraction pattern of 

45, 32, 18, 5 for the upper, second, third and bottom quarter of the root zone was 

assumed. Almost all annual crops growing in a well-watered uniform soil approximate 

this type of water extraction pattern (Raes, 2002), including rice grown under 

intermittent irrigation (Won, Choi, Lee, Son, & Chung, 2005).  

The assumption that effective rainfall could be set to zero for the dry season months 

December to mid-April was tested with frequency analysis of ten years’ rainfall records 

(1994-2003) (Table 5) using the RAINBOW climatological / hydrological analysis 

software (version 2.2) (Raes, 2006) after confirming data homogeneity (Buishand, 1978)5. 

A zero rainfall assumption was confirmed at 50 percent probability of exceedence for 

January and February, but was rejected for December and March. In December and 

March rainfall at 50 percent probability of exceedence was 17mm and 22mm 

respectively. In terms of rice’s water demands, these amounts contribute only a small 

proportion of overall demand and for the purposes of the analysis, rainfall in all months 

was set at zero. 

Probabilities of exceedence for monthly reference evapotranspiration (Penman-

Monreith) were also estimated using the RAINBOW software based on local observation 

data from 1994-2003 (Table 6). Homogeneity tests of the time series data did not reject 

the null hypothesis of homogeneity and independence at the one percent level for any 

of the monthly reference evapotranspiration data6. For the purposes of the analysis 

monthly reference evapotranspiration at the 50 percent probability of exceedence was 

used to simulate “normal” dry season conditions. These climatological conditions are 

observed in Dak Lak one out of every two years.   

                                                 
5 Kolmogorov-Smirnov tests confirmed the assumed probability distribution of the cumulative density function for each 
month’s data at a 5 percent significance level. Probability density functions could not be made to approximate a normal 
distribution via normalizing transformations, with the result that a true representative mean rainfall could not be defined 
(confirm this is the implication)5. 
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It was assumed that farmers follow the recommended land preparation procedure for 

direct wet seeding in Dak Lak, applying a 2,500 cubic meter land preparation dose prior 

to seed establishment. This results in soil moisture being at or near saturation when 

direct seeding occurs. Initial soil moisture content was set at saturation in the 

simulation model with no surface water puddling as a result.   

The validity of the simulation parameters were evaluated by first simulating an 

irrigation of 9,500 cubic meters per hectare under normal climatic conditions. This is 

the per hectare irrigation volume recommended by local extension authorities net of the 

2,500 cubic meters land preparation watering. If the simulation model parameters 

provide a reasonable approximation of local irrigated rice production conditions, a 

surface submergence depth between 10 and 20 centimetres should be observed in this 

simulation. Soil moisture was set at saturation for the crop’s establishment period, and 

submergence subsequently introduced increasing steadily to the point of flowering onset 

and maintained after this. This irrigation strategy returned an average submergence 

depth of approximately 12.1 centimetres after the initial saturation period and 

maximised yield (Figure 11). Without local field experiment data defining the 

relationship between physical soil properties, climatic conditions, irrigation volume and 

yields for Dak Lak, these results broadly support the contention that the simulation 

model provides a sound approximation of local environmental production conditions for 

dry season irrigated rice cultivation in Dak Lak.    

Seventy irrigation schedules were simulated in BUDGET based on a 4-day irrigation 

rotation, with the irrigation volumes defined using a random number generator. Total 

irrigation volumes ranged between 870 and 22,000 cubic meters per hectare. Maximum 

surface water depth for irrigated rice was set at 18 centimetres due to the higher risk of 

water logging associated with wet-seeded rice (Guera, Bhuiyan, Tuong, & Barker, 1998). 

Irrigation schedules that resulted in surface depths exceeding this threshold were not 

considered. Irrigation applications resulting in available soil moisture content dropping 

below permanent wilting point were not considered because this strategy would result 

in total crop failure given the multiplicative relative yield function used. The simulation 

objective was not only to define irrigation strategies that would be observed in the Dak 

                                                                                                                                            
6 An unsuccessful attempt was made to normalize the distribution of the evapotranspiration data using square 
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Lak Plateau as this would only yield a narrow range of production outcomes. Rather, the 

objective was to define a wide range of irrigation volumes so as to be able to generate 

well-defined irrigation stage relative yield responses. The impacts of conveyance losses 

and the uneven distribution of irrigation water on the field were not considered. 

Similarly, potential losses from lateral seepage through the field bunds were not 

evaluated.  

Estimated second-degree polynomial estimator of soil moisture dynamics were 

significant at the one percent level and had adjusted R-square values approximating 1.0, 

indicating the correct functional form (Table 8). Nine fifth degree polynomial 

production function estimates were obtained by pooling observations from irrigation 

intervals sharing common production parameters (Table 9). All estimators were 

significant at the one percent level and had adjusted R-squared values approximating 1.0 

(Tables 10 to 19).  

Because irrigated rice’s relative yields are not reduced by deficient aeration conditions 

from water logging, relative yield will always be unity in the simulation model when 

the initial available water in the simulation model is greater than the minimum initial 

available water level required to achieve unit relative yields in that irrigation stage. The 

higher order polynomial yield response provides increased estimation precision. 

However, the discontinuity in the yield response function above and below the 

minimum available water level required to maximise stage return relative yields resulted 

in waviness in the generalised yield response function. Waviness is characteristic of 

polynomial approximations when the function being evaluated is very non-linear 

(Royston & Altman, 1997). The practical limitation of waviness in this application is 

that the estimated relative yields were observed to sometimes drop below unity at water 

levels above the minimum required level to achieve unit relative yields. In the 

optimisation model this causes a multiple local optima problem. To overcome this 

estimation artifice, a positive penalty was applied to relative yields above the minimum 

                                                                                                                                            
root, cube root and logarithmic transformations. 
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water level required to achieve unit relative yields when estimating the polynomial 

functions7.  

The optimisation problem was solved using GAMS/CONOPT2 which is suited to models 

with non-linear constraints (Drud, 1996; Rosenthal, 2006). The non-linear yield model 

is implemented using a smoothing function to describe the discontinuity at the available 

water level where relative yields are less than unity and above which they are always 

unity8. The final water crop production functions used in the mathematical 

programming model for each irrigation stage are presented in Figures 1-10. The non-

smoothed polynomial expression is included in these Figures for comparison. The 

importance of accounting for non-linearity in the relative yield function is apparent in 

these Figures. Below the minimum water volume that maximises yield, yields decrease 

gradually as a function of initial soil moisture and then drop-off rapidly. The importance 

of controlling for waviness in the estimated yield function by means of the smoothing 

function is also apparent in these Figures.   

Eight optimisation scenarios are evaluated. In the first case the net return to water 

objective is maximised without imposing a binding constraint on the seasonal water 

stock availability. This scenario is of interest because it defines the irrigation schedule 

that maximises the irrigator’s net returns from water in dry season irrigated rice 

production. It also defines the economically optimal seasonal irrigation requirement for 

a normal climatic year in the Dak Lak Plateau. Based on the results of the unconstrained 

model, seven irrigation scenarios were evaluated imposing binding seasonal water stock 

constraints. The locally recommended irrigation strategy was also evaluated. The 

optimal irrigation strategies defined by the programming model were run in BUDGET to 

check for agreement in both the relative yield and soil moisture estimates at each 

irrigation stage.     

                                                 
7 The penalty involved setting all relative yields above the minimum at 105 percent. In the re-estimated non-
linear yield functions, the positive penalty did not bias the yield response estimate in the range were soil 
moisture was in     deficit, but did result in relative yields not dropping below the maximum value above the 
minimum initial soil moisture level required for maximum yields. 
8 The smoothing function was defined as  -(sqrt(sqr(-x+1)+sqr(0.001))-x+1)/2+1. This smoothing technique 
results in relative yields that approximate unity above the minimum initial available water level required to 
maximise relative yields. Because the smoothing function results in relative yields that are approximately 
unity, multiple local optima are still present in this model. Because the absolute deviation between the 
smoothed approximation and the maximised relative yield is very small (normally less than .1 percent), 
imposing a positive volumetric irrigation cost overcomes this problem.  
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6 RESULTS  

Table 20 presents the irrigation schedules, final yield, evapotranspiration, infiltration, 

drainage volumes, gross and net benefit and value marginal product estimates for the 

eight optimization models and the 9,500 cubic meter per hectare irrigation simulation. 

Soil moisture depletion, surface water accumulation and cumulative yields for several of 

the estimates are provided in Figures 11 through 16. Results demonstrate that when the 

seasonal water stock is not constrained, the optimal irrigation schedule maximizes 

returns to the risk neutral farmer with 7,180 cubic meters of water per hectare during a 

normal dry season (Table 20 and Figure 12). Assuming 2,500 cubic meters of water is 

used for land preparation results in a total dry season water demand of 9,680 cubic 

meters per hectare.  

The economically optimal irrigation schedule is an SNS regime. Soil moisture is 

maintained between saturation and field capacity throughout the entire growth period. 

Application depths increase progressively to the beginning of the late vegetative stage 

and are then maintained at around 260 cubic meters per irrigation stage. Intermittent 

submergence occurs but does not exceed 10 millimeters depth. The SNS strategy results 

in 1,100 cubic meters of irrigation water being lost from the plot to deep percolation. 

This compares to deep percolation totaling 2,250 cubic meters when locally 

recommended practices are followed  (Table 20). Following the optimal strategy, no 

surface water is retained at the end of the season, whereas approximately 900 cubic 

meters is retained following the locally recommended strategy. This excess water would 

subsequently be drained from the plot. In sum, when the dry season water stock is not 

binding, following the economically optimal irrigation strategy reduces diversions to 

irrigated rice production by 2,270 cubic meters per hectare compared to locally 

recommend water requirements for dry season wetland rice production. The 24 percent 

reduction in seasonal water requirements is consistent with water savings reported for 

SNS irrigation scheduling in heavy soils (Tuong et al., 1999). 

Moving from the locally recommended irrigation strategy to the economically optimal 

irrigation schedule increases a rice farmer’s dry season net returns from irrigated rice 

production by a moderate 9.5 percent, from VND3.15 million to VND3.45 million per 

hectare. Given the variable irrigation cost in this study is based on labor costs only, 
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this is a conservative lower bound estimate of economic gains from increased water use 

efficiency in rice production, as long as the assumption that the average volumetric cost 

for CS and SNS9 are the same is approximately correct. Based on these results it is clear 

that the locally recommended irrigation strategy generates an agronomic optimum in 

terms of maximizing rice yields, but returns sub-optimal profits to the representative 

rice farmer in the Dak Lak Plateau during normal climatic years.   

Given knowledge of the farmer’s willingness to pay schedule, the inverse irrigation 

water derived demand function is also known (Bontemps et al., 2002). Figure 17 defines 

the representative farmer’s seasonal derived demand for dry season irrigation water 

during a normal climatic year in the Dak Lak Plateau. The derived demand function is 

defined by the value marginal product estimates obtained by the mathematical 

programming model evaluated at each seasonal water stock constraint. Recall the value 

marginal product defines the profit that an additional cubic meter of water would 

generate and is therefore the farmer’s maximum willingness to pay for the additional 

input. From Figure 17 it is evident the marginal value of applied water is relatively low 

over the range 7000 to 7200 cubic meters but increases considerably as water is 

constrained below 7000 cubic meters per hectare. Because irrigation water conveyance 

and distribution costs were not included in the crop budget, whether this derived 

demand function represents demand for water at-source or at-site will depend on the 

location of the rice plot. If the plot is located such that minimal conveyance and 

distribution costs are incurred between source and plot, then the demand curve 

approximates the at-source economic value of water to the rice farmer. If this is not the 

case, then the demand function reflects the economic value of the irrigation water at-

site. In either case the economic value estimate is short run because plant and capacity 

are both assumed to be fixed and a normal rate of return on capital is not included as a 

cost in the representative farm budget (Turner et al., 2004). The short run shadow price 

of dry season irrigation water in rice production rises in a near linear fashion from 

VND650 per cubic meters evaluated at the 7,000 cubic meter per hectare margin to a 

choke price of around VND38,300 per cubic meter when the seasonal water stock is 

constrained to 5,650 cubic meters per hectare. Applying ordinary least squares estimates 

the relationship Q= 7059.53 - 0.038(p) (Table 20).        
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Water allocations in the optimal irrigation schedules are generally consistent with a 

priori expectations (Figures 12 to 16). When a seasonal water constraint exists, the 

scarce water is allocated to minimize soil moisture deficits during periods when crop 

yield is most sensitive to water stress10. Irrigation volumes are reduced in the least 

sensitive ripening stage first. As the seasonal stock constraint is tightened, volumes are 

also reduced in the late vegetative stage. Some evidence of potential estimation error 

between the optimization and simulation models exists here. The optimization models 

do not schedule irrigation during the early vegetative phase in any of the deficit 

scenarios despite this growth stage having lower sensitivity to soil water stress than the 

late vegetative stage where deficit irrigation occurs. This outcome is attributable to a 

small difference in the value of the soil moisture state variable for this period in the 

mathematical programming model. The difference is based on the generalized second-

degree polynomial soil moisture transition function, and ‘actual’ soil moisture in the 

BUDGET simulation model. Relative to the simulation model, the optimization model 

underestimates available soil moisture by less than 5 mm at each stage during the early 

vegetative period relative to the simulation model (Figure 18). This difference is 

sufficient to result in a small over-allocation to the early vegetative period11. The results 

highlight wetland rice’s extreme sensitivity to water deficits and the importance of 

irrigation scheduling with water deficits.   

Soil moisture variances are more pronounced between the simulation and optimization 

models when a linear approximation is assumed (Figure 18). These variances result in 

sub-optimal scheduling for all of the deficit scenarios evaluated12. As an example, the 

linear soil water depletion model returns a final relative yield of 80 percent and net 

returns to irrigation of VND1.01 million when seasonal water availability is constrained 

at 6250 cubic meters per hectare, compared to 88 percent and VND1.81 million in the 

non-linear soil moisture depletion program. With a linear soil moisture depletion 

function, the programming model overestimates available soil water during the late 

vegetative and yield formation stages, resulting in under-allocation of irrigation water 

                                                 
10 I.e. generally water is allocated based on Ky. 
11 Attempts were made to heuristically re-distribute irrigation water from the early vegetative period to the 
late vegetative period in an attempt to increase final relative yield. This did not result in increased final 
relative yield. On this basis, any difference between the optimal outcome estimated with the mathematical 
programming model and the “real” optimal allocation is negligible.  
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during these periods and returning the sub-optimal economic outcome (Figure 19). 

These outcomes highlight the importance of specifying a correct functional form for soil 

water depletion in crop water modelling.     

The consequence of following the profit maximizing irrigation schedule for a normal 

year in a dry year was evaluated. Normal and dry climatic conditions prevail in the Dak 

Lak Plateau one out of every two years and one out of every five years respectively. 

Following the profit maximising normal year irrigation schedule during the dry year 

results in a 16 percent yield decline. These results demonstrate the effect of natural 

climatic variability as a key determinant of seasonal water requirements for irrigated 

rice production in Dak Lak Plateau. When drier than normal climatic conditions prevail, 

higher evapotranspiration rates deplete soil moisture more rapidly causing soil water 

stress during the flowering, yield formation and ripening stages (Figure 20). Maximising 

relative final yield requires a total seasonal irrigation volume of 8,000 cubic meters per 

hectare during a historical dry year. Irrigation costs are increased by approximately 

VND81 thousand, reducing net returns to the irrigator to VND3.37 million. This 

outcome still generates greater net profits for the farmer than those achieved by 

following local agricultural extension service’s advice under any climatic condition. 

Assuming a land preparation of 2,500 cubic meters per hectare, total dry season 

irrigation is reduced by 1,500 cubic meters per hectare compared to the locally 

recommended irrigation volume in this scenario. Across 16,000 hectares of irrigated rice 

in the Dak Lak Plateau this results in 24 million cubic meters of water not being 

diverted to irrigated dry season rice production. As a point of comparison, these savings 

equate to approximately 500 days demand in the provincial capital, Buon Ma Thuot and 

are also sufficient dry season irrigation water for 12,000 hectares of coffee, assuming a 

total dry season irrigation volume of 2,000 cubic meters per hectare. 

Alternate SNS irrigation may involve more intensive irrigation management practices 

than continuous submergence. Farmers in the Dak Lak Plateau do not practice SNS 

irrigation and the relative irrigation costs of the two regimes cannot be evaluated as a 

result. To equate net profits from SNS irrigation and the CS alternative, the average cost 

of irrigation water per cubic meter would have to rise by approximately 50 percent 

                                                                                                                                            
12 Results available on request. 
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during a normal climatic year, based on the estimated model, assuming all other factor 

inputs remain at constant levels.  

With an unconstrained seasonal water stock and normal climatic conditions, soil 

moisture in the economically optimal irrigation schedule fluctuates between saturation 

and field capacity, allowing only a very small margin of irrigation error before the crop 

experiences water stress from soil moisture deficit. In practice, a risk averse farmer or a 

conservative Department of Agriculture may prefer the “dry” year irrigation schedule of 

around 8000 cubic meters per hectare irrespective of actual climatic conditions in order 

to hedge against the risk of yield losses imposed by water stress. During a normal year, 

adopting this risk adverse irrigation strategy would still generate a profit around 7 

percent higher than if the farmer follows the local recommendation. When the “dry” 

year irrigation schedule is implemented during a “normal” climatic year, the rice plot is 

submerged in less than 10 millimetres of water for the majority of the growth cycle 

(Figure 21). Diversions to wetland rice irrigation are reduced by just under 20 percent 

following this strategy compared to the locally recommended dry season irrigation 

requirement.   

7  CONCLUSION  

In this paper outputs from a calibrated water crop simulation model are employed in a 

mathematical programming model to maximize profits from irrigation scheduling, 

assuming a four-day irrigation rotation. During a normal climatic year, optimal 

irrigation scheduling is found to maximize profits with approximately 7,180 cubic 

meters of irrigation water per hectare. Assuming a land preparation 2,500 cubic meters 

per hectare, total dry season demand equals 9,680 cubic meters per hectare, a 24 percent 

reduction on the locally recommended total seasonal irrigation requirement of around 

12,000 cubic meters per hectare. Excluding consideration of water requirements for land 

preparation, during a normal climatic year it is unprofitable to cultivate wetland rice 

when dry season water availability falls below 5,650 cubic meters per hectare. The 

representative farmer’s dry season short-run irrigation demand function is 

approximately linear, estimated as Q= 7059.53 - 0.038(p). The inverse demand function 

estimate can be used as a part basis for evaluating the efficiency, fairness and rationality 

of current and planned dry season water allocations to irrigated rice production in 
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the Dak Lak Plateau, as required by Viet Nam’s Law on Water Resources. The estimates 

in this paper therefore develop information that is fundamental to river basin planning 

required by the Law on Water Resources. 

The simulation-economic optimisation model developed in this research advances 

previous approaches using generalised water crop production and soil moisture 

transition functions by highlighting the importance of choosing the correct functional 

form to estimate the functions. Using higher order polynomials to model water yield 

production functions has precedence (Hexem & Heady, 1978) but less so in soil water 

dynamics. Irrigated rice’s sensitivity to soil moisture deficits highlights the negative 

implication of mis-specifying the soil moisture depletion function on optimisation 

outcomes. Simplifying soil moisture depletion to a linear function resulted in irrigation 

schedules that did not maximize profits being defined in all the scenarios. These sub-

optimal outcomes are due to the linear estimate systematically over-estimating available 

soil water during the late vegetative and yield formation stages, resulting in under-

allocation of irrigation water during these periods. 

Caveats are warranted in moving from modeling to policy recommendations. The 

simulation-economic optimization model developed in this research is based on a 

simple, deterministic model of the relationship between the timing of water inputs and 

rice yields in an otherwise non-limiting production environment. Given no farmers in 

the Dak Lak Plateau practice SNS irrigation, the level of all non-water inputs in the 

production model is assumed to be optimal and identical between the CS and SNS 

irrigation strategies. The variable irrigation cost per cubic meter is also assumed to be 

identical between CS and SNS. For each irrigation the model assumes water distributes 

uniformly across the plot. Seasonal water stock for the plot is known at the beginning of 

the season. Under these production conditions an SNS strategy maximizes profits to the 

farmer from water, evaluated at all seasonal water constraints.  

In most production environments, these conditions will not strictly hold. SNS irrigation 

has been previously linked to increased nutrient application efficiency, meaning SNS 

farmers could use less fertilizer than CS farmers on otherwise identical plots (Buresh & 

Datta, 1990; Datta, Buresh, & Mamaril, 1990). There is also evidence to suggest plot 
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level production conditions are bettered by using SNS. Mao (1996) reports SNS 

irrigation improves soil aeration, the plot microclimate and reduces the incidence of rice 

diseases and insect spread. Less favorably, SNS irrigation may increase irrigation costs 

and require co-ordination with other management activities (De Datta, 1981). When 

seasonal water supplies are stochastic and property rights for water are not in place, CS 

irrigation makes economic sense to risk adverse farmers who hedge against supply 

shortages by stocking water. Within a system of interconnected rice plots, such as an 

irrigation scheme, some submergence will be required for plot to plot irrigation to occur 

(Tuong et al., 1999). Variation in soil density both between and within rice plots means 

actual seasonal water requirements for rice production will vary spatially. On these and 

other basis, the economically optimal irrigation schedules, value marginal productivities 

and dry season irrigation water demand function defined in this paper may diverge from 

those observed in the field.  

Despite caveats, the analysis in this paper is policy relevant to irrigated rice production 

in Dak Lak Plateau for several reasons worth clearly synthesising. The results provide an 

indication of the relative magnitude of gains from improved irrigation efficiency that is 

possible in representative rice production plots in the Dak Lak Plateau. The results 

indicate substantial potential for gains in plot level irrigation efficiency and provide 

justification from a cost benefit perspective for the establishment of local experimental 

plot research on SNS irrigation in Dak Lak. This goes directly to the requirement in the 

Law on Water Resources that efforts be made at the farm level “to save water”. The 

derived dry season irrigation water demand function for wetland rice production is a 

key input for water resource and broader planning purposes in the Srepok River Basin. 

The results can act as inputs for evaluating the broader social welfare impact of reducing 

dry season diversions to irrigated agriculture using integrated hydro-economic analysis.  

While the results of this research suggest farmers will be better off at the plot level by 

reducing diversions to dry season irrigated rice production, the broader social welfare 

impact of reducing diversions is unclear. CS rice plots act as micro-reservoirs and 

contribute to groundwater recharge. Given the soil profile used for simulations in this 

paper, a farmer irrigating a hectare of paddy with 9,500 cubic meters deep drains 

approximately 2,250 cubic meters of this water to their local aquifer. At the end of 
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the growing season an additional 900 cubic meters is drained from the field to surface 

waterways. The profit maximizing strategy without binding water constraint recharges 

1,100 cubic meters and no water is drained from the field at the end of the growing 

season. Without empirical investigation the relative social welfare outcomes of the two 

strategies is indeterminate. Both strategies generate externalities, but their sign and 

magnitude may differ depending on location. In a complex hydro-economic system 

these relationships and resultant social welfare outcomes are best understood with 

integrated hydro-economic modelling.  

The research reported in this paper has concentrated on the potential gains in irrigation 

efficiency and water’s economic value in dry season irrigated rice production during the 

crop growth cycle only. Several opportunities for further research exist. Water 

requirements for land preparation constitute a sizable percentage of total seasonal water 

demand. Research on opportunities for water savings and the economic value of land 

preparation water is warranted. Analysis of the optimal irrigation interval during the 

crop growth cycle is also warranted for both CS and SNS irrigation. Finally, the 

economic potential of producing alternative crops such as maize on Vertisols in the Dak 

Lak Plateau also warrants investigation.  
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8 TABLES AND FIGURES  

Table 1 Land Use, DLP 2000 and 2002  

Land Cover Type 2000 2002 

  Hectares Percent

Percent 
agric. 
Area Hectares Percent 

Percent 
agric. 
area 

Coffee  130,785 55.18 71.79 128,974 54.14 73.45

Rubber, Cashew, Black Pepper        14,158 5.97 7.77 582 0.24 0.33

Paddy Rice  12,808 5.40 7.03 16,542 6.94 9.42

Annual crops (including upland rice)  24,429 10.31 13.41 29,504 12.39 16.80

Residential and water         36,693 15.48 48,173 20.22 

Forest and unused  18,143 7.65 14,430 6.06 

Total 237,016 100.00 100.00 238,205 100.00 100.00
 

Table 2: Soil parameters, simulation production plot 

Soil horizon description   
Soil depth (cm) 0-30 30-60 
Soil texture Clay loam Clay 
Water content at saturation % vol (cm3 cm-3)  50 55 
Water content at field capacity  % vol (cm3 cm-3) 45 54 
Water content at wilting point % vol (cm3 cm-3)  35 39 
Saturated hydraulic conductivity (mm d-1)  30.0 2.0 
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Table 3: Wetland rice crop characteristics   
Variable   
Planting date  1 December 
Harvesting date  30 March 
   
Total duration (days)  120 
Establishment Duration 10 
  Kc 1.1 
 Ky 1.0 
Vegetative (early) Duration 20 
 Kc 1.1-1.13 
 Ky 1.0 
Vegetative (late) Duration 30 
 Kc 1.14-1.2 
 Ky 1.5 
Flowering Duration 15 
 Kc 1.2 
 Ky 2.0 
Yield Formation Duration 25 
 Kc 1.2 
 Ky 0.8 
Ripening Duration 20 
 Kc 1.18-0.86 
 Ky 0.3 
   
Maximum effective rooting depth (meter)  0.3 
Maximum soil water depletion fraction under no stress (p value)  0.10 
Maximum root extraction over root zone per day (mm)  9.0 
Max soil moisture uptake top ¼ root zone (m3/m3.day)  0.0480 
Max soil moisture uptake bottom ¼ root zone (m3/m3.day)  0.0120 
Root zone extraction pattern  40/30/20/10 
LAI max    4.70 
Time to LAI max (days)  50 
Maximum yield  6500 
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Table 4 Winter spring rice production costs 

Item Unit Unit 
value Quantities Cost 

Production costs (excluding irrigation) 
Seed Kg 4,881 203 992,311 
Fertilizer     2,994,911 
Pesticide     261,588 
Other production costs     496,504 
Hired labor  Manday 22,000 68 1,494,313 
Family labor (opportunity cost) - excluding irrigation 
labor Manday 22,000 89 1,965,505 
Land rent     300,000 
Total production costs (including family labor)   8,505,133 
Total production costs (excluding family labor)   6,539,627 
      

Revenue 
Revenue kg 2000   
     

Variable irrigation cost 
Irrigation labor (hired and family) Manday 22,000 71 1,562,000 
Recommended irrigation volume  m3 12000   
m3 per irrigation manday m3 154.93   
Shadow price of irrigation water per m3  VND 142   
Shadow price of irrigation water per mm/ha  VND 1,420   

 

Table 5 Rainfall (mm) probability of exceedence at Buon Ma Thuot 1994-2003 

Probability of 
exceedence 
(percent) 

Return period December January February March 

10 10 83.47 33.54 34.00 
20 5 48.73 19.37 30.66 
50 2 16.78 

Insufficient data 
above nil mm 

0.61 22.11 

 

Table 6 Penman-Monteith ETo (mm) probability of exceedence at Buon Ma Thuot 1994-2003 

Probability of exceedence 
(percent) 

Return period December January February March 

10 10 4.34 4.99 5.34 5.92 
20 5 4.13 4.86 5.17 5.69 
50 2 3.77 4.60 4.85 5.26 
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Table 7 Soil moisture transition equation OLS results  

 

                2 3 4 5 6
 Coeff. Std error t-ratio Coeff. Std error t-ratio Coeff. Std error t-ratio Coeff. Std error t-ratio Coeff. Std error t-ratio 

Dependent variable: initial soil moisture, stage t (mm) 
 Initial soil moisture previous interval 
(mm)  0.75              

  
 

               
    

            
               

0.05 13.91 0.65 0.08 8.41 0.53 0.10 5.52 0.44 0.07 6.03 0.21 0.06 3.33
 Initial soil moisture previous interval 
(mm)^2  

-1.74E-
03 1.21E-03

-       
1.44 

-8.14E-
04 1.63E-03

-       
0.50 1.10E-03 1.86E-03

  
0.59 3.29E-03

  
1.30E-03

 
2.53 6.46E-03

  
1.15E-03

 
5.61

 Irrigation (mm)  
 

0.86 0.03 29.16 0.84 0.06 13.83 0.77 0.08 10.03 0.71 0.06 12.42 0.80 0.05 17.22

 F-statistic   5,906.98   2,070.01   1,632.42  3,162.90  3,521.70
 Adjusted R-squared  

  
1.00   0.99 0.99 1.00 1.00

Observations 64 55 53 45 49
 

                7 and 8 9 10 11 12
 Coeff. Std error t-ratio Coeff. Std error t-ratio Coeff. Std error t-ratio Coeff. Std error t-ratio Coeff. Std error t-ratio 

Dependent variable: initial soil moisture, stage t (mm) 
 Initial soil moisture previous interval 
(mm)  0.31               

             
          

               

            
                 

0.03 9.40 0.26 0.03 9.79 0.38 0.04 9.43 0.39 0.03 13.51 0.38 0.02 15.31
 Initial soil moisture previous interval 
(mm)^2  3.89E-03 4.87E-04 7.99 0.00 0.00 7.05 0.00 0.00 3.06 0.00 0.00 4.83 0.00 0.00 6.48
 Irrigation (mm)  
 

0.81 0.03 28.34 0.94 0.02 40.58 0.92 0.03 35.33 0.91 0.03 35.94 0.93 0.02 42.28

 F-statistic   46914.42   18529.88   10827.5   18585.15   21504.2   
 Adjusted R-squared  1.00   1.00 1.00 1.00 1.00
Observations 123 58 62 61 64
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                  13 
14 and 

15 16
17 to 

19
20 to 

23
24 to 

25

 Coeff.
Std 

error t-ratio Coeff.
Std 

error t-ratio Coeff.
Std 

error t-ratio Coeff.
Std 

error t-ratio Coeff.
Std 

error t-ratio Coeff.
Std 

error t-ratio t-ratio 

Dependent variable: initial soil moisture, stage t (mm) 
 Initial soil moisture previous interval (mm)                

  
         

                  

            
             

                   

0.34 0.03 12.77 0.32 0.02 19.71 0.29 0.03 9.98 0.31 0.01 25.10 0.28 0.01 28.21 0.28 0.01 28.21 242.00

 Initial soil moisture previous interval (mm)^2  
3.47E-

03 
5.11E-

04 6.79 
3.55E-

03 
2.84E-

04 12.52
4.10E-

03 
5.38E-

04 7.62 
3.31E-

03 
2.43E-

04 13.59
3.81E-

03 
1.81E-

04 21.06
3.81E-

03 
1.81E-

04 21.06
 Irrigation (mm)  
 

0.98 0.02 43.27 0.97 0.01 75.21 0.99 0.02 48.36 0.98 0.01 102.54 0.99 0.01 123.94 0.99 0.01 123.94
 

 1.00

 F-statistic   
####
####  

####
####

####
####  

####
#### .

####
####

 Adjusted R-squared  
  

1.00   1.00   1.00 1.00 1.00 1.00
Observations 62 125 60 181 242 120

 
           26 27 28 29 30
 Coeff.  Std error t-ratio Coeff.  Std error t-ratio Coeff.  Std error t-ratio Coeff.  Std error t-ratio Coeff.  Std error t-ratio 

Dependent variable: initial soil moisture, stage t (mm) 
 Initial soil moisture previous interval 
(mm)  

          
0.22  

          
0.01  

        
18.29  

          
0.19  

          
0.02  

        
10.68  

          
0.28  

          
0.01  

        
25.11  

          
0.29  

          
0.01  

        
31.11  

          
0.36  

          
0.02  

        
15.97  

 Initial soil moisture previous interval 
(mm)^2  

          
0.00  

          
0.00  

        
19.67  

          
0.01  

          
0.00  

        
19.22  

          
0.00  

          
0.00  

        
15.46  

          
0.00  

          
0.00  

        
24.70  

          
0.00  

          
0.00  

          
8.42  

 Irrigation (mm)  
 

          
1.00  
 

          
0.01  
 

        
92.54  
 

          
1.00  
 

          
0.02  
 

        
66.76  
 

          
1.00  
 

          
0.01  
 

      
120.60  
 

          
1.00  
 

          
0.01  
 

      
138.60  
 

          
0.97  
 

          
0.02  
 

        
52.83  
 

 F-statistic   
######

##     

          

######
##    .     .    

######
## 

 Adjusted R-squared  
  

          
1.00    

          
1.00    

          
1.00    

          
1.00    

          
1.00    

Observations 63 67 64 62 63
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Table 8. Pooled yield response estimators 

Irrigation
event  

 Irrigation
Day 

 Irrigation 
date Month  Ky   Kc   Stage  

 Root 
depth  

 Pooled Yield 
Function Estimate 

1 1 1/12/2000December
           
1.00  

           
1.10  

 
establishment 

           
0.20             1    

2 5 5/12/2000December
           
1.00  

           
1.10  

 
establishment 

           
0.20             1    

3 9 9/12/2000December
           
1.00  

           
1.10  

 
establishment 

           
0.20             1    

4 1313/12/2000December
           
1.00  

           
1.10   veg (early)  

           
0.20             1    

5 1717/12/2000December
           
1.00  

           
1.10   veg (early)  

           
0.20             1    

6 2121/12/2000December
           
1.00  

           
1.10   veg (early)  

           
0.20             1    

7 2525/12/2000December
           
1.00  

           
1.12   veg (early)  

           
0.22             2    

8 2929/12/2000December
           
1.00  

           
1.13   veg (early)  

           
0.23             2    

9 33 2/01/2001January 
           
1.50  

           
1.14   veg (late)  

           
0.24             3    

10 37 6/01/2001January 
           
1.50  

           
1.15   veg (late)  

           
0.25             3    

11 4110/01/2001January 
           
1.50  

           
1.17   veg (late)  

           
0.27             4    

12 4514/01/2001January 
           
1.50  

           
1.18   veg (late)  

           
0.28             4    

13 4918/01/2001January 
           
1.50  

           
1.19   veg (late)  

           
0.29             4    

14 5322/01/2001January 
           
1.50  

           
1.20   veg (late)  

           
0.30             5    

15 5726/01/2001January 
           
1.50  

           
1.20   veg (late)  

           
0.30             5    

16 6130/01/2001January 
           
2.00  

           
1.20   flowering  

           
0.30             6    

17 65 3/02/2001February
           
2.00  

           
1.20   flowering  

           
0.30             7    

18 69 7/02/2001February
           
2.00  

           
1.20   flowering  

           
0.30             7    

19 7311/02/2001February
           
2.00  

           
1.20   flowering  

           
0.30             7    

20 7715/02/2001February
           
0.80  

           
1.20  

 yield 
formation  

           
0.30             8    

21 8119/02/2001February
           
0.80  

           
1.20  

 yield 
formation  

           
0.30             8    

22 8523/02/2001February
           
0.80  

           
1.20  

 yield 
formation  

           
0.30             8    

23 8927/02/2001February
           
0.80  

           
1.20  

 yield 
formation  

           
0.30             8    

24 93 3/03/2001March 
           
0.80  

           
1.20  

 yield 
formation  

           
0.30             9    

25 97 7/03/2001March 
           
0.80  

           
1.20  

 yield 
formation  

           
0.30             9    

26 10111/03/2001March 
           
0.30  

           
1.18   ripening  

           
0.30           10    

27 10515/03/2001March 
           
0.30  

           
1.10   ripening  

           
0.30           10    

28 10919/03/2001March 
           
0.30  

           
1.02   ripening  

           
0.30           10    

29 11323/03/2001March 
           
0.30  

           
0.94   ripening  

           
0.30           10    

30 11727/03/2001March 
           
0.30  

           
0.86   ripening  

           
0.30           10    
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31 12131/03/2001March 
           
0.30  

           
0.86   ripening  

           
0.30           10    
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Table 9: Yield response polynomial regression parameter estimates, yield function group 1 
(Irrigation stages 1-6) 

  Coefficient   Std Error t-ratio 
Dependent variable: relative yield (Yact/Ypot) 

    
Soil moisture, t (mm) 0.113286 0.003754 30.18 
Soil moisture2, t (mm) -0.005122 0.000309 -16.56 
Soil moisture3, t (mm) 0.000112 0.000009 12.27 
Soil moisture4, t (mm) -1.15E-06 1.13E-07 -10.14 
Soil moisture5, t (mm) 4.50E-09 5.07E-10 8.89 
    
F-statistic 24,301.06   
Adjusted R-squared 1.00   
Observations  124   
 
Table 10: Yield response polynomial regression parameter estimates, yield function group 2 
(Irrigation stages 7-8) 

  Coefficient   Std Error t-ratio 
Dependent variable: relative yield (Yact/Ypot) 

    
Soil moisture, t (mm) 0.108296 1.85E-03 58.69 
Soil moisture2, t (mm) -0.0046551 1.52E-04 -30.63 
Soil moisture3, t (mm) 0.000097 4.47E-06 21.63 
Soil moisture4, t (mm) -9.58E-07 5.58E-08 -17.18 
Soil moisture5, t (mm) 3.62E-09 2.49E-10 14.53 
    
F-statistic 99,065.76   
Adjusted R-squared 1.00   
Observations  124   
 
Table 11: Yield response polynomial regression parameter estimates, yield function group 3, 
(Irrigation stages 9-10) 

  Coefficient   Std Error t-ratio 
Dependent variable: relative yield (Yact/Ypot) 

    
Soil moisture, t (mm) 0.099217 0.001263 78.58 
Soil moisture2, t (mm) -0.003807 0.000109 -34.80 
Soil moisture3, t (mm) 0.000069 3.27E-06 21.18 
Soil moisture4, t (mm) -5.88E-07 3.95E-08 -14.88 
Soil moisture5, t (mm) 1.88E-09 1.64E-10 11.42 
    
F-statistic 92,639.16   
Adjusted R-squared 1.00   
Observations  138   
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Table 12: Yield response polynomial regression parameter estimates, yield function group 4, 
(Irrigation stages 11-13) 

  Coefficient   Std Error t-ratio 
Dependent variable: relative yield (Yact/Ypot) 

    
Soil moisture, t (mm) 0.092810 0.000990 93.76 
Soil moisture2, t (mm) -0.003322 0.000071 -46.63 
Soil moisture3, t (mm) 0.000056 1.74E-06 31.97 
Soil moisture4, t (mm) -4.27E-07 1.69E-08 -25.27 
Soil moisture5, t (mm) 1.20E-09 5.51E-11 21.7 
    
F-statistic .   
Adjusted R-squared 1.00   
Observations  204   
 
Table 13: Yield response polynomial regression parameter estimates, yield function group 5, 
(Irrigation stages 14-15) 

  Coefficient   Std Error t-ratio 
Dependent variable: relative yield (Yact/Ypot) 

    
Soil moisture, t (mm) 0.089680 0.001179 76.11 
Soil moisture2, t (mm) -0.003108 0.000080 -38.92 
Soil moisture3, t (mm) 0.000050 0.000002 27.55 
Soil moisture4, t (mm) -3.67E-07 1.63E-08 -22.46 
Soil moisture5, t (mm) 9.54E-10 4.81E-11 19.85 
    
F-statistic 49,881.24   
Adjusted R-squared 1.00   
Observations  204   
 
Table 14: Yield response polynomial regression parameter estimates, yield function group 6, 
(Irrigation stages 16) 

  Coefficient   Std Error t-ratio 
Dependent variable: relative yield (Yact/Ypot) 

    
Soil moisture, t (mm) 0.039631 0.002514 15.77 
Soil moisture2, t (mm) -0.000333 0.000153 -2.17 
Soil moisture3, t (mm) -0.000003 0.000003 -1.02 
Soil moisture4, t (mm) 5.38E-08 2.58E-08 2.09 
Soil moisture5, t (mm) -1.72E-10 6.88E-11 -2.51 
    
F-statistic 9,107.86   
Adjusted R-squared 1.00   
Observations  198   
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Table 15: Yield response polynomial regression parameter estimates, yield function group 7, 
(Irrigation stages 17-19) 

  Coefficient   Std Error t-ratio 
Dependent variable: relative yield (Yact/Ypot) 

    
Soil moisture, t (mm) 0.046516 0.001750 26.58 
Soil moisture2, t (mm) -0.000806 0.000103 -7.82 
Soil moisture3, t (mm) 0.000007 0.000002 3.61 
Soil moisture4, t (mm) -3.28E-08 1.54E-08 -2.13 
Soil moisture5, t (mm) 5.65E-11 3.81E-11 1.48 
    
F-statistic 11,338.92   
Adjusted R-squared 1.00   
Observations  195   
 
Table 16: Yield response polynomial regression parameter estimates, yield function group 8, 
(Irrigation stages 20-23) 

  Coefficient   Std Error t-ratio 
Dependent variable: relative yield (Yact/Ypot) 

    
Soil moisture, t (mm) 0.1180326 0.004806 24.56 
Soil moisture2, t (mm) -0.0058316 0.000526 -11.09 
Soil moisture3, t (mm) 0.000144 0.000021 6.96 
Soil moisture4, t (mm) -0.00000174 0.000000 -5.02 
Soil moisture5, t (mm) 8.27E-09 0.000000 3.94 
    
F-statistic -   
Adjusted R-squared 1.00   
Observations  177   
 
Table 17: Yield response polynomial regression parameter estimates, yield function group 9, 
(Irrigation stages 24-25) 

  Coefficient   Std Error t-ratio 
Dependent variable: relative yield (Yact/Ypot) 

    
Soil moisture, t (mm) 0.111956 0.002068 54.13 
Soil moisture2, t (mm) -0.005082 0.000195 -26.11 
Soil moisture3, t (mm) 0.000112 0.000006 17.38 
Soil moisture4, t (mm) -1.17E-06 8.91E-08 -13.13 
Soil moisture5, t (mm) 4.63E-09 4.35E-10 10.63 
    
F-statistic 79,580.82   
Adjusted R-squared 1.00   
Observations  120   
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Table 18: Yield response polynomial regression parameter estimates, yield function group 10, 
(Irrigation stages 26-30) 

  Coefficient   Std Error t-ratio 
Dependent variable: relative yield (Yact/Ypot) 

    
Soil moisture, t (mm) 0.1710376 0.006306 27.12 
Soil moisture2, t (mm) -0.0120064 0.000876 -13.7 
Soil moisture3, t (mm) 4.18E-04 0.000044 9.44 
Soil moisture4, t (mm) -7.15E-06 0.000001 -7.41 
Soil moisture5, t (mm) 4.82E-08 0.000000 6.27 
    
F-statistic .   
Adjusted R-squared 1.00   
Observations  254   
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Table 19: Optimal and simulated irrigation schedules for dry season wetland rice production (mm) 

Irrigation stage Irrigation day 950 
Unconstraine

d 700       675 650 625 600 575 565
1 1 2         4 4 3 3 3 3 3 3
2           

           
           
           
           
           
           
           
           
           
           
           
           
           
           
           
           
           
           
           
           
           
          26 
           
           
           
           
           

5 13 13 13 13 13 13 13 13 13
3 9 15 16 16 16 16 16 16 16 16
4 13 17 20 20 20 20 20 20 20 20
5 17 70 22 22 22 22 22 22 11 9
6 21 60 25 25 25 24 24 24 30 21
7 25 35 34 34 33 33 32 20 16 21
8 29 35 28 28 27 27 14 20 19 18
9 33 35 33 33 20 18 22 22 22 22

10 37 35 26 26 35 20 19 19 18 18
11 41 35 27 27 25 30 21 20 20 19
12 45 35 25 25 24 17 19 19 18 18
13 49 35 25 25 24 20 19 19 18 18
14 53 35 24 24 24 31 32 22 20 20
15 57 35 25 25 25 25 25 20 20 19
16 61 35 22 22 23 23 23 30 31 31
17 65 35 25 25 25 25 25 25 25 25
18 69 35 25 25 25 25 25 25 25 25
19 73 35 25 25 25 25 25 25 25 25
20 77 35 25 25 24 24 24 24 24 24
21 81 35 25 25 25 25 25 24 24 24
22 85 35 25 25 25 25 25 24 24 24
23 89 35 25 25 25 25 25 24 24 24
24 93 35 27 26 26 26 26 26 26
25 97 35 27 26 26 26 26 26 26 25
26 101 35 26 26 16 15 14 5 1 1
27 105 35 25 16 21 21 20 15 14 13
28 109 35 25 30 31 31 32 36 37 38
29 113 0 23 14 13 12 11 11 - -
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Irrigation stage Irrigation day 950 
Unconstraine

d 700 675 650 625 600 575 565 
30           117 0 21 18 16 5 4 4 8 8

           
   

    
    

          
    

       

         
           

 

 
  

          

Total irrigation (mm)  947.0 718.0 700.0 682.0 652.0 631.0 603.0 578.0 568.0
Evaporation 103.0 104.8 104.8 104.8 104.8 104.8 104.8 104.8 104.8
Transpiration

 
529.3 526.6 520.9 515.9 505.9 495.2 475.4 458.2 453.3

Runoff - - - - - - - - -
Infiltration 259.6 594.8 576.8 590.7 593.9 581.6 561.7 551.3 547.9
Deep percolation  224.6 109.6 106.4 95.0 81.4 72.0 63.4 56.3 51.1
Suface water at T 
 

 90.1 - - - - - - - - 
115.00

Final relative yield 1.00 1.0 .97 .95 .91 .85 .78 .71 .69 
Final Biomass  6,500.0 6,488.6 6,250.6 6,059.3 5,846.4 5,600.7 5,275.7 4,890.6 4,701.7

Gross benefit (Revenue-irrigation costs) 11,655.3 11,955.9 11,507.1 11,160.0 10,769.7
10,313.

9 9,699.4 8,964.7 8,601.0
Net benefit (Revenue-irr cost-FC) (VND’000) 3,150.3 3,450.9 3,002.1 2,655.0 2,264.7 1,808.9 1,194.4 459.7 96.0 
Value marginal 
product (VND’000) - 0 .650 7.021 12.3 21.9 25.6 34.3 38.3
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Table 20: Derived seasonal demand for dry season irrigation water, ordinary least squares 
estimator 

Variable Coefficient 
Standard 
Error  t-ratio 

Dependent variable: seasonal demand (m3 per hectare) 
    
Shadow price (VND'000) -0.038 0.00206 -18.64 
Constant  7059.53 45.96187 153.6 
    
F-statistic(1,6) 347.42   
Adjusted R-squared 0.98   
Observations  8   
 
 

 

Figure 1: Graphical representation of  yield response polynomial regression parameter 
estimates (unbroken line) and smoothed estimator (broken line), yield function group 1 
(Irrigation stages 1-6, Ky=1.0) 
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Figure 2: Graphical representation of  yield response polynomial regression parameter 
estimates (unbroken line) and smoothed estimator (broken line), yield function group 2 
(Irrigation stages 7-8, Ky=1.0) 
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Figure 3: Graphical representation of  yield response polynomial regression parameter 
estimates (unbroken line) and smoothed estimator (broken line), yield function group 3 
(Irrigation stages 9-10, Ky=1.5) 
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Figure 4: Graphical representation of  yield response polynomial regression parameter 
estimates (unbroken line) and smoothed estimator (broken line), yield function group 4 
(Irrigation stages 11-13, Ky=1.5) 
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Figure 5: Graphical representation of  yield response polynomial regression parameter 
estimates (unbroken line) and smoothed estimator (broken line), yield function group 5 
(Irrigation stages 14-15, Ky=1.5) 
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Figure 6: Graphical representation of  yield response polynomial regression parameter 
estimates (unbroken line) and smoothed estimator (broken line), yield function group 6 
(Irrigation stage 16, Ky=2.0) 
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Figure 7: Graphical representation of  yield response polynomial regression parameter 
estimates (unbroken line) and smoothed estimator (broken line), yield function group 7 
(Irrigation stages 17-19, Ky=2.0) 
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Figure 8: Graphical representation of  yield response polynomial regression parameter 
estimates (unbroken line) and smoothed estimator (broken line), yield function group 8 
(Irrigation stages 20-23, Ky=0.8) 
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Figure 9: Graphical representation of  yield response polynomial regression parameter 
estimates (unbroken line) and smoothed estimator (broken line), yield function group 9 
(Irrigation stages 24-25, Ky=0.8) 
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Figure 10: Graphical representation of  yield response polynomial regression parameter 
estimates (unbroken line) and smoothed estimator (broken line), yield function group 10 
(Irrigation stages 26-30, Ky=0.2) 
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Figure 11: Actual soil moisture (Smact) (mm), surface water ponding depth (Suract) (mm), Ky 
and relative yield for the 9,500 cubic meter ha-1 simulation. SAT indicates soil moisture 
saturation point.  Soil moisture above RAW results in plant water extraction without stress. 
Soil moisture below RAW indicates plant water extraction with stress. TAW is total available 
soil water to the plant for uptake.  
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Figure 12: Actual soil moisture (Smact) (mm), surface water ponding depth (Suract) (mm), Ky and 
relative yield for the unconstrained optimisation simulation. SAT indicates soil moisture saturation 
point.  Soil moisture above RAW results in plant water extraction without stress. Soil moisture 
below RAW indicates plant water extraction with stress. TAW is total available soil water to the 
plant for uptake.  
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Figure 13: Actual soil moisture (Smact) (mm), surface water ponding depth (Suract) (mm), Ky and 
relative yield for the 7000 cubic meter ha-1 optimisation simulation. SAT indicates soil moisture 
saturation point.  Soil moisture above RAW results in plant water extraction without stress. Soil 
moisture below RAW indicates plant water extraction with stress. TAW is total available soil water 
to the plant for uptake.  
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Figure 14: Actual soil moisture (Smact) (mm), surface water ponding depth (Suract) (mm), Ky and 
relative yield for the 6500 cubic meter ha-1 optimisation simulation. SAT indicates soil moisture 
saturation point.  Soil moisture above RAW results in plant water extraction without stress. Soil 
moisture below RAW indicates plant water extraction with stress. TAW is total available soil water 
to the plant for uptake.  

-40

-20

0

20

40

60

80

100

120

1 7 13 19 25 31 37 43 49 55 61 67 73 79 85 91 97 10
3

10
9

11
5

-

0.50

1.00

1.50

2.00

2.50

SAT RAW TAW Smact
SurAct RelYield Ky  

 
Figure 15: Actual soil moisture (Smact) (mm), surface water ponding depth (Suract) (mm), Ky and 
relative yield for the 6000 cubic meter ha-1 optimisation simulation. SAT indicates soil moisture 
saturation point.  Soil moisture above RAW results in plant water extraction without stress. Soil 
moisture below RAW indicates plant water extraction with stress. TAW is total available soil water 
to the plant for uptake. 
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Figure 16: Actual soil moisture (Smact) (mm), surface water ponding depth (Suract) (mm), Ky and 
relative yield for the 5650 cubic meter ha-1 optimisation simulation. SAT indicates soil moisture 
saturation point.  Soil moisture above RAW results in plant water extraction without stress. Soil 
moisture below RAW indicates plant water extraction with stress. TAW is total available soil water 
to the plant for uptake. 
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Figure 17: Representative farmer’s seasonal derived demand function for dry season irrigation 
water during a normal climatic year. 
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Figure 18: Difference in initial soil moisture state variable, simulation (BUDGET) versus 
optimisation (GAMS) models (mm). 
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Figure 19: Actual soil moisture (Smact) (mm), surface water ponding depth (Suract) (mm), Ky and 
relative yield for the 6250 cubic meter ha-1 optimisation simulation, using a linear soil moisture 
depletion function. SAT indicates soil moisture saturation point.  Soil moisture above RAW results 
in plant water extraction without stress. Soil moisture below RAW indicates plant water extraction 
with stress. TAW is total available soil water to the plant for uptake.  
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Figure 20: Actual soil moisture (Smact) (mm), surface water ponding depth (Suract) (mm), Ky and 
relative yield for the unconstrained cubic meter ha-1 optimisation simulation, for a “dry” year. 
SAT indicates soil moisture saturation point.  Soil moisture above RAW results in plant water 
extraction without stress. Soil moisture below RAW indicates plant water extraction with stress. 
TAW is total available soil water to the plant for uptake.  
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Figure 21: Actual soil moisture (Smact) (mm), surface water ponding depth (Suract) (mm), Ky and 
relative yield for the “dry” 8000 cubic meter ha-1 simulation irrigation, implemented in a  
“normal” climatic year. SAT indicates soil moisture saturation point.  Soil moisture above RAW 
results in plant water extraction without stress. Soil moisture below RAW indicates plant water 
extraction with stress. TAW is total available soil water to the plant for uptake.  
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