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ABSTRACT 
 

Water budget under different surface irrigation water supply ratios and water saving 
measures was simulated by a semi-distributed water balance model, which was built 
for a rice-based irrigation district (BLH Basin) in Sanjiang Plain, Northeast China. 
PFnws and PFgws were defined the ratios of rice evapotranspiration to net water supply 
and gross water supply, respectively. Gross water supply meant the total amount of 
irrigation and precipitation and net water supply denoted gross water supply minus 
the amount of water reused. PFnws were quantified across seven spatial scales and 
compared with PFgws at Irrigation Scheme Scale. Results showed:( 1) PFnws all 
showed improvements compared with PFgws under 15 kinds of scenarios, average by 
29.42% and maximum by 39.88% at Irrigation Scheme Scale. Differences between 
PFnws and PFgws had a closely positive correlation with the amount of water 
reused.(2)Water saving irrigation regime (WSIR)had a significant water saving 
effect(WSE) at Scale 1(Field Scale).When high intensity WSIR was adopted, PFnws 
could be improved by 21.2% at Scale 1(Field Scale).WSE at other scales except Field 
Scale increased as surface water supply ratio(SWSR) increased, but still less than 
that at Field Scale.(3)When branch canal water delivery coefficient was raised from 

0.65 to 0.80 by canal lining,WSE from Scale 3(4771.52ha) to Scale 5（4.29×104ha） 

was slightly larger than that at the other scales. SWSR increase had a positive 
influence ,while WSIR had a negative effect on WSE of canal lining.(4)When SWSR 
decreased from 0.4 to 0.3, PFnws from Scale 3(4771.52ha) to Scale 7(Irrigation 
Scheme Scale) would be improved .Furthermore, SWSR decreased from 0.3 to 0, 
PFnws remained approximately unchanged at Field Scale and Irrigation Scheme 
Scale. 
 
Keywords: Rice, Water saving, Water use efficiency, Scale effect. 
 

1. INTRODUCTION 
 
A series of performance indices for irrigation water use efficiency have been 
proposed locally and internationally. Such indexes demonstrate the level of 
agricultural water resources management and utilization, as well as the 
implementation effect of water saving technologies in an area (Zaigham Habib and 
Mercel Kuper, 1998; Darouich et al., 2014; Ahmadzadeh et al., 2015; Tari, 2016). 
However, many scholars noticed that irrigation water use efficiency and water- saving 
effect are scale dependent. For example, Bagley (1965) deemed that if scale 
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boundaries are not correctly understood when describing the water use efficiency at a 
watershed level, then the derived conclusions might be incorrect because a certain 
amount of so-called lost water(deep percolation, drainage to ditches, recharge to the 
groundwater etc.) may not really be lost in a large system. Willardson (1985) found 
that the influence of the water use efficiency improvement at an individual plot on that 
in a watershed scale is insignificant, and that water-use efficiency improvement at a 
small scale could lead to improvement or reduction at a large scale. Bos and Wolters 
(1989) determined that the high recycling rate of small-scale water loss could improve 
the water use efficiency of an entire system. Molden (1997) believed that the small-
scale and large-scale improvements of water use efficiency are not entirely 
consistent. Palanisami et al. (2006) discovered that an improvement in water use 
efficiency at a single scale does not indicate an improvement in water use efficiency 
at a large scale. 
 
Inaccurate understanding of scale effect brings confusions to water saving 
implementation. It is not determined whether implementation of water saving irrigation 
measures in the field scale will produce expected water saving effect in the basin 
scale. If we do not understand the relationship between water saving effect across 
scales, the government will not formulate reasonable water saving plan according to 
research results at the field scale. In order to select correct water saving irrigation 
measures and water resource allocation strategy, scale effect of water use efficiency 
should be in the quantitatively studied. Besides, such technical issues as irrigation 
performance indices selections, water saving potential in different regions and canal 
lining rationality, are relevant to scale effect of irrigation water use efficiency.  
 
In this study, the water budget under different surface irrigation water supply ratios 
and water saving measures was simulated by a semi-distributed water balance 
model, which was built for a rice-based irrigation district in Sanjiang Plain, Northeast 
China. Furthermore, the influences of water reused on irrigation water use efficiency 
were analyzed, and scale effects of different water saving technologies were 
quantified. 
 

2. MATERIALS AND METHODS 
 

2.1  Study Area Description 
 
BLH Basin, located in Sanjiang Plain in Northeast China, is a rice-based irrigation 
district with command acreage of 10.08 × 104 ha(Fig.1).The area elevation is 40–50 
m, and the slope is 1/5000–1/10000. The average rainfall is 545.4 mm/year, 50%–
70% of which falls from July to September. The average annual evaporation, average 
temperature, and average annual sunshine hours are 1203 mm, 2.2 °C, and 2260–
2429 h, respectively. The freezing period is up to 120–140 days, and the depth of the 
deepest frozen soil is 2.2 m. Rice is the dominant crop in the study area, and covers 
69.8% of the command area. Farmers begin to steep fields in late April, transplant in 
early May, and harvest in the end of September and early October. Groundwater is 
the main source for irrigation water supply, thereby causing the groundwater table to 
decline by 37cm/year.The quaternary aquifer with the thickness of 180m is composed 
of 8–14 m-thick clay loam at the top and sandy loam, sand, and gravel underneath. 
The slope of the groundwater is 1/7000–12000.BLH River collects the drainage from 
all ditches in the area, and flows from west to east until the outlet of the study area. 

 
2.2  Water balance model 
 
The water balance model employs a clear concept and requires few parameters, thus 
suitable for the water budget account with a long time-step in a large region, and has 
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been widely used across the world (Diaz-Nieto et al., 2012; Gogo-Abite et al., 2013). 
Rice is the main crop in the study area, and the main irrigation water is supplied by 
groundwater with supplemental irrigation from drainage ditches. To facilitate the use 
of the model in the situation of surface water supply, the canal system was added into 
the model structure and set them next to the corresponding ditch at the same level. 
 

 
 

Figure 1. Location of study pilot (BLH Basin) and experiment sites 
 
The established model in this study comprised three types of water balance units, 
namely, polygonal units (PU), ditch/river units (DU), and canal units (CU). PU was the 
branch ditch command area, and five land use types (Fig.2) were considered in a PU. 
The water budget with various land use were separately simulated firstly, and then 
the amount of water balance components in PUs was obtained through accumulation 
based on land use area ratio. Water-transfer relationships among PUs were 
established according the distribution of canals and ditches, as well as groundwater 
movement directions. For the water balance in canals (CUs), the amount of rainfall, 
water diversion from up-level canals, water surface evaporation, water distribution to 
down-level canals, and seepage were considered. Overland flow and groundwater 
drainage from PUs,as well as surplus water from canals would moved to branch 
ditches, then went to main ditches, and next discharge to BLH River ,eventually flow 
past the outlet of the study area. For the water balance in ditches and BLH 
River(DUs), the amount of rainfall, drainage source from up-level ditches, drainage 
sinks to down-level ditches, water surface evaporation, reused water quantity, and 
water interaction with groundwater were involved.  
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Figure 2. Sketch diagram of the water balance model 
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The soil profile in PUs was divided into the ponding layer, rice root layer, soil water 
transmission layer, and groundwater layer. The soil water transmission layer was 
subdivided into the clay layer and sand layer according to the soil texture. After 
rainfall or irrigation, the water ponding depth in PUs would increase and water 
infiltrate into the rice root layer as the supply for crop evapotranspiration, which cause 
changes in soil water content in the rice root layer. When the water content of each 
unsaturated soil layer exceeded the saturated water content of the corresponding soil 
layer, the excess water entered the next layer until recharged the groundwater, which 
caused groundwater table rising. The overland flow did not occur until the ponding 
water depth exceeded the height of the ridge (for non-paddy lands, the ridge height 
was set to zero). When ponding water depth in the field (ponding water controlled 
condition) or the soil water content of the rice root layer (soil water content controlled 
condition) was inferior to the lower limit of control, irrigation had to be carried out. The 
amount of irrigation water was determined by the gap between the upper limit and the 
lower limit of the ponding water depth (or of the soil water content in the rice root 
layer) in different growth stages for paddy rice. 
 

2.3  Field measurements and data collection 
 
(i)  Weather data: Daily weather information from 1956 to 2015 was collected from 

three meteorological stations (Fig. 1). 

(ii)  Positions of ditches and cross-section parameters: Obtained from Qianjin 
Water Administration Bureau. 

(iii)  Spatial information and elevation of experiment pilots: The latitude and 
longitude of experiment pilots were measured with GPS RTK (Real Time 
Kinematic). 

(iv)  Soil parameters: Soil samples for different depths at 24 selected pilots were 
obtained through drilling, and soil particle-size distributions were measured. 
Rosetta artificial neural network model (Schaap et al., 2001) was employed to 
calculate the soil parameters, such as saturated water content, field capacity, 
and vertical hydraulic conductivity at different soil layers. 

(v)  Hydrogeological parameters: Pumping test was conducted at four pilots in 
October 2014 and March 2015, and horizontal hydraulic conductivity and 
specific yield in the aquifer were calculated with test data. 

(vi)  Groundwater table: There were 20 groundwater table observation wells in the 
study area (Fig. 1). Fourteen (four original sets and ten new sets in August 
2014) of these wells located inside the basin and six (original ones) were 
outside. A manual observation method was adopted for the original observation 
wells with a 10-day monitoring interval. An automatic recording method was 
adopted for new observation wells, and the recording interval was 12 hours. 

(vii)  Pumped water for irrigation: We monitored the typical wells equipped with 
various motors by the flowmeter to obtain the pumped water flow. Then, we 
collected the pumping well distribution map and the horsepower of the 
equipped motors for the 7,400 pumping wells in the study area. Irrigation time 
in different zones was obtained through the four wells monitoring data (Fig. 
1).Thus, pumped water amount and irrigation time for all PUs could be 
determined.  

(viii)  River flow: Three river flow and level observation stations were established 
along BLH River (Fig. 1). Water levels of BLH River were automatic recorded 
by HOBO water level recorder with 12h interval. River discharge was measured 
by LS45-2 current meter, thus stage-discharge rating curves were obtained. 
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These curves were used to ascertain river flow changes based on water level 
records. 

(ix)  Others: The crop coefficient and LAI at different growth stages were collected 
from the irrigation experiment station (30 km to the east boundary of the study 
area). 

 

2.4 Water use efficiency at multiple levels 
 
Rice evapotranspiration was classified to the productive consumption (Molden, 1997), 
which was used as the numerator of water use efficiency in this study. In BLH Basin, 
irrigation water came partly or wholly from the recycling of surface and subsurface 
return water (groundwater pumping and drainage reuse for irrigation). Thus, net water 
supply quantity (irrigation and rainfall minus the amount of reused water) was 
regarded as the denominator of water use efficiency to reflect the real utilization 
efficiency of water resources. So, water use efficiency was calculated by Equation 1. 
 

 rice
nws

ET
PF

I P 


 
         (1) 

 
ETrice meant rice evapotransipiration,mm;PFnws was the ratio of rice 
evapotransipiration to net water supply; I denoted total amount of irrigation water from 

canals, groundwater and ditches,mm；P was precipitaion，mm；λ was the amount 

of water reused,mm. 
 
Water use efficiency was scale dependent. Irrigation and reused water differed in 
terms of quantity and connotation at multiple levels. Therefore, we should define the 
boundaries of scales and items of irrigation and reused water to determine the water 
use efficiency at different scales. In this study, seven scales were determined, and 
their horizontal boundaries were showed in Figure 3.Water reused existed at all 
scales except Scale 1. The information on each scale was shown in Table 1. 

 
Table 1. Boundaries and water reused items at different scales 

 

Scale Horizontal range Vertical range items of water reuse 

S1 
(Field  
Scale) 

Rice cultivated area in a PU(canals 
and ditches excluded) 

Root zone without reused water 

S2 PU (canals and ditches included) 

unsaturated and 
saturated soil 

zone 

minimum of pumped 
water and groundwater 
recharge in the scale, 

reused water from 
ditches in the scale  

S3 
A main-ditch command area(canals 

and ditches included) 

S4~S7 
Different numbers of  main-ditch 

command area(canals and ditches 
included) 

 

2.5 Scenarios 
 
Fifteen sets of scenario were built by considering the influences of the changes of 
three factors, namely, irrigation regimes, canal water delivery coefficient, and surface 
water supply ratio, on water use efficiency across scales. The irrigation regimes were 
classified into three types, namely, the present, the low intensity water saving, and 
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the high intensity water saving. The control rules of ponding water depth and soil 
water content in the root zone for various irrigation regimes were shown in Table 2. 
 
 

      
 
(a) Scale 1(317.87ha) and Scale 2(401.35ha) (b) Scale 3(4771.52ha) 

 
 

     
   
 (c) Scale 4(3.24×104ha)   (d) Scale 5(4.29×104ha) 

     
 
 (e) Scale 6(6.93×104ha) (f) Scale 7(Irrigation Area  
  Scale, 10.08×104ha) 

 
Figure 3. Command area for different scales (green colour) 

 
 

Table 2. Rules of ponding depth and soil water content for irrigation regimes 
 

Irrigation 

Regime 
Ponding  Green  

Early 

tillering  

Late 

tillering  

jointing 

-booting  

Heading 
to 

flowering  

Milk 

ripe 

Yellow 

ripe 

Present 
(mm) 

20-55 30-65 0-30 

Low 
(mm) 

20-50 30-50 30-50 0-50 30-50 10-30 0-30 0-30 

High 
(mm) 

20-50 0.9θsa-50 0.8θs-θs 0.9θs-30 
0.8θs 
-θs 

0.7θs –
θs 

a.θs meant soil water content at saturation 
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Two situations were considered as to canal water delivery coefficient, namely, 
present and branch canal lining. Three situations for the surface water supply ratio 
were involved: present condition with a surface water supply ratio of 0, 0.3 and 0.4. 
The scenario descriptions were presented in Table 3. 
 

Table 3. Scenarios descriptions 
 

Scenarios Irrigation Regime Canal water delivery coefficient 
Surface water 
supply ratio 

C1 Present Presenta Presentb 

C2 Present Presenta 0.30 

C3 Present Presenta 0.40 

C4 Present branch canal-0.80,main canal-0.70 0.30 

C5 Present branch canal-0.80,main canal-0.70 0.40 

C6 Low Presenta Presentb 

C7 Low Presenta 0.30 

C8 Low Presenta 0.40 

C9 Low branch canal-0.80,main canal-0.70 0.30 

C10 Low branch canal-0.80,main canal-0.70 0.40 

C11 High Present a Present b 

C12 High Present a 0.30 

C13 High Present a 0.40 

C14 High branch canal-0.80,main canal-0.70 0.30 

C15 High branch canal-0.80,main canal-0.70 0.40 

Present a denoted water delivery coefficient of branch canals and main canals was 0.65 and 0.70 
respectively; Present b denoted surface water supply ratio is 0. 

 
For the scenario simulations, we applied the measured groundwater table, river and 
ditch water level in January 1, 2015 and field capacity, as the initial conditions. The 
daily historical meteorological data from 1956 to 2014 were regarded as the input 
data to drive the model to calculate the water budget and water use efficiency at 
different scales for the 59 years in the study area. 
 

3. RESULTS AND DISCUSSION 
 
3.1  Model calibration and validation 
 
Model calibration was performed with 14 measured groundwater tables and 3 sets of 
observed river discharge data during the rice growth period in 2015. Model validation 
was conducted using 4 measured groundwater tables from 2010 to 2014. We 
employed the determination coefficient, Nash-Sutcliffe coefficient and relative error to 
assess the model performance (Table 4). It indicated that the model performed well in 
simulations and could be used to account the water balance in this area. 
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Table 4. Accuracy performance indices for the model 
 

Performance indices 
Validation period Calibration period 

Groundwater table River discharge Groundwater table 

Determination coefficient 0.92 0.76 0.80 

Nash-Sutcliffe coefficient 0.88 0.71 0.71 

Relative error 0.44% -5.15% -0.48% 

 

3.2  Influence of water reuse on water use efficiency 
 
When reuse water was not considered, PFgws was selected to assess water use 
efficiency, and was calculated in Equation 2. 
 

rice
gws

ET
PF

I P



    （2） 

 
PFgws was the ratio of rice evapotranspiration to gross water supply; Gross water 
supply denoted total amount of irrigation and precipitation, mm. 
 
In the study area, a portion of the irrigation water came from the reuse of return water. 
Water can be reused in two ways. The first way involved the reuse of the drainage 
water after the overland flow and groundwater entered into ditches/rivers, whereas 
the second involved pumping groundwater which was recharged by percolation and 
seepage from canals/ditches/rivers/fields. We could analyze the influence of water 
reused on water use efficiency by comparing PFnws and PFgws.. 

 

              
Figure 4. Water use efficiency at S7      Figure 5. Water reused VS. (PFnws -PFgws) 

 
Figure 4 showed that reused water had a significantly influence on water use 
efficiency. In Irrigation Scheme Scale, water use efficiency was in the range of 0.838–
0.916 with reused water considered (PFnws) , and was in the range of 0.624–0.766 
when water reuse not considered(PFgws). Water use efficiency showed an average 
and maximum improvements of 29.42% and 39.88% respectively, when water reuse 
was considered. Moreover, the difference of the two water use efficiency indexes was 
closely related to the amount of reused water. When the amount of reused water was 
small, the two indexes were relatively close (such as C11–C15); when the amount of 
reused water was large, the difference of the two indexes became large (such as C1–
C5). Based on the simulation results for various scenarios, a liner regress formula 
was established to depict the relationship between the difference of the two PFs and 
the amount of reused water (Fig. 5). 
 
Therefore, we should consider the influence of water reuse in water use efficiency 
assessment; otherwise, the irrigation performance evaluation result was low on bias, 
particularly in the case of large amount of reused water. 
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3.3  Scale effect of water saving measures 
 
Figure 6 indicated the influence of different irrigation regimes on water use efficiency 
at different scales. Water saving irrigation regimes (WSIR) had the most significant 
positive effect (an increase by 21.2%) on scale 1 (Field Scale) among scales in this 
study. The water saving effect (WSE) of WSIR on other scales was influenced by the 
surface water supply ratio (SWSR): (1) without surface water supply (Fig. 6a), WSIR 
nearly has no WSE at scales except Field Scale. For example, WSE at scale 7 
(Irrigation Area Scale) was only 1.13% even if high intensity WSIR was adopted. 
(2)WSE at scales from S2 to S7 began to increase with SWSR increased. When 
SWSR reached 0.4 (Fig. 6b), WSE at scale 7 with the application of a high intensity 
WSIR was 7.17 %.( 3) the difference in WSE at all scales of the low intensity and high 
intensity WSIR was not significant when SWSR was less than 0.4. 
 
WSIR had a relatively significant WSE at Field Scale (scale 1). The dominant reason 
was that the amount of reused water was not considered at this scale, thus water use 
efficiency was influenced by gross water supply (besides ETrice).When WSIR was 
adopted and gross water supply would be reduced ,which caused the improvement of 
water use efficiency. Reused water was considered at scale from S2 to S7, so water 
use efficiency was influenced by net water supply (besides ETrice), which was gross 
water supply minus reused water amount. After WSIR was implemented, the 
decreases of gross water supply and reused water had a positive and a negative 
effect on the improvement of water use efficiency, respectively. WSE was obviously 
decreased by combining the effect of the two factors. 
 

     
(a)SWSR=0.0    (b) SWSR=0.40 

 
Figure 6.  PFnws cross scales under Present (blue line), Low (black line) and High 

intensity water saving (red line) irrigation regime 
 

 
(a)SWSR=0.30, without WSIR         (b) SWSR=0.40, without WSIR        (c) SWSR=0.40,with WSIR 

 
Figure 7. PFnws cross scales with (blue line) and without (black line) canal lining 

 
When branch canal water delivery coefficient increased from 0.65 to 0.80 by canal 
lining, WSE at scales from S3 (4771.52 ha) to S5 (4.29 × 104 ha) were more obvious 
than those at other scales (Fig. 7a). However, WSE was less than 2% because of the 
relatively low SWSR. When SWSR was 0.4 (Fig. 7b), WSE at scales from S4 (3.24 × 
104 ha) to S7 (10.08 × 104 ha) became a little more significant and reached about 
4.3%. However, WSE of the canal lining was reduced if WSIR applied (Fig. 7c). In this 
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study, when SWSR was small than 0.4, WSE of the canal lining at all scales were 
nearly negligible though high-intensity WSIR was adopted, 
 
The reduction of SWSR could improve water use efficiency. In Figure 8a, PFnws at 
scales larger than S3 (4771.52 ha) increased when SWSR moved from 0.4 to 0.3, 
with a largest improvement up to 6.96% at Scale 7. When SWSR decreased from 0.3 
to 0.1, WSE at scale 1 (field scale) and scale 7 (Irrigation Scheme Scale) was relative 
small, and WSE at the other scales relatively increases by up to approximately 4.4%. 
WSIR and canal lining had a negative influence on WSE produced by SWSR 
reduction. For example, even SWSR decreased from 0.4 to 0, WSE at each scale 
became nearly negligible after the application of high intensity WSIR (Fig. 8b). 
 

 
(a) Without WSIR    (b) with WSIR 

 
Figure 8. PFnws cross scales with different SWSR: red line for 0.4, black line for 0.3 

and blue line for 0 
 

4. CONCLUSIONS 
 
We investigated scale effect of water saving in BLH Basin, which was a rice cultivated 
area located in Sanjiang Plain, Northeast China. A portion of the irrigation water in 
this area came from the recycling of the return water by two ways. The first way was 
the recycling of surface and subsurface drainage water. The second was the pumped 
water for irrigation from groundwater, which was recharged by the percolation and 
seepage from canals/ditches/rivers/fields. The latter way was the main way. 
 
PFnws and PFgws were defined and compared to analyze the influence of reused water 
on water use efficiency. We established a semi-distributed water balance model to 
account water budget and calculate the two water use efficiency indexes under 
different irrigation regimes, SWSR, and canal water delivery coefficient. It was found 
that the average and the maximum improvements in water use efficiency was 29.42% 
and 39.88% respectively at Irrigation Scheme Scale with the consideration of reused 
water. Moreover, the difference between the two water use efficiency indexes was 
related to the amount of water reused. The two indexes were close to each other 
when the amount of recycled water was large.  
 
WSE of different water saving and water resources regulation measures showed 
scale dependent. When SWSR was zero, the application of WSIR achieved the most 
significant of WSE (21.2%) at scale 1 (Field Scale) among scales, whereas it has 
nearly no WSE at other scales except S1. However, WSE of WSIR at other scales 
except S1 gradually increased when SWSR increased. When the branch canal water 
delivery coefficient increased from 0.65 to 0.80 by canal lining and SWSR was 0.3 
without WSIR, WSE at scales from S3 (4771.52 ha) to S5 (4.29 × 104 ha) was 
relatively significant, with the maximum improvement less than 2%.The increase of 
SWSR could enhance, yet WSIR implementation might reduce WSE of branch canal 
ling at each scale. When SWSR decreased from 0.4 to 0.3 without WSIR, PFnws 
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across scales larger than S3 (4771.52 ha) began to ascend. However, a further 
reduction in SWSR from 0.3 to 0.1 causes no changes in PFnws at S1 and S7. 
 
We must consider the effect of reused water on water use efficiency and WSE; 
otherwise mistakes would be made. The influence of water saving and water 
resources regulation measures on reused water across scales showed nonlinear 
characteristics. Thus, WSE presented complex laws, which were both influenced by 
recycling ways for the return flow, as well as the responses of water balance 
components at different scales to water saving.  
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