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Abstract 
Water shortage is a serious problem in the arid oasis of Northwest China. Traditional flood irrigation wasted considerable amount of precious water, 
especially in Shiyang River Basin. Improving irrigation efficiency is vital for sustainable water resources management in the region. In this study, the 
DSSAT (Decision Support System for Agro-Technology Transfer) model was used to determine the effects of different irrigation scenarios on soil 
water evaporation, percolation, transpiration, grain yield and irrigation water use efficiency (IWUE) of spring wheat (Triticum aestivum L.) and maize 
(Zea mays L.). Prior to running the model, calibration was carried out using 4 years’ field experimental data and good agreement between simulated 
and measured crop phenology, grain yield and evapotranspiration (ET) were achieved. Long simulation results from 1985-2004 reveal the following: 
Considerable soil evaporation occurs under traditional irrigation in especially spring wheat (131.7-147.0 mm) and maize (79.8 mm) fallow period, 
accounting for 73.2-81.7% and 31.4% of annual precipitation, respectively. Under traditional irrigation, about 29.5-34.0% of irrigated water (675-745 
mm) for wheat and 28.5% of irrigated water (765 mm) for maize percolates into deep soil layer from root zone, only less than 50% of the water is 
used by crop transpiration. Rational adjustments in irrigation schedule with 80 mm winter irrigation during fallow and 375 mm during wheat cropping 
season along with cancelling winter irrigation and supply with 440 mm irrigation during maize cropping season is recommended. In comparison with 
the traditional practice, 220-290 mm irrigation for wheat and 325 mm irrigation for maize can be saved without significant reduction in crop yield. 
Meanwhile, IWUE can be increased by 39.8-54.4% for wheat and 66.2% for maize in the study area. 

Key words: Irrigation scheduling, drainage, soil water evaporation, water use efficiency, spring wheat/maize, DSSAT model. 

Introduction 
There is an increasing severity of water shortage in the inland arid 
region of Northwest China 1-4. Due to low precipitation (30-250 
mm/yr) and high potential evaporation (2000-2650 mm/yr) in the 
region 5, cropping depends heavily on irrigation. This, along with 
rapid farmland expansion in the oasis, has worsened water shortage 
in the area. Traditional flood irrigation is still a common agronomic 
practice in arid oasis of Northwest China. Such agronomic 
operation wastes a considerable fraction of the limited available 
water resources of the region 6, 7. A more adaptable and efficient 
irrigation scheme is therefore needed to mitigate water stress in 
the water-shortage Northwest China. 

Previous studies in this area have focused on estimating ET for 
cropping seasons 8-10, without considering ET for non-cropping 
seasons under crop-fallow rotation system. In addition to limited 
field studies, excessive drainage loss (especially in fallow seasons) 
complicates accurate estimation of total water cycle in the 
region11-13. There are still not exact estimates of the amount of 
water budget in cropping and non-cropping seasons, and the 
fraction such as soil water evaporation, crop transpiration and 
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drainage to groundwater. 
It is observed in a number of studies that the DSSAT model can 

reliability estimate ET, crop yield and irrigation water management. 
Kovács et al. 14 successfully evaluated DSSAT-wheat model ability 
to simulate multi-year grain yield in various weather and soil 
conditions in Hungary and expressed satisfaction with the model 
performance. Timsina et al. 15 used the model to successfully 
estimate the effects of soil moisture on wheat-rice sequential 
rotation in Bangladesh. Lobell et al. 16 reported a good agreement 
between measured and modelled yields of spring wheat under 
reduced irrigation in Yaqui Valley of  Mexico. Yang et al. 17 
suggested scientific irrigation management in cultivating winter 
wheat to reduce groundwater depletion in the piedmont regions 
of Taihang Mountain, North China Plain. Timsina 18 used DSSAT 
to estimate wheat yield, as well as the components of water balance 
and water production in rotation cropping in Punjab, India. These 
studies suggest that DSSAT is a useful tool for developing an 
adequate understanding on the different components of water 
cycle under cultivated field conditions. 

The purposes of this study are to use DSSAT models to simulate # Joint first author; * Corresponding author 

________________________________________ 
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the impacts of different irrigation scheduling on the spring wheat 
and maize around a year, which include both traditional irrigation 
practice consisted seasonal and winter irrigation activities and 
those of only irrigation applied during crop growing stages in the 
arid oasis regions, and to find the reasonable irrigation ways under 
crop-fallow rotation system for the two main crops to provide 
references for irrigation management in the arid oasis of Northwest 
China. 

Materials and Methods 
Study area: The study area, Wuwei oasis, is located in central 
Shiyang River Basin (101°41´-104°16´ E, 36°29´-39°27´ N; with total 
area of 4.16×104 km2), Gansu province, Northwest China (Fig. 1). 
Shiyang is an inland river basin that is bordered on the north and 
west by Badanjilin desert, and on the east by Tenggeli desert. 
Continental arid climate dominates the region with an annual rainfall 
of 160 mm on base of data from Wuwei Meteorological Station 
(37°55´N, 104°14´E) during 1968-2007. As a major food production 
region in Gansu province, natural runoff from Qilian Mountains in 
the Qinghai-Tibet Plateau is the main source of water for the oases. 

Spring wheat and maize are two main cultivated crops in the 
study area. Wheat is usually planted in mid March and harvested 
in mid July, while maize is planted in mid April and harvested in 
late September. Due to low precipitation, crop production in the 
region is mainly sustained by irrigation. During cropping season, 
farmers usually start irrigating the farms in April and continue to 
do so till September. Overland flood irrigation is also common in 
the study area. 

Model description: DSSAT-wheat and -maize are two process- 
based crop growth models of the DSSAT family developed by 
USDA-ARS (United States Department of Agriculture, Agricultural 
Research Service). The main processes of the models include 
phenological development (which simulates durations of growth, 
vegetative and reproductive stages), root and canopy dynamics 
in relation to photo-synthetically active radiation (PAR) and dry- 
matter accumulation, and then senescence. DSSAT embeds 
subroutines for the simulation of soil water content, soil water 
evaporation, crop transpiration and drainage to groundwater. 
Importantly, however, DSSAT does not only reliably simulate the 
impact of water stress on crop yield, but also calculate stage-by- 
stage crop performance in almost any combinations of cropping 
systems. 

The model could be run in daily or larger time-steps, either of 
which requires daily data for weather and soil conditions as well 
as crop genetic parameters and management practices. Daily 
meteorological data include solar radiation (SRAD), maximum 
temperature (TMAX), minimum temperature (TMIN) and 
precipitation. Soil data including soil texture, soil layer depth, bulk 
density, organic carbon content, pH, clay, silt and sand fraction 
and cation exchange capacity (CEC) were obtained from experiment 
materials. DSSAT crop management includes planting (planting 
date, depth, method and spacing), irrigation (irrigation date, 
amount, mode and depth) and fertilization (fertilization date, depth 
and amount) conditions. 

Model calibration: The model calibration analysis was based on 
data obtained from the experiments conducted at the Wuwei 
Irrigation Experimental Station involving spring wheat (var. Zhang 
No. 258) and maize (var. Liangdan No.1) during the period 1989- 
1992. Wheat was sown on March 15th and harvested on July 20th 
(128 days) whereas maize was sown on April 20th and harvested 
on September 20th (154 days) each agronomic year. In the 
experiments, 180 mm of winter irrigation was done in mid November 
each preceding year, followed by 70-100 mm irrigation at each 
growth stage of the crops. A total of seven irrigations for wheat 
and eight irrigations for maize were done per year. The experiment 
was done in a randomized block design with three replicates. The 
plot size was 5×8 m2. Irrigation was applied by plastic tube with 
water meter to record the amount applied to each plot. 

Conventional methods were used to monitoring the dates of 
important phenological events (emergence, panicle initiation, 
flowering and physiological maturity). At harvest, each plot were 
harvested manually and then threshed using different threshers 
for the two crops. Soil moisture was monitored regularly using 
soil cores down to 140 cm at 20 cm increments. Water use or 
evapotranspiration (ET) was calculated by water balance equation: 

ET = P + I + SWD – R – D + CR 

where ET is the total seasonal water use, P is precipitation recorded 
at the nearby meteorological station, I is irrigation, SWD is soil 
water depletion (soil water content at the start minus soil water 
content at the end of the period for the 140 cm depth), R is runoff, 
D is drainage from the root zone and CR is capillary rise to the root 
zone. Due to the scarce rainfall, runoff was zero in the field. 

Capillary rise was negligible because of the deep 
groundwater table. Drainage from the root zone was calculated 
based on the relation of unsaturated water conductivity with 
volumetric soil moisture at the bottom of the soil profile19, 20. 

Nutrient was not deficient because sufficient fertilizer was 
applied throughout the experiment. At the experimental site, 
the top soil is predominantly loamy while the subsoil is 
dominated by clay-loam. The soils of the study area are 
moderately permeable, with average organic matter content 
of 13.9 g/kg, bulk density of 1.50 g/cm3, total N of 0.79 g/kg 
and available P and K of 6.0 and 179.0 mg/kg, respectively. 
Details of the soil hydrological characteristics are listed in 
Table 1. 

The DSSAT model parameters were set based on observed 
phenological characteristics of the crops from experiments. 
DSSAT-wheat requires six variety-specific genetic 

Figure 1. Location, topography and distribution of meteorological and 
experimental stations in Shiyang River Basin. 
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coefficients: P1V, P1D, P5, G1, G2 and G3. Similarly, DSSAT-maize 
requires five genetic coefficients: P1, P2, P5, G2 and G3. The first 
three coefficients for each of the two crops control phenological 
development whereas the others control grain yield. PHINT, which 
controls phyllochron interval, is the thermal time (in degree days) 
between successive tip leaf appearances. The genetic coefficients 
of the wheat (cv. Zhang No.258) and maize (cv. Liangdan No.1) 
crops are listed in Table 2. 

Irrigation scenarios: Eight irrigation scenarios for spring wheat 
and six irrigation scenarios for spring maize were used to quantify 
crop water-saving potential in the study area. While WF0 and 
WF1 denote two different traditional wheat irrigation schemes, 

Tw1, Tw2, Tw3, Tw4, Tw5 and Tw6 are the simulated water-saving 
scenarios for spring wheat. Similarly, MF1 denotes maize traditional 
irrigation whereas Tm1, Tm2, Tm3, Tm4 and Tm5 are the simulated 
water-saving scenarios for spring maize. The timing and amount 
of irrigation in each scenario are listed in Table 3. 

Simulating water balance using DSSAT: 
Evaporation and transpiration: DSSAT-wheat and maize use 
either the FAO version of the Penman equation 21 or the Priestley- 
Taylor 22 equation to calculate potential evapotranspiration. In 
this study, the Priestley-Taylor equation is used to calculate 
reference evapotranspiration. The combined crop-soil albedo 
(ALB) and equilibrium evaporation rate (EEQ) are computed as 
follows: 

(1) 

where LAI is the leaf area index and SALB is bare-soil albedo. 

EEQ = SLAD × (4.88 × 10-3 – 4.37 × ALB) × (TD + 29)                   (2) 
TD = 0.6 × T

max
 + 0.4 × T

min                                                                                                
(3) 

SLB SLLL SDUL SSAT SBDM SLOC SLCL SLSI SLNI 

25 0.097 0.224 0.363 1.52 0.81 13.6 39.9 0.08 

40 0.101 0.229 0.363 1.52 0.66 14.7 39.3 0.07 

80 0.107 0.235 0.368 1.50 0.44 15.9 40.8 0.05 

140 0.107 0.237 0.373 1.49 0.41 16.0 43.3 0.05 

Table 1. Physical and hydrological properties of the 0-140 cm layer soil samples 
in the study area. 

SLB Layer depth/base (cm); SLLL Lower limit of plant extractable soil water (cm3/cm3); SDUL Drained upper limit (cm3/cm3); 
SSAT Saturated upper limit (cm3/cm3); SBDM Bulk density (g/cm3); SLOC Organic carbon; SLCL Percent clay (<0.002 mm) (%); 
SLSI Percent silt (0.05-0.002 mm) (%); SLNI Total nitrogen (%). 

Spring wheat 

(cv. Zhang No.258) 

Spring maize 

(cv. Liangdan No.1) 

Parameter Value Parameter Value 

PIV 2.0 P1 280.0 

PID 1.5 P3 0.5 

P5 2.0 P5 690.0 

G1 1.7 G2 800.0 

G2 2.7 G3 9.4 

G3 4.1 PHINT 55.0 

PHINT 60.0 — — 

Table 2. The values for the genetic coefficients 
of cultivated spring wheat and maize. 

Irrigation scenario 
Crop No. 

Irrigation period 

(month/day) WF0 WF1 Tw1 Tw2 Tw3 Tw4 Tw5 Tw6 

1 Post-harvest (7/30) 70 — — — — — — — 

2 Fallow field (11/15) 180 180 80 80 80 80 80 80 

3 Seedling (4/10) 75 75 75 65 75 75 75 75 

4 Trefoil (5/1) 80 80 80 75 — — — — 

5 Jointing (5/20) 90 90 90 80 75 75 80 90 

6 Heading (6/5) 90 90 90 80 80 90 80 — 

7 Grain filling (6/20) 80 80 80 80 80 90 65 85 

Spring 

wheat 

8 Milking stage (7/5) 80 80 80 70 65 — — — 

Total crop irrigation (mm) 495 495 495 450 375 330 300 250 

Total non-crop irrigation (mm) 250 180 80 80 80 80 80 80 

Grand total irrigation (mm) 745 675 575 530 455 410 380 330 

Irrigation scenario 
Crop No. 

Irrigation period 

(month/day) MF1 Tm1 Tm2 Tm3 Tm4 Tm5 

1 Fallow field (11/15) 180 — — — —   — 

2 Sowing (4/20) 40 40 80 45 45   45 

3 Seedling (5/10) 80 80 — — —   — 

4 Small trumpet (5/25) 80 80 90 75 60   90 

5 Jointing (6/15) 90 90 90 90 90   90 

6 Tasselling (7/14) 100 100 90 75 60   — 

7 Grain filling (8/20) 100 100 90 90 75   75 

Spring 

maize 

8 Milking stage (9/10) 95 95 — — —   — 

Total crop irrigation (mm) 585 585 440 375 330   300 

Total non-crop irrigation (mm) 180 — — — —   — 

Grand total irrigation (mm) 765 585 440 375 330   300 

Table 3. Timing and amount of irrigation under different irrigation scenarios for spring wheat 
  and maize. 

anthesis-post ifLAI

anthesis-preifLAISALB

ngerminatio to prior ifSALB

ALB

                            160/2423.0

    75.0exp23.023.0
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where SLAD is solar radiation and TD is approximate daytime 
temperature; T

max
 and T

min
 are respectively daily maximum and 

minimum air temperature. 
Potential evaporation (EO) is calculated as EEQ times 1.1. 

However, when daily maximum temperature is less than 5°C, the 
constant is reduced to account for near freezing conditions and 
EO is calculated as: 

EO = EEQ × 0.01 × exp[0.18 × (T
max

 + 20)]                                      (4) 

and when daily maximum temperature is above T
TH

 (where T
TH

 is 
24°C for wheat and 32°C for maize), EO is calculated as: 

EO = EEQ × [(T
max

 – T
TH

) × 0.05 + 1.1]                                            (5) 

Actual soil water evaporation and crop transpiration are calculated 
from potential evaporation (EO) and other parameters calculated 
from soil water content (SW), drained upper limit (DUL) (soil 
saturation water content after free drainage), and lower limit of 
extractable water content for the crop. Root water supply is then 
calculated as: 

(6) 

where RWU (L) is the potential root water uptake in soil layer L 
and RLV (L) is the root length density in soil layer L. Further water 
redistribution processes and equations of water cycle in DSSAT 
are documented in Ritchie 23 and Ritchie et al. 24. 

Drainage: Soil water drainage is water lost to groundwater and a 
cascading approach is used to calculate its movement from the 
top to the lower layers in DSSAT. Drainage occurs when the soil 
water content (SW (L)) in layer (L) is between saturation (SAT 
(L)) and upper drainage limit (DUL (L)), which is a proxy for field 
capacity. Flux (FLUX) is downward water flows for one soil layer 
to the next layer beneath it. When FLUX is not equal to zero, the 
amount of water a soil layer (L) can hold (HOLD) is given as: 

HOLD = (SAT (L) – SW (L)) × DLAY (L)                                          (7) 

where DLAY (L)  is the thickness of soil layer. 
   If FLUX is less than or equal to HOLD, a new SW (L) is calculated 
prior to drainage as: 

SW (L) = SW (L) + FLUX / DLAY (L)                                               (8) 

If the new SW (L) is less than drained upper limit in the layer, no 
drainage (DRAIN) occurs. If, however, the new SW (L) is greater 
than DUL (L), drainage in the entire soil profile is given as: 

DRAIN = (SW (L) – DUL (L)) × SWCON × DLAY (L)                     (9) 

where SWCON is drainage constant. If, on the other hand, FLUX 
is greater than HOLD, then DRAIN is calculated as: 

DRAIN = SWCON × (SAT (L) – DUL (L)) × DLAY (L)              (10) 

Then, finally, an updated drainage for a given layer L is calculated 
as follows: 
FLUX = (FLUX – HOLD) + DRAIN                                               (11) 

Irrigation water use efficiency: Irrigation water use efficiency 
(IWUE) is calculated as: 

(12) 

where Yield
irr

 is grain yield for a given irrigation scheme, Yield
dry 

is 
grain yield without irrigation and Irr is irrigation amount. 

Results 
Model evaluation: Using the genetic parameters listed in Table 2, 
DSSAT-wheat and -maize were simulated for a 4-year period, lasting 
for the entire experimentation from 1989 to 1992. The model- 
simulated phenological processes and yields were compared with 
field-observed data as given in Table 4. A good agreement exists 
between the model-simulated and field-measured values for crop 
phenological and yield variables. Percent relative errors for the 
model-simulated and field-measured values are 4.2-9.5% for wheat 
and 3.9-5.3% for maize. 

There also exists a good agreement between the simulated and 
measured ET for 1989/1991 maize cropping seasons and 1989/ 
1990 wheat cropping seasons. Linear regression analysis shows 
a good correlation between the simulated and measured ET, with 
4-year mean coefficients of determinacy of 0.95 for spring maize 
and 0.96 for wheat. The model-estimated ET, however, tends to be 
slightly high (1990 and 1992) for spring maize (Fig. 2), and slightly 
low (1991 and 1992) for spring wheat (Fig. 3). The overall 

RWU (L) = 
0.00267 × exp[62 × (SW (L) – LL (L))] 

6.68 × Ln (RLV (L)) 

IWUE = 
Yield

irr
 – Yield

dry
 

Irr 

Calibration Validation 

1989 1990 1991 1992 Crop Variable 

OBS SIM OBS SIM OBS SIM OBS SIM 

Sowing (DOY) 74 74 74 74 74 74 74 74 

Sprouting (DOY) 91 91 90 91 92 94 93 95 

Flowering (DAP) 78 79 83 82 85 84 80 81 

Spring wheat 

Zhang No. 258 

PM (DAP) 120 122 124 125 127 126 123 124 

Dry grain yield (kg/ha) 5704 6058 5861 6395 5202 5110 5714 6258 

Sowing (DOY) 110 110 110 110 110 110 110 110 

Sprouting (DOY) 123 123 125 126 127 128 122 121 

75% silking (DAP) 93 92 94 96 95 96 93 94 

Grain filling (DAP) 104 105 108 109 106 107 106 107 

Spring maize 

Liangdan No.1 

PM (DAP) 156 154 154 155 156 157 157 158 

Dry grain yield (kg/ha) 11801 11945 11535 11301 9526 10026 11860 12438

Table 4. Simulated and measured phenological parameters and grain yield for 1989–1992. 

PM: Physiological maturity; DOY: Days of year; DAP: Days after planting; OBS: Observed value; SIM: Simulated value. 
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discrepancy between the measured and simulated values is small. 
This implies that, the DSSAT model is reliable for application in 
the study area. 

Simulated irrigation water requirement: Using weather data for 
the period 1985-2004, total monthly crop water requirement (CWR) 
was simulated for spring wheat/maize; the results were illustrated 
in Fig. 4. Spring wheat requires a high amount of water in the 
months of May to June; the peak development period when 
jointing, heading and grain-filling occurs. After July, CWR 
noticeably declines as the crop enters the maturity period. For 
spring maize, water requirement is particularly high at jointing, 
silking, tasselling and grain-filling stages from early June to 
September. As in wheat, maize CWR declines in September. ET in 
the first two months after planting (i.e. March and April for wheat, 
and April and May for maize) is mainly driven by soil water 
evaporation. This is because the crops are at the earliest stage of 
seedling during which period leaf area index (hence transpiration) 
is minimal. 

Fig. 4 also shows that ET averaged for the months of March to 
July for spring wheat is 546.8 mm and for spring maize is 658.5 mm 
for the months of April to September. This represents 80.4% of 
annual average ET (679.8 mm) for wheat and 88.0% of annual 
average ET (748.0 mm) for maize. Given the annual mean 
precipitation of 182.1 mm, annual wheat ET is 373.3% and annual 
maize ET 410.7% of precipitation. Average rainfalls for spring wheat 
and maize cropping seasons are 83.3 mm and 141.8 mm, 
respectively. These are 45.7% and 77.9% of the annual 
precipitation, respectively. Moreover, crop utilizable portion of 
precipitation is even much less. Generally, the effective 
precipitation (P

e
) was calculated as follows: 

p
e
 = ΣσP 

where P is amount of  daily precipitation, σ is the effective 
coefficient (P<5 mm, σ = 0;  5 mm ≤P≤50 mm, σ = 1;  P>50 mm, σ = 
0.8). Based on the equation, the amount of annual effective 
precipitation is 115.6 mm, and only 50.7 mm (27.8%) and 99.5 mm 
(54.6%) of the annual precipitation is effective during spring wheat 
and maize crop growing seasons in the study area during 1985- 
2004. This suggests that annual irrigation requirement in the study 
area is no less than 564.2 mm for wheat and 632.4 mm for maize 
under winter flood irrigation conditions. It is therefore implicit 
that irrigation is important crop production factor in this arid oasis. 

Components of water balance under traditional irrigation: 
Simulated average transpiration is 420.5 mm for spring wheat, 
accounting for 46-50% of total water loss under WF0 and WF1 
traditional irrigation practice for 1986-2004 (Fig. 5). This implies 
that IWUE under current agro-practices is less than 50%. During 
the cropping seasons, soil water evaporation is 104.6 mm for WF0 
and WF1. This accounts for more than 10% of total water loss in 
the study area. During fallow period, evaporation is 147.0 mm for 
WF0 and 131.7 mm for WF1 irrigation practices, respectively. This 
accounts for 16% and 15% of total water loss in the study area. 
However, drainage to groundwater is significantly different under 
the two irrigation practices. Drainage to groundwater under WF1 
and WF0 irrigation is 198.9 mm (23%) and 253.1 mm (27%) of total 
water loss, respectively. In fact, with only 70 mm additional irrigation 
under WF0, soil drainage increases by 54.2 mm. This implies that 
heavy flood irrigation may significantly increase groundwater 
recharge in the study area. 

Transpiration and soil water evaporation are slightly higher 
under maize than wheat. This is because maize grows for a relatively 
longer period. Average transpiration for maize is 444.3 mm (48%) of 
total water loss. Also, seasonal maize evaporation is 174.7 (19%) 
of total water loss. In comparison with spring wheat, percent 
transpiration is very close to that for maize. However, evaporation 
under land fallow declines on the average of 79.8 mm, accounting 
for 9% of total water loss. Similar to spring wheat, drainage under 
maize fallow period accounts for a large portion (217.9 mm) or 
about 24% of total water loss in the study area. 

IWUE for spring wheat under proposed irrigation scenarios: 
Under the irrigation schemes, average water loss for the 20-year 
period (1986-2004) from spring wheat fields via transpiration, soil 
water evaporation and drainage are given in Table 5. Water deficit 
not only limits crop growth and development, but also reduces 
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Figure 3. Simulated and observed evapotranspiration under spring wheat 
season for 1989-1992. 
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Figure 2. Simulated and observed evapotranspiration under spring maize 
season for 1989-1992. 
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Figure 4. Water requirement (1985-2004) for spring wheat and maize under 
traditional irrigation scheme in Shiyang River Basin. 
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Figure 5. Averaged seasonal transpiration and evaporation for spring wheat and maize (1985-2004) in 
(non)-cropping seasons, along with drainage (percolation) under traditional irrigation scheme. 

transpiration. Given that food production is maintained at the 
current levels, TW3 is the best water-saving irrigation scheme. 
When wheat yield is not significantly influenced, transpiration 
under Tw3 is 383.3 mm. This is only slightly lower than WF1 and 
WF0. However, the large drop in irrigation water use (by almost 
290.0 mm) results in 230.4 mm decline in drainage. Then, it suggests 
that irrigation water-saving for spring wheat may not necessary 
limit ET, but could rather reduce drainage (groundwater recharge) 
in the study area. 

However, water loss under the different irrigation scenarios 
suggests that irrigation water-saving could increase irrigation 
water use efficiency (IWUE). Table 5 shows that when total 
irrigation drops by 38.9% (from 745 mm to 455 mm), irrigation 
water use efficiency in terms of per-hectare grain yield increased 
by 54.4% (from 8.26 to 12.75 kg/ha/mm), and the grain yield only 
drops by 5.7% (from 6155.3 to 5802.4 kg/ha). While, when irrigation 
drops by 55.7% (from 745 mm to 330 mm), though irrigation water 
use efficiency increased by 85.8% (from 8.26 to 15.35 kg/ha/mm), 
the spring wheat yield has decreased by 17.7% (from 6155.3 to 
5067.0 kg/ha). This indicates that Tw3 is the reasonable irrigation 
scheduling in the study area. 

IWUE for spring maize under proposed irrigation scenarios: 
Water loss under the proposed irrigation scenarios via 
transpiration, soil water evaporation and percolation for spring 
maize is given in Table 6. Similar to spring wheat, reduced irrigation 
of spring maize induces a certain degree of stress, which in turn 

limits transpiration. Allowing only limited reduction in grain yield 
under the proposed irrigation schemes, Tm2 has the best potential 
for water-saving in the study area. In comparison with MF1, maize 
yield drops by only 4.4% when irrigation is reduced by 42.5% 
(325 mm). However, the study shows that 42.5% reduction in 
irrigation does not result in a substantial decrease in annual ET. 
Rather, the 42.5% reduction in irrigation induces 66% (213.5 mm) 
decrease in drainage. 

Unlike wheat, further decreasing irrigation in maize does not 
result in any obvious increase in irrigation water use efficiency. 
As the irrigation scenario shifts from Tm2 to Tm3 or even to Tm4, 
in which cases irrigation is respectively reduced by 65 mm and 
110 mm, maize yield accordingly decreases by 15.1% and 26.3%. 
These magnitudes of yield loss without proportionate increases 
in irrigation water use efficiency should not be recommended. 

Discussion 
The results from this study have demonstrated that there was 
significant water loss via such processes as transpiration, 
evaporation and drainage during both cropping and non-cropping 
seasons in the arid oasis of Northwest China. For traditional flood 
irrigation of spring wheat and maize, about 23-27% of total irrigation 
water is lost to drainage. More importantly, Tables 5 and 6 suggest 
that a slight reduction in irrigation does not significantly limit ET 
in the study area. The study shows that reduced irrigation results 
in a significant drop (≈80%) in drainage that possibly reduced the 
nutrient leaking risk. 
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