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Assessing crop water stress of winter wheat by thermography

under different irrigation regimes in North China Plain
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Abstract: Thermal imaging can be used as an indicator of water stress due to the closure of stomatal aperture. In this paper,

we analyzed the robustness and sensitivity of thermography of winter wheat in the North China Plain. The seasonal and

diurnal variations of Crop Water Stress Index (CWSI) were evaluated. Five treatments were applied by means of irrigation,

with plots receiving 100% of ETo(DI), 50%(D50), 16%(D16) and no irrigation(NI). A high correlation was found between

stomatal conductance (gs) and CWSI, depending on the phenological stage of the crop with R2 = 0.44 at pre-heading stage and

R2 = 0.77 at post-heading stage. In addition, a high correlation between yield and CWSI at different growth stages indicates

that thermography can predict yield. Hourly measurements of canopy temperature were taken to study the effect of the time of

day on image acquisition and it was found that midday was the most appropriate time. These results should assist in designing

precision irrigation scheduling for setting the threshold values.
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1 Introduction

Winter wheat is the major crop produced in the North

China Plain (NCP), which is also known as the bowl of

China, because 50% of the wheat production and 35% of

the maize production occurs in this region[1]. Only 30%

to 50% of annual precipitation overlaps in the wheat-

growing season, therefore supplemental irrigation is

needed[2]. Irrigation water is supplied mainly by
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pumping groundwater which is declining very fast[3].

Hence, there is a need to improve water use efficiency

(WUE) either by applying micro-irrigation strategies[4,5]

or by determining crop water requirements using plant

based approaches such as leaf temperature for plant water

stress monitoring.

The use of leaf or canopy temperature as an indicator

of plant water status measured by infrared cameras or

thermometers is based on the principle that plant stomatal

closure takes place during water stress, which results in a

decrease of energy dissipation and an increase of canopy

temperature[6,7]. The magnitude of the rise in canopy

temperature among water stressed plants is influenced by

successive stress imposition. For example, stress

applying at vegetative and anthesis stages raised the

canopy temperatures much higher than in plants stressed

only once[8]. Thermography has several advantages over

the commonly used methods for water status detection



September, 2012 Assessing crop water stress of winter wheat by thermography Vol. 5 No.3 25

like soil water content or crop evaporation by climatic

parameters. It is a non-invasive, rapid and reliable

method[9,10]. In addition, thermography allows

monitoring large groups of leaves simultaneously,

providing an overview of stomatal conductance (gs)

variation and dynamics[11-13].

Crop Water Stress Index (CWSI) is the most common

index used to quantify water stress based on canopy

temperature. It is a helpful tool for quantifying water

stress and also can be used for irrigation scheduling.

The key to develop the CWSI lies in defining the upper

and lower baselines[14]. The upper baseline represents

water stress in crop when transpiration has ceased, while

the lower baseline corresponds to a well-watered crop,

which is transpiring at full potential. To determine these

baselines, three main environmental variables are needed:

plant canopy temperature (Tc), air temperature (Ta) and

vapor pressure deficiency (VPD). Jones[15] defined

CWSI as introducing reference surfaces for upper and

lower baselines. The different approaches to calculate

CWSI[6,14,15] have been used successfully for water status

measurement in different climatic conditions, and crops

such as cotton[16,17], wheat[18], maize[13,19], grapevine[4]

and olive trees[16]. Also, they have been correlated with

yield[19-22] and WUE[23]. The objective of this study was

to determine the diurnal and seasonal variations of the

CWSI and to establish the relationship between CWSI

and gs at different growth stages of winter wheat. The

NCP has a continental monsoon climate with cold, dry

winters and hot, humid summers.

2 Materials and methods

2.1 Experimental site

Field experiments were conducted at Wuqiao

experimental station of the China Agricultural University

(37°66' N, 116°44' E), located in Wuqiao county, Hebei

province, China. The mean annual precipitation in NCP

is 560 mm and the rainfall during the experiment was

25 mm measured by a weather station on site. The soil

type at the station is a sandy loam, with the field capacity

(FC) and wilting point (WP) at different depths (0-90 cm)

varying from 33%-37% and 13%-23%, respectively.

Winter wheat was sown on 10 October, 2010 and

harvested on 15 June, 2011. After winter dormancy, the

crop revived in early March and flowered on 14 May.

2.2 Irrigation treatments and experimental design

A pre-sowing irrigation of 75 mm was applied to all

treatments. Drip lines with an emitter flow rate of 4 L/h

were laid at a spacing of 0.5 m and water was pumped

from a deep well near the experimental field. The

experiment consisted of five irrigation treatments in two

repetitions, having a plot size of 4 m ×3 m. WUE was

calculated using the yield (kg) produced per cubic meter

of irrigation water. Yield and plant height increased in

response to the increased irrigation, while WUE

decreased (Table 1). The treatments were designed in

such a way that the amount of irrigation water was

supplied based on evapotranspiration (ETo). Following

are the treatments: 100% water application (D100), 50%

water application by closing the alternate drip lines (D50),

16% application when only one out of six drip lines was

opened (D16), when no application of water occurred

except for rainfall during pre-sowing irrigation (NI), or

when implementing typical farmer practice (FP). The

FP treatment was irrigated by using a conventional

border-irrigation method where the water is pumped onto

the field trough through a lay-flat plastic hose and then

distributed by gravity. Fertilization, pesticide

application and weed control were conducted identically

in all the treatments. Grain yield for each treatment was

measured at physiological maturity, when the plant turned

dull yellow and the kernels became brittle. This was

calculated from the number of plants harvested per square

meter and the corresponding number of kernels per head

and their weight. Plant height was measured two weeks

before harvest.

Table 1 Cumulative amount of water applied, yield, WUE

and plant height in all the treatments

Treatments
Amount of water

applied (mm)
Yield

(t·ha-1)
WUE

(kg·m-3)
Plant height

(cm)

No irrigation (NI) - 7.2 - 56.0

D16 89 7.3 8.2 59.4

D50 279 7.6 2.7 60.7

D100 557 8.0 1.4 65.3

Farmer practice (FP) 1800 9.3 0.5 71.2

2.3 Soil moisture and stomatal conductance

measurements

Volumetric soil water content was measured with a
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profile probe “Diviner 2000” (Sentek technologies,

Australia). One access tube was installed in every

treatment and measurement was made down to a depth of

0.6 m at 0.1 m intervals. Measurements were taken at

three-day intervals, before and after irrigation and

whenever there was a rainfall occurrence.

Leaf gs was measured with a diffusion porometer

SC-1 (Decagon devices, USA) at the time of image

acquisition. Measurements were taken at three-day

intervals on three randomly selected, fully developed,

sunlit leaves per plot. Before each measurement, the

instrument was calibrated according to the manufacture’s

instructions.

2.4 Image acquisition and analysis

The crop canopy temperature was measured with an

infrared camera (VarioCAM, InfraTec, Germany). The

infrared (IR) lens of the camera displays the object

scenery on a micro bolometer array with a resolution of

320 × 240 pixels and operates in the 7.5-14 μm wave

bands. Pictures were taken between 13:00 and 14:00

when crop water stress and vapour pressure deficit were

likely to be maximum, and there was a minimum

influence of solar angle on the canopy. Irbis

Professional 3 software was used for the image analysis

and corrections were made for emissivity, environment

temperature and relative humidity. Emissivity for

canopy measurement was set at 0.95 throughout the

measurement. Digital and thermal images were merged

to differentiate between canopy and background (e.g. soil)

during the early stages of crop development. Canopy

temperature (Tc) was determined as the average

temperature along the rows, measured by drawing a free

hand area as shown in Figure 1. The histogram shows

the frequency distribution of temperature values for the

entire thermal image.

CWSI was calculated according to Jones[15] as

(Tc-Twet)/(Tdry-Twet), where 10 leaves were used as Twet

reference by spraying water on both sides and 10 leaves

served as Tdry reference by covering both sides with

petroleum jelly (Vaseline) to prevent transpiration. The

CWSI was calculated for the entire season, i.e., starting

from 6 April that is DOY (Day of year) 95 until 27 May

(DOY 147). Diurnal measurements were taken twice:

at the pre-heading stage on 30 April (DOY 119) and at

the post heading stage on 11 May (DOY 130) with

measurements taken at one-hour intervals.

Figure 1 Analysis of thermal image by merging the digital and thermal images
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2.5 Data analysis and statistics

R statistical program was used in the following

analysis: An Analysis of Variance (ANOVA) was

performed in order to evaluate the influence of different

treatments on canopy temperature, CWSI and gs

measurements; Linear correlations were calculated for the

relationship among canopy temperature, CWSI, gs, yield

and WUE.

3 Results

3.1 Weather parameters and soil moisture

The daily average of several weather parameters

during the experiment period exhibited great variability.

The Ta and vapour pressure deficit (VPD) increased

during the months of May and June (Figure 2). The last

days of the experiment were the hottest days with air

temperatures exceeding 28℃ and a VPD of about 1.3 kPa.

Average wind speed varied between 1 m/s and 4 m/s. A

total of 11 rainfall events occurred during the season,

supplying 25 mm of water.

Figure 2 Daily mean values of meteorological parameters on day

of year (DOY)

Volumetric soil water content (θ) showed expected

trends among treatments (Figure 3). On the farmer’s

plot, θwas always higher than in the other treatments and

never reached the wilting point at any depth. The

treatment of NI reached the lowest value of θat 10 cm

and was around 12%. At 40 cm depth the variation in θ

showed expected differences among treatments, with FP

having the highest value (32.5%) followed by D100

(22.2%) and D50, D16 and NI, which reached similar

values (14%) towards the end of the experiment.

Figure 3 Volumetric soil moisture content in different treatments

on day of year (DOY) at three different soil depths

3.2 Relationship between soil water content and

canopy temperature

Canopy temperature was significantly related to soil

moisture at 40 cm depth within each irrigation treatment

(Table 2). The intercept indicated the sensitivity level of

canopy temperature and soil moisture content as various

treatments.
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Table 2 Linear regression relating volumetric soil moisture

content (%)at 40 cm depth (x-axis) and canopy temperature

(ºC) (y-axis)

Treatments S.E. (intercept) S.E. (slope) N R2

NI 35.981 -0.6591 14 0.79***

D16 33.066 -0.5492 11 0.73***

D50 33.755 -0.6033 11 0.73***

D100 29.848 -0.1708 14 0.4*

FP 21.312 0.5782 14 0.53**

Note: N = number of data sets used.

***means significant correlation at p<0.001; **means significant correlation at

p<0.01; * means significant correlation at p<0.05.

3.3 Seasonal variation of CWSI and stomatal

conductance

The variations in CWSI are shown in Figure 4 as a

function of the different treatments and DOY. Similar

trends occurred for each treatment CWSI during the first

10 days of the measurements. Both leaf temperature

(data not shown) and CWSI decreased after the irrigation

events on DOY 99 and DOY 126. The farmer’s field

was irrigated for the first time on DOY 110 (10 days after

the irrigation event of all the other treatments) and the

second irrigation event was on DOY 126. The CWSI of

the NI treatment was generally higher than the other

treatments throughout the experiment. The difference of

leaf temperature between NI and FP was observed after

the irrigation events on DOY 110 and 126. Similar

results were observed for CWSI. The highest CWSI in

FP (0.55) and NI (0.8) treatments were observed shortly

before harvest, when senescence had started.

Differences became apparent between the two

irrigation events and later during the end of the

experiment when all the treatments showed an increase in

Tc. Based on the ANOVA test for mean differences,

differences of CWSI values between the treatments were

significant (p<0.001). The seasonal CWSI for all

treatments average all CWSI values measured during the

period were 0.33 in FP, 0.43 in D100, 0.56 in D50, 0.61

in D16 and 0.65 in NI.

Figure 4 Seasonal variations of Crop Water Stress Index (CWSI) for the different treatments on day of year (DOY)
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The values of gs for NI, D50 and D16 treatments were

always below 900 mmol/m2·s, whereas FP and D100

reached values above 1 300 mmol/m2·s. The decline in

gs values and the increase in CWSI (Figure 4) showed an

inverse relationship although the effect of treatment did

not result in a high statistical significant difference in gs

values (p<0.1). Higher variations in gs values were

observed in the later growth stage (Figure 5).

Regardless of growth stage, the NI treatment had the

lowest values and the FP had the highest gs values

throughout the experiment. After the second irrigation

event, the differences among NI, D50 and D16 were less

visible until end of the experiment. A similar trend can

also be seen in the CWSI and Tc measurements.

Figure 5 Seasonal variation of stomatal conductance (gs) to water vapour in all treatments on day of year (DOY)

3.4 Relationship between CWSI and stomatal

conductance

In order to define threshold values for CWSI as an

indicator of water stress, gs was plotted as a function of

CWSI. Results of the experiment showed a linear

correlation between CWSI and gs, but it depends on the

pre- and post-heading phenology. The correlation was

higher at the post-heading stage resulting in a R2 = 0.77

across all the treatments (Figure 6). A fairly good

correlation of R2 = 0.44 was found at the pre-heading

stage. During the post-heading stage, both the gs and

CWSI values were higher than those of the pre-heading

stage. The minimum difference in the gs values was

obtained in the D16 and NI treatments.

Figure 6 Correlation between CWSI and stomatal conductance

(gs) at pre-heading (hollow data points) and post-heading stage

(filled data points) for the different treatments
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3.5 Diurnal variations of CWSI

Meteorological parameters like net radiation (Rn),

vapour pressure deficit (VPD), Tc, and the canopy-air

temperature difference (the difference between Tc and Ta

or Tc-Ta) on both dates of measurement followed the

diurnal trend. The Tc-Ta was highest at noon (Figures 7

and 8). The Tc for FP was measured at the post-heading

stage only. It can be seen that the difference between

the treatments was observed at solar noon and shortly

before sunset, whereby the difference between canopy

temperature and Ta of all the treatments decreased.

Figure 7 Diurnal course of canopy-air temperature (Tc-Ta), net radiation, vapour pressure deficit (VPD), at pre-heading stage (a and b)

and post heading stage (c and d) in different treatments
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Figure 8 Diurnal course of Crop Water Stress Index (CWSI) and stomatal conductance (gs) at the pre-heading stage (a and b)

and post heading stage (c and d) in different treatments

The highest CWSI was after solar noon, between

13:00 and 14:00 in all treatments. Variations in gs were

higher in the morning and late afternoon. A better

correlation between CWSI and gs at the post heading

stage than that at the pre-heading stage (Figure 9) was

observed in all the treatments.

Figure 9 Diurnal correlation between Crop Water Stress Index (CWSI) and stomatal conductance (gs) at pre-heading stage (a)

and post-heading stage (b) for different treatments

3.6 Relationship between yield and CWSI

Yields consistently decreased with increased CWSI

within each treatment, with the pre-anthesis response line

being distinct from all the others (Figure 10). The

values of yield are the average of each treatment, and

CWSI is the average value over the pre-heading and

post-heading stages, while a CWSI value, 20 days before

flowering and immediately after flowering i.e., after

seven days were used as pre-anthesis and post-anthesis.

As expected, according to CWSI results, the farmer’s

field had the highest yield of around 9 t/ha. The lowest

yield was measured at the NI treatment of around 7 t/ha.

There was a significant difference (p<0.05) among yields

of every irrigation treatment.

Figure 10 Relationship between CWSI and yield. ** Significant

correlation at p<0.01; * Significant correlation at p<0.05.
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4 Discussion

Though linear correlations were found between gs and

CWSI, the linear responses differed greatly depending on

the phenological stage of the crop. In the present study,

we found an R2 of 0.44 at pre-heading stage and R2 of

0.77 at the post-heading stage. A similar result was also

reported by Yuan et al.[24], who found a linear

relationship between leaf water potential and CWSI based

on different developmental stages of winter wheat or

based on different months. According to Idso[14], the

baselines of some crops, including wheat, changes with

the growth stage and changes from vegetative to

reproductive. A higher canopy diffusion resistance

prevails in the post-heading stage than in the pre-heading

stage, resulting in a cooler canopy[25]. This indicates the

importance of considering crop growth parameters like

plant height, which affects canopy reflectance and other

energy balance components[26]. A possible reason for no

strong correlation between CWSI and gs was found for

the entire growing season, is that the gs values varied with

the crop development stage, time and days of

measurement[16]. It has also been reported that

thermography can detect variations between treatments

even at times when it is not identified by porometry due

to the many influencing parameters as stated above,

which can result in large variations in the dataset[27]. On

the other hand, CWSI is solely dependent on the water

status of the crop, as a result the overall low correlation

between gs and leaf temperature might be related to this.

Nevertheless, Möller et al.[28] reported a high seasonal

correlation of about R2 = 0.9 between gs and CWSI on

grapevine. However, a close correlation of up to R2 = 0.7

(Figure 9) was found in our experiments when hourly

measurements were taken on a single day, whereby only a

negligible variation in the environmental conditions

occurred.

The oscillating pattern of seasonal CWSI (Figure 4)

indicated that a single measurement is not a true

representation of the crop status. Neither negative

values nor values above 1.0 were recorded throughout the

experiments, which reinforce the results presented in this

study. The use of real leaves instead of black paper or a

tensiometer cup as in the previous study[29] ensures that

the reference surfaces have similar radiative properties as

the canopy of interest. A high CWSI was obtained in

the beginning, which might be due to the influence of the

background soil as the green canopy cover was still small.

In general, the CWSI values of FP were 0.33 and D100

was 0.43. This suggests that the winter wheat in NCP

should be irrigated when the CWSI reaches a value

between 0.3 and 0.4.

The highest Tc and the lowest gs were recorded at

solar noon. This indicates that the best time for image

acquisition is when the difference between treatments is

greatest, although it limits the time interval of image

acquisition. This result agrees with previous

studies[13,16], where the morning measurements were not

as good as those at midday. However, it should be

considered that on cloudless days at noon even the

well-watered treatments (FP and D100) may close their

stomata and might have an increase in leaf temperature[30].

Therefore, it is important to determine the timing of

measurements for specified conditions and follow it

throughout the study[31].

The hourly variation in Tc-Ta of the NI treatment was

positive while it was either zero or negative in FP and

D100 treatments. This follows the findings of Jackson

et al.[32], where a crop with sufficient water supply will

result in Tc-Ta being either zero or negative, versus

Tc-Ta being positive for a crop with limited water supply.

Canopy temperature and CWSI can be used as an

indicator of soil water status in winter wheat at a depth of

40 cm. However, measurements at the root depth should

also be considered. A good correlation between CWSI

and yield at different growth stages implies the use of

CWSI as a tool for yield prediction, which is similar to

the conclusion of Patel et al.[7]. Pre-anthesis and post

anthesis period were considered as the most critical

period for yield determination in wheat crop[33].

5 Conclusions

The results of this study showed that the differences

in water stress conditions of winter wheat in NCP could

be monitored by CWSI by measuring canopy temperature

by means of thermal imaging. This method can replace
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traditional, laborious methods used for identifying the

water status of a crop. The seasonal variation of CWSI

indicated that its value depends on phenological growth

stages of the crop. The temporal variations in canopy

temperature and CWSI were highly related to soil water

content and yield. The hourly measurement of CWSI

and gs showed that the best time for image acquisition is

between 13:00 and 14:00.

Further investigation should include the effect of leaf

angle, which might have a significant influence on the

radiation interception. There is still a need to speed up

the whole process of image analysis, possibly with further

automation to receive the data faster, which can then be

used for variable rate applications.
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