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were calculated from the spatial and temporal distribu-
tion of the water supply for the lack of planning in water 
delivery. The calculated performance indicators are useful 
to understand the irrigator behavior and general irrigation 
trends. Analysis of the results yielded insights into possible 
improvement methods in order to develop water manage-
ment policies that enable irrigation planners to improve the 
temporal uniformity and equity in the water distribution.

Introduction

Efficient operation and management of an irrigation sys-
tem plays an important role in the sustainability of irri-
gated agriculture (Mishra et al. 2001; Kumar and Singh 
2003). The management’s strategy is to supply a maximum 
amount of water to the scheduled canals and to evacu-
ate the excess through the drainage system (Khepar et al. 
2000). However, traditional irrigation management prob-
lems include water distribution systems with less capac-
ity than the peak demand, irregular delivery rates, and low 
irrigation efficiency and uniformity. The major reason for 
the low performance of irrigation systems is inaccurate 
water distribution due to the lack of a monitoring system 
for water delivery (Lozano and Mateos 2008; Mateos et al. 
2010). The irrigation network also has been extensively 
degraded, and large conveyance losses have diminished the 
amount of water delivered to the field.

Flow measurements at the delivery points are needed 
in order to assess the irrigation water delivery (Unal et al. 
2004), and accurate monitoring and management are 
needed in order to prevent unscheduled use of the water 
(McCready et al. 2009; Mishra et al. 2013). In the past, irri-
gation water deliveries were not measured, or not measured 
accurately, in the open canal irrigation delivery systems 
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particularly at the secondary level. In addition, the flow 
rates at the intake of the delivery canals are not routinely 
recorded. The lack of water measurements and the poor 
quality of district records make implementation and moni-
toring of irrigation efficiency difficult. Therefore, most per-
formance assessment studies have focused on external per-
formance objectives such as crop production, water supply, 
and water delivery capacity at the main canal level or reser-
voirs. It is necessary to strategically compare the estimated 
irrigation demands with the actual water supplies for deci-
sion making in order to maintain the water supply accord-
ing to the demand.

Poor distribution and management of water in irriga-
tion systems is a major factor leading to low efficiency, and 
thus, there is a need to assess the extent to which present 
irrigation systems in the area achieve their distribution aims 
(Mateos 2008; Yercan et al. 2009). Irrigation system per-
formance describes the effectiveness of the physical system 
and operation decisions to deliver irrigation water from a 
water source (Irmak et al. 2011). Performance evaluation is 
carried out for the purposes of improving system manage-
ment (Small and Svendsen 1990; Clemmens and Molden 
2007), determining the overall state of the system (Bhadra 
et al. 2010; Pereira et al. 2012), determining the elements 
which cause trouble in the system (Vos 2005; Shakir et al. 
2010), comparing performance from one year to another, 
and comparing one system to another (Molden et al. 2007; 
Zardari and Cordery 2009). In irrigation projects, the suc-
cess of the water delivery system is measured based on 
whether water is delivered according to the predetermined 
water delivery goals in an adequate, dependable, efficient, 
and equitable fashion (Molden and Gates 1990).

The agricultural water is delivered in the open irriga-
tion canals with a widespread distribution system of res-
ervoirs in South Korea. Water delivery is conveyed to the 
canals following an irrigation schedule established by the 
central management. However, some irrigation districts 
are experiencing water shortages because of an increasing 
water demand from nonagricultural sectors. This situation 
increases competition for water between sectors and neces-
sitates more efficient use of water by agriculture. In addi-
tion, the specific water demand of the area to be served was 
also unknown because information on the cultivated sur-
face was unavailable. The irrigation system in South Korea 
did not work well and created water shortages for entire 
irrigation areas because of the inadequate information on 
the water requirements of different areas and the incompe-
tence in establishing the irrigation schedule by the central 
management.

We introduced an approach to assess the water delivery 
performance indicators of the open irrigation canals, which 
is essential for identifying the key issues for water man-
agement improvement. We measured the water delivery 

performance of the Dongjin River at nine irrigation canals 
during the irrigation seasons of 2012 and 2013 according 
to the internal indicators of adequacy, efficiency, depend-
ability, and equity. The irrigation efficiencies according 
to water delivery performance indicators were calculated 
from spatial and temporal distributions of estimated crop 
water requirements and measured water deliveries using 
automatic water gauges at the irrigation canals. The analy-
sis of the spatial and temporal distribution of the irrigation 
performance was performed in order to quantify the gap 
between the potential and actual performance of the irriga-
tion systems.

Materials and methods

Description of the study area and irrigation system

The main source of irrigation water for the Gimjae irriga-
tion area is the Dongjin River. The Dongjin River is located 
within the central region of South Korea at the latitude of 
35° 21′–35°52′N and the longitude of 126°40′–127°07′E. 
According to climatic data, which were downloaded from 
the Korea Meteorological Administration (KMA) for the 
period from 1973 to 2013, the average annual precipitation 
is 1301 mm (Nam et al. 2015). The average annual temper-
ature is 13.3 °C, and the minimum average temperature in 
January and the maximum average temperature in July are 
−2.6 and 29.1 °C, respectively. The irrigation system in the 
Dongjin River consists of the Gimjae main canal, which is 
connected to secondary canals made of concrete. The total 
length of the Gimjae main canal is approximately 23 km 
from the start of the Nakyang diversion weir to the end of 
the irrigation canals as shown in Fig. 1. The characteristics 
of the secondary canals in this study area, such as the irri-
gated area, total length of canal, and discharge capacity, are 
given in Table 1. The total irrigated area served by these 
eleven irrigation canals is approximately 7619 ha.

The improvement in irrigation systems in the Dongjin 
River is one of the most important attempts in Korea 
to implement more effective irrigation technologies by 
improving the existing delivery system. This improvement 
in irrigation technologies was carried out in order to evalu-
ate accurate water distribution. The aims of the improved 
water delivery system were to ensure equity of water deliv-
ery among the secondary canals, reduce the distribution 
losses from the irrigation system, and improve manager 
control over water use.

The Gimjae irrigation area’s water is supplied based on 
intermittent irrigation due to insufficient irrigation water 
at the Nakyang diversion weir. The secondary canals are 
divided into the upper region and the lower region, as 
shown in Table 2. In the upper region, the irrigation water 
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is primarily supplied from Thursday/Friday to Sunday, and 
in the lower regions, the irrigation water is primarily sup-
plied from Monday until Thursday. In this study, the water 
delivery performance at the secondary level was evaluated 
in the upper region canals (Whaho—WH, Daepyong—DP, 
Gamgok—GG, Shinyong—SY, Shinpyong—SP, and Yong-
sung—YS canals) and the lower region canals (Juksan—JS, 

Jongshin—JH, and Bukjuk—BJ canals). The principal crop 
in this area is paddy rice. The paddy rice-growing season 
sets off at mid-April with the installation of seedbeds. Rice 
transplanting begins gradually by mid-May and continues 
until mid-June. The first fields are harvested already by 
mid-September, and harvesting continues until the end of 
October.

Fig. 1  Location map of survey-
ing sites in Gimjae irrigation 
area

Table 1  Characteristics of 
irrigation canals in this study 
area

No. Canal name Irrigated area (ha) Total length of canal (km) Discharge capacity (m3/s)

Canal 1 Whaho (WH) 415.9 2.66 0.826

Canal 2 Daepyong (DP) 1008.0 4.22 1.925

Canal 3 Gamgok (GG) 823.0 5.99 1.572

Canal 4 Shinyong (SY) 212.7 2.24 0.423

Canal 5 Shinpyong (SP) 153.4 2.39 0.305

Canal 6 Yongsung (YS) 682.5 4.08 1.356

Canal 7 Gimjae 2691.0 8.10 –

Canal 8 Juksan (JS) 576.3 4.16 1.145

Canal 9 Jongshin (JH) 332.0 4.54 0.634

Canal 10 Bukjuk (BJ) 449.0 3.87 0.858

Canal 11 Daemok 275.2 3.27 –
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Measurement of the delivered irrigation water

The amount of water diverted to the secondary canals was 
measured and recorded throughout the irrigation season 
by an electronic water level recorder at the flow measure-
ment stations. The automatic water gauges at the irriga-
tion canals made of concrete were managed by the Korea 
Rural Community Corporation using the Rural Infrastruc-
ture Management System (RIMS). The measurement time 
unit was 10 min, and the water levels were converted into 
discharges using the individual rating curves of each canal. 
The rating curves were checked at each measurement point 
by using the flow velocities measured by the current meter 
and the areas of flow cross sections. To properly develop 
rating curves, discharges were measured 10–12 times dur-
ing 2011–2012 for each measurement point, covering the 
range of low to high flows using the ultrasonic water level 
gage and water level stage. Measurement data included 
water levels and measured discharges. Flow velocities were 
measured by a digital current meter (Model: BFM001, 
BFM002, Valeport, UK). Additionally, the current meter 
was located 1/10 of the water surface width across the 
canal section. The rating curves defined the relationship 
between the stage and discharge by assuming the discharge 
as a uniform open channel flow with a constant slope and 
incorporating the Manning’s equation and roughness coef-
ficient. The rating curve is a two-parameter stage–discharge 
relation equation established by calculating least squares 
method using the relationship between stage and discharge. 
The rating curves indicating the relationships between 
water level and discharge of the lateral canals were induced 
using the measured data with high regression coefficients 
of 0.957–0.999 at inlet points and 0.932–0.998 at the end 
points. As shown in Fig. 1, the automatic water level meas-
urement stations, which are depicted by the black triangles, 

were constructed at the head and tail of each canal in order 
to provide real-time information on the water levels.

Determination of crop evapotranspiration 
and irrigation water requirement

The irrigation water requirement for the secondary canals is 
estimated based on a water balance model by paddy fields, 
including the water requirements for transplanting and the 
minimum release for maintaining the canal flow (Nam and 
Choi 2014). The net water requirement was defined as the 
ponding depth of water needed to counteract the water loss 
that occurs through the crop evapotranspiration of a crop 
growing to achieve the full production potential in the 
given growth environment and is given by the following 
Eq. (1) (Jensen et al. 1990):

where NIR is the net irrigation water requirement, ETc 
is crop evapotranspiration, DP is deep percolation, ER is 
effective rainfall, and t is time. The daily water balance 
was calculated. ETc is determined by multiplying the refer-
ence evapotranspiration by the ten-day crop coefficients for 
paddy rice and is related to crop characteristics and stages 
of crop growth. Crop coefficients were based on standard 
coefficients determined by field observations made in the 
southern districts of South Korea over 3 years from 1995 
as seen in Table 3. The reference evapotranspiration is 
computed by the FAO Penman–Monteith method (Allen 
et al. 1998). In South Korea, most paddy rice irrigation 
systems have been developed under soil conditions, which 
are clay textured and have relatively low percolation rates 
(Jang et al. 2007). The Ministry of Agriculture and Fishery 
in South Korea has determined through field experiments 
conducted since 1970 that the average deep percolation rate 

(1)NIR(t) = ETc(t)+ DP(t)−ER(t),

Table 2  Irrigation scheduling for water supply of irrigation canals

Region Canal name Day of water supply Region Canal name Day of water supply

The upper region (U) Whaho (WH) Thus.–Sun. The lower region (L) Gimjae Mon.–Thus.

Daepyong (DP) Thus.–Sun. Juksan (JS) Mon.–Thus.

Gamgok (GG) Fri.–Mon. Okjeong

Shinyong (SY) Fri.–Sun. Jongshin (JH) Mon.–Thus.

Shinpyong (SP) Fri.–Sun. Bukjuk (BJ) Mon.–Thus.

Yongsung (YS) Wen.–Fri. Daemok Mon.–Thus.

Table 3  Ten-day crop 
coefficients of transplanted 
paddy rice in this area

Period May June July August September

Late Early Mid Late Early Mid Late Early Mid Late Early

Crop coefficients 0.75 0.95 1.06 1.09 1.17 1.39 1.53 1.58 1.47 1.31 1.32
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ranges from 5.0 to 5.6 mm/day (MAF 1998). Deep percola-
tion of paddy fields was assumed to be 5.0 mm/day.

ER is defined as the amount of water available for crop 
growth from rainfall with the exception of the loss from 
surface runoff. ER during the irrigation season depends on 
such factors as rainfall amount, rainfall intensity, topogra-
phy, soil infiltration rate, soil moisture, and water manage-
ment. The ER for paddy fields is calculated using a free-
board model (IRRI 1977) to simulate the value of ponding 
water depth. The freeboard model is formulated as Eq. (2):

where PD is the reference ponding depth for each growth 
stage, RF is rainfall, SR is the surface runoff in the paddy 
field outlet, and t is the time (day). PD was supplied to 
manage water supply efficiently and to maximize the 
paddy fields from a controlled ponding water depth for 
each growth stage, as suggested by Doorenbos and Kas-
sam (1986). Rainfall of less than 5 mm/day was considered 
insignificant (Dastane 1978). ER is expressed as Eq. (3):

To estimate the irrigation water requirement for each canal 
according to the cropping pattern, the following param-
eters were calculated (Nam et al. 2012): reference evapo-
transpiration, crop evapotranspiration, net irrigation water 
requirements, and gross irrigation requirements. Both the 
minimum release for maintaining canal flow (conveyance 
losses) and the irrigation efficiency were considered.

The gross irrigation requirement of crops is the quantity 
of water needed excluding the rainfall to satisfy consump-
tive use, plus the quantity required to take care of losses 
that occur in transportation and application (Tileston and 
Wolfe 1951). The gross irrigation water requirement was 
defined as the net irrigation water requirement divided by 
the application efficiency of the irrigation application sys-
tem as shown in the following Eq. (4):

where GIR is gross irrigation water requirement and IE is 
irrigation efficiency (%) as suggested by MAF (1998).

Determination of performance indicators

The performance indicators of water delivery were divided 
into water supply/use indicators of the irrigated area and 
water delivery indicators of the irrigation canal. First, as the 
water supply indicator, the water supply/use efficiency, irri-
gation efficiency, was calculated for the secondary canals 
as the ratio of the volume of water applied for irrigation of 
the irrigated area to the volume of total water supplied to 

(2)

PD(t) = PD(t − 1)+ NIR(t)+ RF(t)− ETc(t)− DP(t)− SR(t),

(3)
ER(t) = RF(t) for SR(t) = 0

ER(t) = RF(t)−SR(t) for SR(t) > 0.

(4)GIR(t) = NIR(t)/IE,

the inlet canals, as a percentage. The values of the water 
supply efficiency were determined for a total of selected 
plots at the head and tail of the secondary canals, and they 
were calculated using the following Eq. (5):

where WS is the water supply/use efficiency of the irrigated 
area (%), Wu is the amount of water use (103 m3) and is 
calculated by the difference between the inlet canal and the 
outlet canal, and Wt is the amount of total water delivered 
to the inlet canal (103 m3). This indicator focused on the 
ratio between the amount of water used for irrigated area 
and the total water delivered at the inlet canal in considera-
tion of oversupplying water at the inlet canal and leaving 
the excess water flowing out at the outlet canal.

Second, the water delivery performance at the canal level 
was determined according to the indicators of adequacy 
(PA), efficiency (PF), dependability (PD), and equity (PE). 
Adequacy, efficiency, dependability, and equity are the per-
formance objectives taken into consideration when evaluat-
ing irrigation water delivery. Adequacy can be defined as 
the ability of an irrigation system to meet the required irri-
gation water and was calculated using Eq. (6). Efficiency is 
the measure of the excess of water delivered in comparison 
with the requirements. It embodies the ability to conserve 
water by matching the water deliveries with water require-
ments, and it was calculated using the following Eq. (7):

and

where T represents the time period (month) in which the 
system performance was determined and R represents the 
secondary canals of the system, the performance of which 
was to be determined.

(5)WS = Wu/Wt,

(6)
PA = 1/T

T
∑

T=1

(

1/R

R
∑

R=1

pA

)

with pA = QD/QR,

if QD ≤ QR and pA = 1, otherwise

(7)
PF = 1/T

T
∑

T=1

(

1/R

R
∑

R=1

pF

)

with pF = QR/QD,

if QR ≤ QD and pF = 1, otherwise.

Table 4  Evaluation standard for water delivery indicators (Molden 
and Gates 1990)

Measure Performance classes

Good Fair Poor

Adequacy (PA) 0.90–1.00 0.80–0.89 <0.80

Efficiency (PF) 0.85–1.00 0.70–0.84 <0.70

Dependability (PD) 0.00–0.10 0.11–0.25 >0.25

Equity (PE) 0.00–0.10 0.11–0.20 >0.20
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QD is obtained from water level measurement at 
inlet canals as the amount of water delivered, and QR is 
obtained from the gross irrigation water requirement at 
the irrigated area of each canal as the amount of water 
required. In these expressions, the point performance func-
tion relative to adequacy was calculated as a spatial and 
temporal average of QD/QR. Regarding the adequacy, when 
the volume of water delivered (QD) exceeded the volume 
of the water required (QR), the amount delivered was 
accepted as adequate without taking into consideration 

the amount of the excess, and the ratio PA was determined 
to be 1.00. QD/QR = 1 shows that enough water is being 
supplied in order to meet the requirements, QD/QR < 1 
indicates that the supply is less than the requirement, and 
QD/QR > 1 indicates that more water is being supplied than 
is required. A value of 1.00 or close to 1.00 for PA showed 
adequacy of water delivery, while a value less than 0.80 
for PA showed inadequacy of water delivery. Regarding 
the efficiency, when QR < QD, the value of pF was calcu-
lated, but otherwise, pF was assumed to be equal to 1.00. If 
PF was equal to or near 1.00, this meant that the water in 
the system was being used efficiently, but if the value was 
less than 0.70, it meant that the water in the system was 
not being used efficiently.

Table 5  Water use capacity of 
irrigation canals

Canal name Seasons Inlet water supply  
(103 m3)

Outlet water supply  
(103 m3)

Water use 
(103 m3)

WH 2012 2703 889 1814

2013 4554 763 3791

DP 2012 8955 1043 7912

2013 14,030 1444 12,586

GG 2012 7004 1003 6001

2013 8972 1388 7583

SY 2012 1972 405 1567

2013 3580 699 2881

SP 2013 1543 169 1374

YS 2012 4947 1714 3233

2013 4331 2202 2129

JS 2012 6161 824 5336

2013 9947 1160 8787

JH 2013 4206 919 3287

BJ 2013 18,760 10,310 8450

Table 6  Water use capacity per unit area and water supply efficiency 
of irrigation canals

Canal name Seasons Water use capacity per unit 
area (103 m3/ha)

Water supply 
efficiency (%)

WH 2012 4.4 0.671

2013 9.1 0.832

DP 2012 7.8 0.884

2013 12.5 0.897

GG 2012 7.3 0.857

2013 9.2 0.845

SY 2012 7.4 0.795

2013 13.5 0.805

SP 2013 9.0 0.890

YS 2012 4.7 0.654

2013 3.1 0.492

JS 2012 9.3 0.866

2013 15.2 0.883

JH 2013 9.9 0.782

BJ 2013 18.8 0.450

Fig. 2  Comparison of irrigation area and water supply efficiency
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Dependability expresses the ability to find water at the 
time desired and in the place desired in the system, as 
well as the degree of the temporal variability of the irriga-
tion delivery in comparison with the requirements. In this 
respect, dependability comes to mean that the water can be 
delivered at the promised flow rate and duration, and it was 

calculated using Eq. (8). Equity expresses the degree of 
variability in the relative water delivery from point to point 
over the irrigated area, and it is a measure of the spatial 
uniformity of the water deliveries and shows the fairness 
of water delivery across the delivery points. The equity was 
calculated using the following Eq. (9):

Fig. 3  Comparison of observed water delivery and water required by simulated crop water requirement. a WH (2012), b WH (2013), c DP 
(2012), d DP (2013), e GG (2012), f GG (2013), g SY (2012), h SY (2013), i YS (2012), j YS (2013), k JS (2012), l JS (2013)
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and

(8)PD = 1/R

R
∑

R=1

CVT(QD/QR)

(9)
PE = 1/T

T
∑

T=1

CVR(QD/QR).

The dependability and equity are expressed by a coef-
ficient of variation (CV). Regarding the dependability, 
CVT (QD/QR) is the coefficient of the temporal variation 
of the ratio QD/QR in time period T. When the value of 
PD approaches zero, it indicates that the water delivery is 
working properly for the time period. Regarding the equity, 
CVR (QD/QR) is the coefficient of the spatial variation of 
the ratio QD/QR in area R. The equity in water delivery is 

Fig. 3  continued
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shown to be greater when PE approaches zero. From the 
computed performance indicator values, the performance 
was classified as good, fair, or poor according to the per-
formance standard given by Molden and Gates (1990), as 
shown in Table 4. For this study, the secondary canals of 
the target region had six canals in 2012 and nine canals in 
2013. The period covered 7 months from April to October, 
which corresponds to the paddy-growing season.

Results and discussion

Water supply performance of the irrigation system

The irrigation water during irrigation periods is calculated 
from the difference between the cumulative values of the 

water supply to the inlet canal and to the outlet canal, in 
order to determine the water use capacity, as shown in 
Table 5. The water use capacity was defined as total water 
use divided by the irrigated area. The 2013 water use val-
ues for most of the irrigation canals, except the YS canal, 
were higher than in 2012 because of the autumn drought 
in 2012. The inlet water supply values of the BJ canal 
were approximately double its water use in 2013; in other 
words, more than half of the irrigation water is discarded. 
This result was caused by the low efficiency of the water 
application and indicates water was wasted to a significant 
degree in this canal.

Table 6 shows the water use capacity per unit of irrigated 
area and the water supply efficiency of the nine secondary 
canals. The water use capacity per unit area was calculated 
using the total value of the water use during the irrigation 

Table 7   QD and QR at 
irrigation canals in the irrigation 
seasons 2012 and 2013

Canal name Seasons Variables 
(103 m3)

Irrigation periods Total

Apr. May Jun. Jul. Aug. Sep. Oct.

WH 2012 QD 62 962 928 177 574 1 2703

QR 73 1508 1113 454 547 3695

2013 QD 6 1037 1108 661 962 781 4554

QR 21 1276 701 685 924 671 4278

DP 2012 QD 230 3036 3360 932 1392 6 8955

QR 555 3714 4718 1352 1583 11,920

2013 QD 194 3457 3492 1986 2609 2293 14,030

QR 166 3077 3487 2232 2558 2240 13,759

GG 2012 QD 489 2394 2250 782 1080 7 2 7004

QR 333 2097 3321 1114 999 7864

2013 QD 190 1812 2475 1331 1821 1342 1 8972

QR 65 1683 2333 1578 1861 1505 9024

SY 2012 QD 120 583 608 234 392 34 1972

QR 217 990 1369 387 347 3310

2013 QD 51 730 798 590 818 594 3580

QR 42 849 1042 663 646 523 3765

SP 2013 QD 150 355 219 417 398 4 1543

QR 7 275 355 262 358 253 1511

YS 2012 QD 290 962 1480 220 823 403 850 4947

QR 39 1253 1932 634 829 4688

2013 QD 7 576 1064 554 1102 782 246 4331

QR 7 1011 1116 941 1373 797 5245

JS 2012 QD 1 1885 2269 716 1206 83 6161

QR 250 2535 2604 736 881 50 7057

2013 QD 16 1772 2009 1501 2435 2214 9947

QR 164 1876 1975 1270 1552 1408 8245

JH 2013 QD 28 587 542 587 1510 952 4206

QR 76 1131 1185 614 757 680 4443

BJ 2013 QD 3348 5357 2100 4080 3869 6 18,760

QR 137 1928 1996 1066 1303 1182 7612
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periods, defined as the difference between the amount of 
the inlet canal and the amount of the outlet canal, divided 
by the irrigated area. The average value of the water use 
capacity per unit area at six secondary canals in 2012 was 
6.8 (103 m3/ha), and the average value at the nine canals in 
2013 was 11.1 (103 m3/ha). When comparing the volumes 
of water delivered at the secondary canals, it was obvious 
that the water deliveries in 2013 were more than those in 
2012, except for the YS canal.

Figure 2 shows the comparison of the irrigation area and 
the water supply efficiency. The water supply efficiency of 
the irrigation canals varied from year to year. The water 
supply efficiency was found to be 55–71 % at the Soro irri-
gation district of Geum River in South Korea (Kim et al. 
2005), 60 % at the Bear River Irrigation Project of Bear 
River in North Utah, USA (Lecina et al. 2011), 72 % at 
the Genil-Cabra irrigation district of Genil River in Spain 
(Moreno-Perez and Roldan-Canas 2013), 43 % at the Bar-
peta district of Kaldiya River in India (Kusre et al. 2013), 
and 68 % at the YinNan irrigation district of Yellow River 
in China (Jia et al. 2013). The average water supply effi-
ciency of the six secondary canals in 2012 was 78 %, and 
the average supply efficiency of the seven secondary canals 
in 2013, except the YS and BJ canals, was 85 %. How-
ever, the water supply efficiencies of the YS and BJ canals 
were 49 and 45 %, respectively. These values are very low 
efficiencies when compared to other canals. According to 
these values, the supply efficiency can be determined by 
the operating and management conditions of each irrigation 
canal.

Analysis of the irrigation water delivery pattern

Figure 3 shows the comparison of observed water delivery 
and water required by simulated crop water requirements 
of the inlet canals, such as the WH canal, the DP canal, the 
GG canal, the SY canal, the YS canal, and the JS canal of 
2012 and 2013. Based on the paddy water balance model 
calculations, the simulated gross irrigation water require-
ment was needed during the 7-month period from April 
to October. According to the measured water delivery, the 
irrigation water from the Dongjin River was used from the 
beginning of May to the end of September to irrigate the 
paddy. The water supply distribution is regularly repeated 
in the form of supply and interruptions as seen in the water 
delivery patterns of the inlet canal. It can be seen that the 
irrigation water supply was similar to the other open canal 
irrigation networks from the point of view of water supply 
patterns. According to the water delivery patterns, much 
more water was being supplied to the water supply in July 
and September of 2013 than in those months during 2012.

QD and QR for each of the irrigation canals are shown 
in Table 7. The measured deliveries were zero, or less than 

the computed requirements (0 ≤ QD/QR < 1), in April, Sep-
tember, and October in all of the secondary canals. In these 
months, no water was supplied from the reservoir, and 
therefore, there was little or no water in the irrigation canal 
system. The total water delivery with respect to the require-
ments varied considerably among the secondary canals and 
within the canals over time.

The total QD values for some secondary canals in 2012 
and 2013 were greater than the total QR values. The deliv-
eries exceeded the requirements (QD/QR > 1) in five of 

Fig. 4  Comparison of spatial values of the performance indicators. a 
Adequacy, b efficiency, c equity
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the upper canals (WH in 2013, DP in 2013, SP in 2013, 
YS in 2012, and JS in 2013) and in one lower canal (BJ 
in 2013), but they were less than the requirements of other 
canals. Some of the canals received more irrigation water 
than the requirement, and the rotation plan was not prop-
erly executed. In particular, in the BJ canal in 2013, the QD 
and QR were more than double the difference. The reasons 
for this include the fact that more than half of the irriga-
tion water was wasted by the outlet canal. An examination 
of the monthly irrigation records for these canals in the 
light of the rotation plan showed that the SY in 2012, YS 
in 2012, and JH in 2013 did not conform to the rotation 
period. In 2012 in particular, enough irrigation water could 
not be supplied to the canals from June to July, because of 
the drought occurring at that time. It can be seen that the 
total QD values for the canals in the 2 years were lower than 
the QR values and that, in particular, they were much lower 
in the DP canal in 2012 and in the SY canal in 2012.

Spatial values of the performance indicators

The spatial average values of the performance indicators, 
such as the adequacy, efficiency, and equity, for the sec-
ondary canals in the two seasons of 2012 and 2013 are 
given in Fig. 4. Table 8 shows the basic statistics of the 
adequacy and efficiency depending on the irrigation peri-
ods using the mean and SD. The monthly adequacy and 
efficiency were calculated as average values for all sec-
ondary canals, and the equity was calculated as a single 
value for all secondary canals. On a monthly basis as well, 
the spatial average values of PA were below 0.80 from 
April to July in 2012, and they were generally 0.80 or 
above 0.80 from August to September in 2012. In contrast, 
in the period of 2013, the values of PA were above 0.8 for 
most of the months, except for April. The highest PA val-
ues were found in the period from August to September. 
The lowest PA values were found in the period from April 
to July in 2012. According to these values, the indicator 
of sufficiency was good in August and September in 2012 

and poor in the other periods of that year. In 2013, the suf-
ficiency was good or fair from the beginning of May to the 
end of September and it was poor in April. Although rela-
tively little water was supplied to the system in the months 
when the adequacy was good or fair, it was good or fair 
because the requirement for irrigation water was low in 
those months. The fact that the adequacy was poor in the 
periods when the requirement for irrigation water was high 
shows that there was a shortage of water in the system. In 
fact, the performance from the point of view of adequacy 
ought to be high at such times. Nevertheless, because the 
adequacy was good and fair for almost all of the canals 
throughout the growing season, the indicators did not 
imply that the water supply was unreliable or unfair, but 
rather presented a measure of the temporal and spatial var-
iability in oversupply.

The spatial average values of PF were 1.0 in June and 
July in 2012, close to 1.0 in May in 2012, and between 
0.70 and 0.85 in the other months. The efficiency indica-
tor was poor in September 2012. The efficiency was fair 
when water was released from the reservoir, because that 
water was generally supplied to the canals in excess of the 
requirements. These results show that at times when the 
requirement for irrigation water was high, the irrigation 
water was used more efficiently by the farmers.

The spatial average values of the PE in each irriga-
tion season came to more than 0.20 in April and July. The 
equity indicators were good in August and September 2013 
and fair in May 2012, June 2013, and July 2013. However, 
apart from these periods, all of these periods were classi-
fied as poor. These results rate as poor for equity perfor-
mance. The equity rated poorly because water was released 
from the reservoir during only part of the irrigation season. 
In addition, when those supplies were released, some of the 
canals received more than their needs and some received 
less.

As a result, the spatial performance indicators of the 
irrigation system were successful in providing adequacy of 
water delivery while having an insufficient impact on the 

Table 8  Adequacy and 
efficiency of the irrigation 
periods

Measure Seasons Variables Irrigation periods

Apr. May Jun. Jul. Aug. Sep.

Adequacy 2012 Mean 0.64 0.76 0.72 0.62 0.98 1.00

SD 0.39 0.15 0.15 0.23 0.05 –

2013 Mean 0.68 0.81 0.91 0.89 0.98 0.99

SD 0.41 0.21 0.19 0.13 0.07 0.04

Efficiency 2012 Mean 0.80 0.98 1.00 1.00 0.92 0.60

SD 0.35 0.05 – – 0.10 –

2013 Mean 0.86 0.93 0.88 0.93 0.78 0.78

SD 0.24 0.14 0.22 0.17 0.25 0.23
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efficiency. An excellent adequacy was achieved by a mas-
sive oversupply, and the water losses were due to excess 
water delivery in the secondary canals in comparison with 
the demand and to excess application to the fields.

Temporal values of the performance indicators

Figure 5 depicts the average temporal values for the ade-
quacy, efficiency, and dependability in the 2012 and 2013 
seasons with the irrigation canals. Table 9 shows the basic 
statistics of the adequacy and efficiency depending on each 
secondary canal using the mean and SD. The adequacy and 
efficiency for each secondary canal were calculated as aver-
age values from April to September, and the dependability 
was calculated as a single value from April to September. The 
adequacy performance was poor during the 2012 season, but 
fair or good during the 2013 season. The highest PA values 
were found in BJ and DP canals during 2013, and the lowest 
values were found in SY and DP canals during 2012. Most of 
these canals belonged to the 2012 season, when the PA was 
below 0.80, and it was particularly low for canals with capac-
ity limitations including the DP and SY canals. The reason 
for the insufficiency shown by the temporal average values of 
the PA and why the adequacy was generally classed as poor 
in 2012 was not that the yearly total water supplied to the sec-
ondary canals was inadequate but that the supply was not car-
ried out well in accordance with the requirements in the dif-
ferent periods within the irrigation season. This situation was 
believed to occur due to the management problems related to 
the operation of the irrigation system.

According to the efficiency evaluation, the PF indicator 
was classified as fair or good for most of the canals in 2012 
and 2013, except for the BJ canal in 2013. The poor effi-
ciency ratings for the canals in the lower regions derived 
from the fact that water was supplied to these canals in 
excess of the requirements. The efficiency of the BJ canal 
compared with that of the other canals was determined to 
be lower. The reason for this result is that water was sup-
plied to the canals in excess of the requirements. This is a 
problem related to operation and management. One of the 
primary reasons for this problem was that the water deliv-
ery was carried out by the irrigation association during the 
period when water was not supplied from the reservoir.

The dependability performance of the WH, SY, YS, JS, 
and JH canals was classified as poor, and the average PD val-
ues were greater than 0.25. In addition, the PD values toward 
the lower region generally increased during the 2013 season 
in comparison with those in 2012. The reason for this was 
the difference between the irrigation period and the period 
when water was released from the reservoir. In short, this 
result shows that water was not supplied to the canals at the 
right times because no accurate water delivery plan had been 
made.

Average values of the performance indicators

The average indicator values of the four water delivery per-
formances are presented in Table 10. During the 2012 sea-
son, the average PA was below 0.80, while the PF was 0.88. 
The PD and PE values were also greater than zero. Accord-
ing to the performance standard, the water delivery per-
formances during 2012 in terms of the adequacy, depend-
ability, and equity were poor, and the performance relative 

Fig. 5  Comparison of temporal values of the performance indicators. 
a Adequacy, b efficiency, c dependability
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to the efficiency was good. During the 2013 season, the 
adequacy, dependability, and efficiency were good or fair, 
except for the equity. The average values of the four perfor-
mance indicators indicated a systemic water delivery prob-
lem during the 2012 season, and the overall results in 2013 
indicated that the water use application at the improved 
system level was improved in comparison with that during 
2012.

Table 11 presents a comparison of the adequacy, effi-
ciency, dependability, and equity with the irrigation canals 
with that reported in other studies. The Korean government 
has attempted to increase the efficiency of water delivery at 

Dongjin River as a pilot project. Compared to other stud-
ies, the results of this study showed that good adequacy and 
efficiency were obtained using precise water level meas-
urement technology and an intermittent irrigation method. 
However, the results showed a low dependability due to 
insufficient irrigation water and low equity of irrigation due 
to the relatively large irrigated area. As discussed above, 
the reasons for water delivery problems include an absence 
of water management planning that takes into consideration 
a lack of absolute irrigation water; the period when water is 
released from the reservoir and the period of irrigation do 
not completely coincide; and the capacity of some canals 
is small relative to the demand. The performance indica-
tors could contribute to effective water delivery monitor-
ing and to the identification of the problems causing the 
poor performance of the irrigation system. In order to raise 
the water delivery performance of the system, it is neces-
sary to reduce the water conveyance losses to increase the 
water supply efficiency, to prepare water distribution plans 
that take the canals into consideration, and to measure and 
monitor the water diverted to the canals.

Table 9  Adequacy and 
efficiency of each secondary 
canal

Measure Seasons Variables Secondary canal name

The upper region The lower region

WH DP GG SY SP YS JS JH BJ

Adequacy 2012 Mean 0.74 0.70 0.88 0.64 – 0.77 0.77 – –

SD 0.24 0.18 0.17 0.21 – 0.27 0.39 – –

2013 Mean 0.84 0.98 0.95 0.92 0.88 0.82 0.84 0.72 1.00

SD 0.28 0.04 0.07 0.10 0.20 0.20 0.36 0.30 –

Efficiency 2012 Mean 0.99 1.00 0.90 0.98 – 0.83 0.89 – –

SD 0.02 – 0.13 0.05 – 0.39 0.18 – –

2013 Mean 0.91 0.95 0.87 0.92 0.90 1.00 0.85 0.87 0.42

SD 0.15 0.06 0.26 0.10 0.16 – 0.18 0.21 0.12

Table 10  Water delivery performance values at total irrigation canals 
in the irrigation seasons 2012 and 2013

Seasons Adequacy (PA) Efficiency (PF) Dependability 
(PD)

Equity (PE)

2012 0.78 0.88 0.32 0.24

2013 0.87 0.86 0.21 0.22

Table 11  Comparison of water delivery performance values

Categories Vandersypen et al. (2006) Korkmaz et al. (2009) Aly et al. (2013) Nam et al. (2012, 2015)

Country Mali in Africa Turkey Egypt South Korea

River Niger Gediz Nile Delta Dongjin

Seasons 1995 and 2004 2005–2007 2003–2005 2012–2013

Number of canals 5 and 6 6 6 9

Water level measure Not routinely record Electronic water level recorder Electronic water level recorder Auto water level gauges

Irrigated area (ha) 3218 2293 4805 7619

Irrigation characteristic Continuous irrigation Continuous irrigation Continuous irrigation Intermittent irrigation

Measure

 Adequacy (PA) 0.91 0.60 0.66 0.83

 Efficiency (PF) 0.59 0.77 – 0.87

 Dependability (PD) 0.18 0.54 0.18 0.27

 Equity (PE) 0.14 0.51 0.26 0.23
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Conclusions

The goal of this study was to evaluate the water supply 
and delivery performances of indicators such as adequacy, 
efficiency, dependability, and equity, and the spatial and 
temporal distributions of the required and delivered water 
of secondary canals in the Dongjin irrigation system. The 
water delivery performance indicators of the secondary 
canal level in 2012 were classified as poor for adequacy, 
good for efficiency, and poor for dependability and equity. 
These indicators showed that the irrigation system was 
inadequate; the water use efficiency was relatively high, but 
the required irrigation water was not supplied at the right 
time and in an equitable way to the canals. In addition, 
the evaluation of the water delivery performance in 2013 
revealed that the adequacy and dependability improved to 
be evaluated as fair, but the equity remained poor. These 
results for the equity, which exhibited similarities between 
the 2 years, showed that there was a systemic water deliv-
ery problem in the system.

As a result of the water delivery performance in the irri-
gation system, the calculated performance indicators are 
useful to understand the irrigator behavior and the general 
irrigation trends. The analysis of the results of the spatial 
and temporal distribution of these indicators showed that 
the factors causing this problem were derived in part from 
the management and operation and in part from the physi-
cal structure. The analysis of the results also provided an 
insight into irrigation management methods needed in 
order to improve the temporal uniformity and equity in the 
water distribution by evaluating the efficiencies of water 
supply and delivery.
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