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Abstract 

The water use in a conventionally-managed cotton field was observed in an arid 

region in Xinjiang Uygur Autonomous Region, P.R.China. 

Evapotranspiration and transpiration rates of the cotton community (ET, Tr) were 

measured by the Bowen ratio method and the stem heat balance method, respectively. 

Evaporation from the soil surface under the cotton canopy was calculated by the 

formula: Ep = ET - Tr. Soil moisture was monitored by soil samplings. 

Evaporation from the soil surface, i.e. loss of water that did not contribute to the 

cotton production, was substantial after irrigation. The empirically-determined interval 

of irrigation was too short and irrigation tended to be applied even when soil moisture 

was available. The amount of water supplied each time irrigation was applied was larger 

than that necessary for crop production, and a considerable amount of water was lost by 

downward percolation. A water balance calculation was undertaken for determining the 

suitable amount of water and interval of irrigation. 

Additional key words : Xinjiang, evaporation, transpiration, evapotranspiration, 

furrow irrigation, cotton 

89 

Introduction 

This study was conducted under a 

collaborative research program between JIRCAS 

and XIBPDR in Fukang district, located on the 

southern edge of the Junggar Basin in Xinjiang 

Uygur Autonomous Region, P.R.China. This 

region is arid with an annual precipitation of about 

a)Present address: Tohoku National Agriculture Experimental Station 4 Akahira, Shimokuriyakawa, 

Morioka, 020-01 Japan 
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190mm. There are three major rivers (the Shuimo, 

Sangong, and Sigong rivers) carrying about 9.8 · 

10
7
m

3 
• year·1 of snow-water from the Tienshan 

Mountains located at a distance of 80km south into 
this alluvial area

4
>. A total area of 3.8 · 108m2 of 

farm land had been reclaimed in this district by the 
so-called military group or "Bingtuan" No.222

5
> 

over a period of 30 years. Major crop is cotton and 
irrigation is needed. The water requirement is 

large and an efficient method of water use is 

required. For the major part of irrigation, 

groundwater (artesian aquifer from 30-40m deep 
pump wells) is used

10>. 
At the beginning of reclamation, the salinity of 

the soil was as high as 1.5%, and it had been 
reduced to 0.6%. The groundwater table (free 

water) is currently rising at a rate of about 0.2m · 
year·1 to l.7m-2.5m from 7m-8m depth about 30 

years ago. The salinity of the groundwater is high 
and may cause salt accumulation in the top soil

2
l. 

There were two problems concerning 

irrigation in this area. The first was that the water 

quantity each time irrigation was applied and the 

interval between the application of irrigation were 

inadequate because they were determined based 

on empirical criteria leading to a low efficiency of 

irrigation. The second was that the irrigation 

efficiency was reduced by the large evaporation 

from the soil surface (Ep) in the furrow irrigation 

method commonly employed there. Although the 

advantage of the drip irrigation method had been 
pointed out to minimize Ep l), improvement of the 

irrigation efficiency could not be quantitatively 

estimated because of the lack of data relating to Ep. 
The purpose of this study was to develop a 

simple method of water balance calculation to 

investigate the water use in irrigated land through 

the observation of transpiration, evaporation and 

soil moisture in a conventionally-managed cotton 

field in this region. 

Materials and Methods 

This study was conducted in the experimental 

fields of Fukang Desert Ecological Station 

(44°17'N, 87°73'E, 474m above sea level). The soil 

was clasified into gray desert soil which contained 

30%, 50% and 20% of clay, silt and sand, 
. 1 6

> d f . 3l C respective y , an 1.5% o orgamc matter . otton 
(Gossypium spp. cv. Daling Mian) was used for the 

following experiments. 

Experiment 1 
Cotton was seeded on May 5 (Day Of Year: 

DOY125), 1994 in an experimental field (EW20m x 

SNlOm). The field was surrounded by vegetable 

fields. The cross section of the field perpendicular 
to the row direction is shown in Fig.l. The crop 

spacing was O.lm-0.2m. Nitrogen (54kg · ha-1
) 

and phosphoric acid (138kg · ha-1
) were applied 

one week after seeding, and 54kg · ha·1 and 69kg · 

ha·1, respectively were applied after one month. 

The following variables were measured during 

the period from Jul.20 (DOY201) to Aug.14 

(DOY226): solar radiation and net radiation at l.Om 
above the canopy (Licor LI200SZ and REBS Q6); 

wind speed and direction at 2.0m above the ground 

(Young 03101 and 03001); air temperature and 

relative humidity at a level just above and 0.5m 

above the canopy (Cu-Co thermocouples and TDK 

CHS-PS placed in a radiation shelter (Campbel 

41044)); vertical heat flux at 1cm depth under the 

soil surface (REBS HF3); sap flow rate (SFR) in 

three cotton plants (using the stem sap flow 

irrigation 

~ soil surface 

s:ed "'---------~/ s:ed s:ed "'---
~o 

seed 

30cm 60cm 30cm 

Fig. 1. Cross-section of the experimental field (vertical to the row direction) 
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gauge 
7
J). Signals of these sensors were scanned 

every 10 seconds and averaged over 30minutes 

(Campbel CR-10). In the bare field, 500m apart 

from the experimental field, the same 

micrometeorological observations were conducted. 

Evapotranspiration rate (EI) and transpiration 

rate (Tr) in the cotton field were calculated by the 

Bowen ratio method, and by using the following 

equation, respectively: 

Tr=PDxSFR 

where, PD is the averaged planting density of the 

field (described later in this report). Evaporation 

rate from the soil surface (Ep) was expressed as: 

Ep =ET-Tr 

An amount of about 100mm of irrigation water 

was supplied on both Jul.25 (DOY206) and Aug.11 

(DOY223). 

On Aug.16, the cotton plants, in which the sap 

flow rate was measured, were harvested and the 

leaf area was measured (Kiya GA3). 

Experiment 2 
Cotton was seeded on Apr.17 (DOY107), 1995 

in an experimental field (EW60m x SN30m). In 

addition to the same measurements as those 

performed in Experiment 1, the following variables 

were observed during the period from Jul.6 

(DOY187) to Sep.5 (DOY248): precipitation (Texas 

Electronics TR525M), and thermal conductivity of 

the soil at 0.2m, 0.5m and l.Om depth (Soiltronics 

TC2). Soil samples at 0.2m depth were collected 

approximately once a week to measure the 

volumetric water content (VWC). The relationship 

between VWC and the water potential of the soil 

( Psoil) was determined (Daiki D1K3400). Leaf 

length of three plants was measured about once a 

week to obtain the leaf area using an empirical 

conversion equation. 

An amount of about 180mm, 300mm and 

100mm of irrigation water was supplied on Apr.20 

(DOYllO), Jul.6 (DOY187) and Aug.24 (DOY236), 
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Fig. 2. Weather conditions in 1994 

respectively. Other experimental conditions were 

the same as in Experiment 1. 

Results and Discussion 

Experiment 1 
Fig.2 shows the weather conditions in the 

cotton field. Temperature and humidity in the bare 

field were 0.9° C higher and 7 .2% lower in an 

average, respectively than those in the cotton field. 

Rainfall occurred on Jul.15 (DOY196), Jul.28 

(DOY209), Aug.3 (DOY215) and Aug.10 (DOY222). 
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The amount of rain was very small except on 

Jul.15. 

The cotton canopy was most dense when 

irrigation was first applied and its coverage was 0.9 

by visual estimation. Leaf area was 1448cm2 
• planf

1 

and the coverage was 0.6 on DOY228 when some 

leaves had fallen off. 

The uniformity of the cotton field was poor, 

and therefore the planting density (PD), required 

to calculate Tr, was estimated 9.3plant · m·2 based 

on the following criteria: (l)The soil surface was 

very dry just before irrigation was first applied, 

(2)Ep was assumed to be negligible at that time, 

(3)Then, PD had to satisfy the condition: ET= Tr= 
SFRxPD. 

Ep rapidly increased after irrigation was first 

applied and gradually decreased thereafter (Fig.3). 

One week after irrigation the Ep value became 

nearly zero, which agreed with the very dry soil 

surface visually observed at that time and 

supported that the above-mentioned calculation for 

PD and Ep was valid. Tr (illustrated by the broken 

line in the figure) showed a decreasing trend 

throughout the experiment period (Fig.3), mainly 

due to senescence and abscission. 

On the day following the application of 

irrigation for the first time (DOY207), the Bowen 

ratio (/3) was nearly zero and most of the net 

radiation (Rn) was used for the latent heat transfer 

(a: D0Y204) 
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(Fig.4 and Fig.5). After 18hours, Tr became larger 

than ET suggesting that some part of the sap that 

had been detected by the sap flow sensor was 

stored in cotton fruits but did not transpire. 

On DOY208, ET was about 125% of Rn in 

midday hours (Fig.4(c)), when f3 was negative 

(Fig.5(c)) and there was a downward sensible heat 

flux caused by advection. Comparison of Fig4(b) 

and Fig4(c) shows that Ep was affected by the 

advection unlike Tr. Windbreak net and forest will 

reduce ET by reducing the advection
8
l. 
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Fig. 3. Evapolranspiration. transpiration and evaporation 
(1994) 
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Fig. 4. Changes of fluxes in a day ( 1994) 
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Fig. 5. Changes in the Bowen ratio in a day (1994) 

Experiment 2 

Weather, cotton growth and soil moisture 

Fig.6 depicts the weather conditions in the 

experimental field. Predominant wind direction 

was SW during the period of observation. 

Leaf area of cotton changed as shown in 

Fig. 7 (a). Although no measurement was made 

during the period from DOY222 to DOY239, the 

changes in albedo (Fig.7(b)) suggested that the 

leaf area decreased gradually during this period. 

~ O'----'----'--'----'--'--'--"-~ 

VWC at a 0.2m depth changed as shown in 

Fig.8(a). VWC wich corresponded to the field 

capacity (VWCfield) was about 0.42 which was 

observed on DOYl90. There was a relationship 

between VWC and lf/soil (Fig.9). Wilting point 

(VWCwilt which corresponds to lf/soil of -1550kPa 

or pF4.2) was about 0.20. The VWC value on the 

day preceding irrigation on DOYl87 and DOY236 

was lower than the VWCwilt. 
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Fig. 6. Weather conditions in 1995 

Fig.8(b) shows that the heat conductance of 

the soil (\) did not agree with the trend of VWC 

shown in Fig.8(a). For instance, VWC on DOY190 

was definitely larger than on DOY150 (Fig.8(a)), 

which was not obvious in Fig.8(b). This 

discrepancy was ascribed to the fact that irrigation 

presumably changed the relationship between A 

and VWC due to the large amount of water 

supplied. It was, therefore, impossible to 

determine VWC from A in this case. However, A 

indicated the relative change of the soil moisture 

during the interval between the application of 

irrigation. 
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Evapotranspiration (ET), transpiration (Tr) and recovered. 

evaporation (Ep) 

The uniformity of the cotton field was as poor 
as in Experiment 1. A PD value of 9.3 was obtained 

by the same method as that employed in 

Experiment 1. The maximum leaf area was 

870cm
2 

• planf
1 
when the LA/was 0.8 (Fig.7). 

Daily transpiration (Tr) changed as shown in 

Fig.lO(b). On DOY2l5, a local agricultural 

engineer decided, based on empirical criteria, that 
irrigation was urgently needed in the experimental 

field. Tr was, however, not low on that day as 

shown in Fig.lO(b), which suggested that the 

cotton plants were not experiencing severe water 

stress, and therefore that irrigation was not 

required on that day for the cotton plants. There 

was a rainfall of 9.5mm on DOY220 which 

increased the soil moisture at 0.2m depth as shown 
in FigS(b), but Tr did not increase even after the 

rain, which also suggested that the cotton plants 

were not experiencing water stress even at that 

time. Better criteria for determining the timing of 

irrigation are required. Tr gradually decreased 

after DOY225, which was attributed to water stress, 

senescence and abscission. It appeared that the 

cotton leaves were wilting on DOY230. After 

irrigation was applied on DOY236, the cotton plants 
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Fig. 7. Leaf area and albedo ( 1995) 

The amount and interval of irrigation 

Accumulated values of Tr, Ep and ET from 
DOYl87 are shown in Fig.11. Evaporation from 

the soil surface was substantial for about 20 days 
after irrigation was applied for the first time, and 

amounted to 40mm. In the 49-day interval between 

the application of irrigation, the amount of 

transpiration and evapotranspiration was 180mm 
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Fig. 8. Changes in volumetric soil water content and heat 
conductivity ( 1995) 
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Fig. 11. Accumulated value of evapotranspiration, 
transpiration and evaporation (1995) 

and 220mm, respectively. Soil moisture was nearly 

the same before irrigation was applied on DOY187 
and DOY236 (Fig.S(a)). An amount of 80mm (= 

300mm - 220mm) of water out of the 300mm 

supplied on DOY187 was lost by downward 

percolation without contributing to cotton 

production as evidenced by the rapid decrease of 

VWC within a few days after the irrigation 

(Fig.S(a)). The maximum amount of water for 

irrigation which did not lead to loss by downward 

percolation (IRRmax) was estimated by the 

following formula: 

IRRmax = Droot x VWCavail - (VWCpresent -
VWCwilt) 

where, Droot is the depth (mm) of effective root 

zone where the major part of water absorption by 

cotton root occurs, VWCavail is the available soil 

moisture (VWCfield - VWCwilt), and VWCpresent is 

VWC just before irrigation. The excess amount of 

irrigated water beyond IRRmax will be lost by 

downward percolation. 

Droot in the experimental field was estimated 

based on the following three assumptions: (1) VWC 

was uniform throughout the effective root zone, 

(2) VWC on DOY236 corresponded to the wilting 

point, (3)All the water from evapotranspiration 

(220mm) during the interval between irrigation (on 

DOY187 and DOY236) originated from the effective 

root zone. Then, the equation Droot x 0.22=220 

was derived, which gave a Droot value of 1000mm. 

Assuming that irrigation corresponding to 

IRRmax is applied and that irrigation is applied for 

the second time when the soil moisture 

corresponds to VWCwilt, then the interval between 

irrigation (INT days) is 

INT= IRRmax I ETave 
where, ETave is the averaged ET which was 

4.5mm · day·1 (=220mm / 49days) in this 

observation. If the drip irrigation system is 

introduced, Ep can practically be negligible and a 

longer interval (INT drip) can be determined based 

on the following equation: 

INTdrip = IRRmax I Trave 
where, Trave is the averaged Tr of 3.7mm · day"1 (= 

180mm / 49days) in this observation. For more 
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precise estimation of INT and INTdrip, the effect of 

LAI on ETave and Trave should be taken into 
.d . 9) cons1 erat10n . 

In conclusion, the conventional method of 

irrigation leads to a loss of water. To improve the 

irrigation efficiency, the amount of water supplied 

for irrigation and the irrigation interval should be 

determined by taking into account the depth of the 

effective root zone, the amount of available soil 

moisture, and the evapotranspiration rate. 
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