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Abstract: Quantitative characterization of the time-lag effect between canopy temperature and 13 

atmospheric temperature and its controlling factors in the agricultural ecosystem may contribute to 14 

a higher inversion accuracy of soil water content using canopy-air temperature information. For 15 

this end, the canopy temperature (Tc) of winter wheat at four irrigation levels, W1 (field capacity 16 

of 95%), W2 (field capacity of 80%), W3 (field capacity of 65%) and W4 (field capacity of 50%), 17 

were continuously monitored, and the data of such environmental factors as solar radiation (Rs), 18 

atmospheric temperature (Ta), relative humidity (RH) and soil water content (SWC) were 19 

simultaneously collected. With the synchronous diurnal time series, the lag relationship between 20 

Tc and Ta was analyzed, and the lag time (LT) was calculated using time-lagged correlation 21 

analysis; multiple linear regression model was used to construct the time lag model based on 22 

factors of Rs, Ta, RH and SWC, and path analysis was used to study the interaction among the 23 

factors. The results showed: (1) hysteresis existed between Tc and Ta over the diel cycles, and 24 

different weather and irrigation levels did not change the direction of the time lag loop. (2) the key 25 

driver regulating the diel hysteresis pattern between Tc and Ta varied under different weather: on 26 

rainy days, key driver was Rs while on cloudy and sunny days, the key driver was RH. Meanwhile, 27 

SWC had some effect on hysteresis under a certain threshold.(3) the multiple regression model 28 

indicated that together Rs, Ta, RH, and SWC explained 68±3, 48±8, and 64±3% of the variation of 29 

time-lag effect on rainy, cloudy, and sunny days, respectively. Path analysis showed that the key 30 

driver could enhance the time-lag effect through other indirect factors. These findings clearly 31 

indicated a dynamic process of time-lag effect between Tc and Ta with different weather and 32 

different irrigation levels. This study contributes to the understanding of the time-lag effect and its 33 

driving factors and this analysis provides the basis for further improvement on monitoring crop 34 

water deficit. 35 

Key word: time-lag effect; canopy temperature; atmospheric temperature; soil moisture; 36 

meteorological factors  37 

1 Introduction 38 

The limited water resources and their low utilization ratio are two important factors restricting the 39 

development of agriculture in China (Zhai et al., 2003). Timely and accurate monitoring or 40 

diagnosis of crop water status is vital to improve agricultural water management, water use 41 

efficiency and water-saving precision irrigation agriculture (Gerhards et al., 2018). The inversion 42 
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of crop moisture is mainly based on Tc or Tc- Ta difference (Clawson et al., 1989; Jackson et al., 43 

1981), but the response of Tc to Ta has a certain time-lag effect, resulting in low diagnosis 44 

accuracy of crop water information and limited application (Biju et al., 2018). Therefore, to study 45 

the influence mechanism of time-lag effect can effectively improve crop water diagnosis accuracy.  46 

 As an important parameter in water and heat exchange between soil, crop and atmosphere 47 

(Jackson et al., 1981), Tc represents the average surface temperature of crop canopy and reflects 48 

the energy exchange between crops and their atmosphere (Clawson et al., 1989),. During heat 49 

exchange, Rs absorbed by the canopy is decomposed into latent heat flux and sensible heat flux 50 

(Tamai et al., 1998). It is sensible heat flux rather than Latent heat flux that change the canopy 51 

surface temperature (Baker et al., 2001). Relevant studies have found a difference in the 52 

absorption of solar shortwave radiation by vegetation and air (Alados et al., 2003). The absortion 53 

of net solar radiation warms up the canopy, which releases energy to increase the surrounding 54 

temperature via long-wave radiation. In consequence, the peaks of Tc and Ta are not synchronized 55 

(Lu et al., 2008). This phenomenon is a certain hysteresis (Zhang et al., 2018b). LT is a hysteresis 56 

that is defined as the time difference between peak values between plant physiology index and 57 

meteorological variables (Wang et al., 2019), and the length and direction of a time lag can, in turn, 58 

reflect the magnitude of hysteresis (Zhang et al., 2014). 59 

Recently, increasing studies have found that the responses of vegetation to climate have a 60 

hysteresis (Davis, 1989; Kuzyakov and Gavrichkova, 2010; Saatchi et al., 2013; Vicente-Serrano 61 

et al., 2013). Chen et al. (2014) have indicated that the diel hysteresis pattern between Tc and Ta is 62 

attributed to strong correlation between temperature and environmental factors. For example, soil 63 

moisture has some effect on Tc, and Tc increases rapidly under water stress (Jackson et al., 1981), 64 

and soil moisture influences the diel hysteresis pattern between Tc and Ta (Tuzet et al., 2003). 65 

Besides, as Tc depends on sensible and latent heat equilibrium in plants (Baker et al., 2001), solar 66 

radiation is a key environmental driver of the diel hysteresis pattern (Wu et al., 2015; Zhang et al., 67 

2019). Meanwhile, higher humidity has a cooling effect on crops, which will possibly result in the 68 

change of the diel hysteresis pattern (Anderson et al., 2010; Wang et al., 2019). Although a wealth 69 

of studies are available about the time-lag effect of plant physiological indexes and environmental 70 

factors, most of them focus on the description of hysteresis phenomenon or the analysis of the 71 

correlation between single factor and time-lag effect (Bo et al., 2017; Jiang et al., 2022; Zhang et 72 

al., 2014), and lack the analysis of how environmental factors influence time-lag effect under 73 

different weather.  74 

In this study, experiment was conducted on winter wheat in the arid and semi-arid region of 75 

northwest of China from October 2020 through June 2021. By investigating the temporal dynamic 76 

of Tc and Ta with different weather and irrigation levels, the objectives of the present study were 77 

to (ⅰ) quantify the time-lag effect between Tc and Ta through LT, (ⅱ) analyze the quantitative 78 

effects of environmental factors on time-lag effect. 79 

2 Materials and Methods 80 

2.1 Study Site Description 81 

The study area is located at the Key Laboratory of Agricultural Soil and Water Engineering in Arid 82 

and Semiarid Areas of Ministry of Education of China (108°4'20"E, 34°17'42.17"N). The average 83 

annual rainfall in this area is 635 mm, and the rainfall is mainly concentrated from July through 84 

September. The soil (0–60 cm) is medium loam, with an average field capacity (FC) of 26% and a 85 

wilting coefficient of 8.6%. The dry bulk density, pH value, organic matter content, and total 86 



nitrogen content of the soil are 1.44 g/cm3, 8.1, 13.3 g/kg, and 0.82 g/kg, respectively. The mean 87 

annual meteorological data for the trial site and the soil properties within the 0–60 cm of soil are 88 

described in Table 1. 89 

Table 1 Mean annual meteorological data at the experimental site and the properties of the topsoil 90 

(0–60 cm) in the experimental field. 91 

Item Content Annotation 

mean annual precipitation (mm) 635 2010–2018（About 60% is concentrated from July to September）

Mean annual air temperature (◦C) 12.9 Air temperature is usually lowest in January 

mean annual pan evaporation 

(mm) 

1500 

mean annual sunshine hours (h) 2164 

mean annual frost-free period (d) 210 

Soil dry bulk density (g cm−3) 1.44 The core sampling method by using a ring knife 

Field capacity (%) 26.0 Gravity moisture content; Ring knife method 

Permanent wilting point (%) 8.6 Gravity moisture content; Ring knife method 

Soil organic matter(g kg−1) 13.3 Determined by dichromate wet oxidation 

Total nitrogen (g kg−1) 0.82 Determined by Kjeldahl distillation titration 

PH 8.1 Acid - Alkali indicator method 

2.2 Experiment Design 92 

The layout of the experimental plots was completely random, and the planting time was October 93 

18, 2020. As is shown in Fig.1, four irrigation levels were set, and the irrigation limits were set as 94 

W1 (the control group, field capacity of 95%), W2 (field capacity of 80%), W3 (field capacity of 95 

65%) and W4 (field capacity of 50%). Each irrigation level had three repeats, and altogether there 96 

were 12 plots. The four different treatments were: full irrigation (W1), mild water stress (W2), 97 

moderate water stress (W3) and severe water stress (W4). Nitrogen fertilizer and phosphate 98 

fertilizer (240 kg/ha, respectively) were applied as base fertilizer before sowing. The winter wheat 99 

was a variety named Xiaoyan 22 popularized in central Shaanxi Province. The plots (4 m × 4 m) 100 

had a row spacing of 0.25 m and a density of 1 million plants/ha. Winter wheat was irrigated using 101 

a drip system with one line per row, and the drippers, which had a flow rate of 1.2 L/h, were 102 

spaced at intervals of 0.1 m. 103 

104 

Fig 1.Overview of the experimental site 105 

Drip irrigation was used in each experimental plot, and a drip irrigation belt was laid on each row 106 

of crops to ensure the uniformity of irrigation. Before each irrigation, soil samples of 5 depths (10, 107 

20, 30, 40 and 60 cm) were collected by soil drilling drill and dried for 8 hours at 105℃ (Zhou et 108 

al., 2021). The mass water content of soil corresponding to each depth was calculated according to 109 
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the difference in the change of drying weight. Based on SWC measured by drying method, the 110 

irrigation amount is strictly controlled through water meter for each plot until the corresponding 111 

irrigation upper limit is reached. The irrigation amount and irrigation dates are shown in Table 2, 112 

and the whole growth period of winter wheat was irrigated 3 times. The calculation formula (Ru et 113 

al., 2020) for irrigation quota (M) is expressed as follows:     114 𝑀 = 1000𝛾𝑠𝐻𝑃(𝛽1 − 𝛽2)                              (1) 115 

Where M is the irrigation quota (mm); 𝛾𝑠is the apparent density, which is numerically equal to the 116 

soil bulk density, dimensionless, 1.44; H is the depth of the wet layer (m), 0.4 m; P is the wetness 117 

ratio of the drip irrigation, dimensionless, 0.8; 𝛽1 is the upper limit of the soil moisture content 118 

(mass) (%), which is the soil field capacity, 26.0; and 𝛽2 is the lower limit of the soil moisture 119 

content (mass) (%). 120 

Table 2 Irrigation amount of winter wheat at different growth stages.121 

Growth stage Irrigation date 
Irrigation quota(mm) 

W1 W2 W3 W4 

Wintering stage 19/12/2020 23 16 10 0 

Returning green stage 5/3/2021 37 32 29 0 

Jointing stage 15/5/2021 25 15 7 0 

Total irrigation amount 95 63 46 0 

122 

2.3 Data Acquisition 123 

2.3.1Tc measurements 124 

Continuous Tc monitoring data a sophisticated infrared thermometer SI-411 produced by Apogee 125 

Company was used to continuously monitor Tcchanges during wheat growth period at an interval 126 

of 2 minutes. The SI-411 infrared thermometer was set to record observations directly above the 127 

canopy of four plots W1, W2, W3 and W4, and the distance between it and the canopy was set at 1 128 

meter. The sensor has SDI-12 digital output. With a field of view of 22°and a response time of 129 

0.1 seconds, the temperature condition of the monitoring point can be continuously measured. Tc 130 

changes of wheat during the whole growth period were obtained by continuous monitoring. 131 

2.3.2 Environmental factors measurements 132 

The measurements of environmental factors were conducted by an automatic weather station 133 

located in the winter wheat pilot area. Meteorological sensors were installed to observe 134 

environmental factors (Table 3), including solar radiation (Rs), atmospheric temperature (Ta), 135 

relative humidity (RH), wind speed (u), soil heat flux (G), soil water content (SWC) and 136 

precipitation (P). All the sensors were calibrated at the beginning of 2020 and recorded at 2-min 137 

intervals. 138 

Table.3 Summary of environmental factors observed by the weather station 139 

Variables Sensor number Instrument height(m) Abbreviation Unit 

Solar radiation SN-500 3.5 Rs W m-2

Soil heat flux HFP01 -0.10 G W m-2

Air temperature HC2AS3 2.5 Ta ℃ 
Relative humidity HC2AS3 2.5 RH % 

Soil water content TDR-315H -0.10, -0.20, -0.40 SWC % 

Wind speed 2 u m s-1

Precipitation P mm 



Note: SWC was measured at three positions. Measurements were conducted using sensors at 140 

depths of 0.10, 0.20 and 0.40 m, respectively. An average of the three SWC measurements 141 

represents the mean SWC. 142 

2.4 Data Processing 143 

2.4.1 Dislocation Movement Method 144 

The Time-lagged Correlation between Tc and Ta was analyzed by the dislocation movement 145 

method (Zhang et al., 2019; Zhao et al., 2006). Specifically, the diurnal variation of Tc was similar 146 

to that of Ta. The synchronous time series of Tc and Ta data moves with a time step of 2 minutes, 147 

and the correlation coefficient of the two series was calculated. It was considered that the 148 

corresponding translation time was LT when the correlation coefficient was the maximum. 149 

Calculation formula of correlation coefficient:   150 
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151 

Where R was the correlation coefficient, x and y respectively represented Tc and Ta, n was the 152 

number of samples, and m was the number of dislocation.   153 

The lag correlation coefficient was calculated as follows:   154 

),,,,,,max( m21012n RRRRRRRR m  
（3）

155 

Where the maximum value is the lag correlation coefficient, represented by Rn, then LT between 156 

Tc and Ta was 2* N minutes. In this study, LT between Tc and Ta factor positive or clockwise 157 

circulation meant Tc peak earlier than Ta; LT between Tc and Ta negative or counterclockwise 158 

circle meant Tc peak later than Ta. 159 

2.4.2 Linear regression analysis 160 

Linear regression is a statistical analysis method that uses regression analysis in mathematical 161 

statistics to determine the interdependent quantitative relationship between two or more variables, 162 

which is widely used (Seber and Lee, 2012; Tranmer and Elliot, 2008). In this study, the effect of 163 

environmental factors (Rs, Ta, RH and SWC) on time-lag effect was analyzed by linear regression. 164 

In order to study the dynamic changes of time lag in different weather, the regression slope is used 165 

to represent the sensitivity of time-lag effect to changes in environmental factor parameters(Hayat 166 

et al., 2020).   167 

2.4.3 Path analysis theory 168 

Path analysis is one of the typical multivariate statistical analysis methods to study relationships 169 

among numerous variables (Khazaie et al., 2011; Zhang et al., 2016). This method can elucidate 170 

the degree of the direct effect of independent variables on the dependent variables, as well as the  171 

indirect effect of one independent variable on the dependent variables through other independent 172 

variables (Khazaie et al., 2011; Sun et al., 2020). A detailed description can be found in the 173 

references (Khazaie et al., 2011; Xing et al., 2016). In this study, the path analysis method was 174 

applied to determine the relative direct and indirect effects of environmental factors on time-lag 175 

effect between Tc and Ta. 176 

3 Results 177 

3.1 Dynamics of Tc and environmental factors 178 



The main growth period of winter wheat was from December through June, which mainly 179 

includes jointing, heading and filling stages. The dynamic curve of daily mean value of Tc and 180 

environmental factors were shown in Fig.2. Rs fluctuated less in winter, basically between 0 and 181 

100W/m2, while in spring and summer, Rs fluctuates more, up to 200 W/m2. With the seasonal 182 

change, Ta showed an upward trend, from -5 to 30 ℃. There was basically no precipitation from 183 

December to January, so RH was maintained at 30~60%. Most of the precipitation was 184 

concentrated in February to May, and RH was relatively high, maintaining above 40%. The Tc of 185 

four different irrigation levels also showed a rising trend with seasonal change. SWC decreased 186 

with time, but increased sharply after irrigation.   187 

188 

Fig.2. Dynamic variation of (a) daily average Rs and Ta; (b) daily average RH and P (P is the total 189 

daily rainfall); (c) daily average Tc1 and SWC1; (d) daily average Tc2 and SWC2; (e) daily average 190 

Tc3 and SWC3; (f) daily average Tc4 and SWC4. 191 

The response pattern characteristics of Tc and Ta among rainy (April 4, 2021), cloudy (April 18, 192 

2021) and sunny day (April 15, 2021) were analyzed, and the results were shown in Fig 3. As 193 

shown in the figure, the diurnal variation of Tc and Ta of winter wheat showed a clockwise trend. 194 

There was little difference in the time when the Tc began to rise under different weather; most of 195 

them began to rise between 5:00 and 6:00, but the peak time of Tc under different weather showed 196 

significant differences. The Tc reached its peak at 14:51 ± 17, 14:02 ± 18, and 12:28 ± 10 among 197 

rainy, cloudy, and sunny days, respectively. As the weather improved better, Tc peaked somewhat 198 

earlier. This possibly was because with better weather and higher net effective radiation hitting 199 

vegetation, it was easier for vegetation to achieve latent and sensible heat energy balance, and 200 

therefore Tc peaked earlier. Under different weather, Ta started rising around 5:30, but peaked at 201 

15:38, 14:58, and 13:18 on cloudy, rainy, and sunny days, respectively. Meanwhile, Ta also 202 

showed a trend of rising first and then decreasing, but the peak time of Ta was much later than the 203 



peak time of Tc, and there were peak time differences (49 ± 17, 56 ± 18, and 50 ± 10 min). 204 

Therefore, on the whole, the peak Ta lagged behind the peak Tc. 205 

206 

Fig. 3. The loop of Tc and Ta on rainy day(April 4, 2021),cloudy day (April 18, 2021) and sunny 207 

day (April 15, 2021). 208 

3.2 LT between Tc and Ta under different weather 209 

LT of Tc and Ta was calculated according to formulas (2) and (3), and classified statistics were 210 

made according to different weather (Fig.4). On cloudy days, LT of W1, W2, W3 and W4 211 

narrowed to a certain extent with the decrease of irrigation level. The lower limit of LT of the four 212 

irrigation levels had little difference, basically ranging from 0 to 12min. But the upper limit of LT 213 

of the four irrigation levels had significant differences, while, the upper limit of LT of W4 214 

decreased by nearly 20 min than that of W1, W2 and W3. Similar to the result of rainy days, LT 215 

showed a narrowing trend with the decrease of irrigation level under cloudy weather. Besides, LT 216 

of W1, W2 and W3 varied from 30 to 80 min, while LT of W4 varied from 14 to 64 min. LT 217 

fluctuation range of W4 was significantly higher than that of the cloudy day, which was nearly 218 

increased by 10 to 20 min. On sunny days, the time lag kept narrowing with the decrease of 219 

irrigation level. LT upper limit of W1, W2 and W3 was around 80 min, while LT upper limit of 220 

W4 was around 66min. LT lower limit of sunny days was between cloudy days and cloudy days. 221 

222 



Fig. 4. LT between Tc and Ta under different weather. 223 

3.3 Relationships between TL and environmental factors 224 

Scatter plot (Fig.5) was used to describe LT between Tc and Ta on cloudy days and the correlation 225 

between daily environmental factors. LT and environmental factors under different water 226 

treatments showed a similar trend, except SWC. There was no significant correlation between LT 227 

and SWC under W1, W2 and W3 irrigation levels (R2 <0.10, P>0.05), while there was a positive 228 

correlation between LT and SWC under W4 irrigation level (R2=0.260, P<0.05). LT was positively 229 

correlated with daily mean Rs, and the determination coefficient R2 was generally above 0.50, 230 

reaching significant level (P<0.01). In addition, LT and daily mean Ta and RH were negatively 231 

correlated, while determination coefficient R2 was above 0.21 and 0.16, respectively, reaching 232 

significant level (P<0.01). Under cloudy weather, LT was mainly controlled by Rs, and was 233 

affected by Ta and RH. Only at lower irrigation level did it have some effect on LT. 234 

235 

Fig.5. Relationship between LT and environmental factors on rainy days 236 

The relationship between LT and environmental factors on cloudy days was different from that on 237 

rainy days (Fig.6). There was no significant correlation between LT and daily Rs (R2<0.02). In 238 

addition, the correlation of LT and daily Ta under W1, W2 and W3 irrigation levels (R2= 0.07, 239 

0.01 and 0.14) was not as high as that W4 irrigation level (R2=0.29). LT and daily RH was 240 



positively correlated, which determination coefficient R2 was above 0.29, reaching a significant 241 

level (P<0.01). On the other hand, the lag time and SWC was similar to that on rainy days, but the 242 

lag time and SWC was further correlated under W4 irrigation level, the determination coefficient 243 

R2 was 0.36. It indicated that LT was controlled by RH under cloudy weather, but was not affected 244 

by Rs.   245 

246 

Fig.6. Relationship between LT and environmental factors on cloud days 247 

The relationship between LT and environmental factors on sunny days was similar to that on 248 

cloudy days. There was no significant correlation between LT and daily Rs (R2<0.05). The 249 

correlation between LT and daily Ta under W1, W2 and W3 irrigation level (R2= 0.00, 0.10 and 250 

0.12) was not as high as that of W4 irrigation level (R2=0.27). The correlation between LT and 251 

daily RH was significantly positive, while the correlation was much higher than that of cloudy 252 

days, when the determination coefficient R2 was above 0.48 (P<0.01). It indicated that LT was 253 

further controlled by RH on sunny days. If water treatment is low, it also was affected by Ta and 254 

SWC under  low ir r igat ion level ,  which was not  obviously a ffec ted by Rs.  255 



256 

Fig.7. Relationship between LT and environmental factors on sunny days 257 

The multiple regression analyses showed that together the daily mean Rs, Ta, RH and SWC 258 

explained 68±3, 48±8 and 64±3% of the variation of time-lag effect under rain, cloud and sun 259 

weather, respectively(Table 1). It illustrated the responding sensitivity of time-lag effect to 260 

environmental factors (Rs, Ta, RH and SWC) which varied under different weather (Fig. 8a-d). As 261 

the weather changed from rainy, cloudy to sunny, the sensitivity of TL to Rs presented first down 262 

and then maintained a steady trend, but the sensitivity of TL to RH and SWC showed a significant 263 

upward trend. 264 

Table 4 Multiple linear regression model between LT and environmental variables, including Rs, 265 

Ta, RH and SWC. 266 

Weather Irrigation level Multiple linear regression model R2 Significance 

Rain 

W1 LT=0.84+0.68Rs-0.50Ta-0.40RH-0.16SWC 0.71 𝑃 < 0.001

W2 LT=0.60+0.56Rs-0.52Ta-0.08RH-0.19SWC 0.65 𝑃 < 0.001

W3 LT=0.58+0.63Rs-0.77Ta+0.17RH-0.29SWC 0.71 𝑃 < 0.001

W4 LT=0.42+0.59Rs-0.43Ta+0.03RH-0.04SWC 0.68 𝑃 < 0.001

Cloud W1 LT=1.08+0.35Rs-0.17Ta-0.61RH-0.18SWC 0.57 𝑃 < 0.001



W2 LT=0.91 +0.24Rs-0.36Ta-0.47RH-0.17SWC 0.45 𝑃 < 0.001

W3 LT=0.61 +0.36Rs-0.41Ta-0.34RH+0.005SWC 0.40 𝑃 < 0.001

W4 LT=0.50 +0.24Rs-0.26Ta-0.36RH+0.21SWC 0.48 𝑃 < 0.001

Sun 

W1 LT=0.65 +0.43Rs-0.49Ta-0.40RH-0.34SWC 0.66 𝑃 < 0.001

W2 LT=0.91 +0.30Rs-0.39Ta-0.49RH-0.25SWC 0.67 𝑃 < 0.001

W3 LT=0.76 +0.40Rs-0.51Ta-0.43RH-0.16SWC 0.61 𝑃 < 0.001

W4 LT=1.24 +0.33Rs-0.80Ta-0.56RH+0.34SWC 0.65 𝑃 < 0.001

267 

Fig.8. Sensitivity analysis of time-lag effect to environmental factors under different weather 268 

Under rain weather, the critical factors affecting TL were Rs, Ta, RH and SWC, with the total 269 

effects of 0.73±0.03, 0.68±0.02, 0.50±0.03 and -0.50±0.08, respectively (p < 0.01). Rs had a 270 

significant direct effect on TL under rain weather (p < 0.01), while RH had a significant direct 271 

effect on TL (p < 0.05). Compared with results of rain weather, only SWC significantly affected 272 

TL under cloud weather, with the total effects of 0.60±0.10 (p < 0.01). Meanwhile, SWC had a 273 

significant direct effect on TL (p < 0.01), while RH had a significant direct effect on TL (p < 0.05). 274 

Similar to results of cloudy weather, under sun weather SWC significantly affected TL was further 275 

strengthened, with the total effects of 0.73±0.03 (p < 0.01). Besides, all factors had a significant 276 

direct effect on TL (p < 0.01). 277 

3.4 Path analysis about TL and environmental factors 278 

Path analysis was conducted on the four factors to study the effect of each environmental factor on 279 

the time-lag effect, and the results were shown in Table 5. Under rainy weather, Rs (𝜌=0.72, 280 

p<0.01), Ta (𝜌 =0.68, p<0.01), RH (𝜌 =-0.49, p<0.01) and SWC (𝜌 =-0.55, p<0.01) all affected 281 

the time-lag effect. But the time-lag effect was affected in different ways. Rs and RH had a direct 282 

effect on the time-lag effect by themselves; But Ta had an indirect effect on the time-lag effect 283 

under the action of Rs; similarly, SWC has an indirect effect on the time-lag effect under the 284 



action of Rs and RH. Under cloud weather, only RH (𝜌 =-0.37, p<0.05) and SWC (𝜌 =-0.58, 285 

p<0.01) affected the time-lag effect. Rs itself had little direct effect on the time-lag effect, and 286 

other factors had no indirect effect on Rs. Ta itself had a direct effect on the time-lag effect to a 287 

certain extent with the value of 0.31, but the indirect effect of RH on Ta was negative, eventually 288 

the direct and indirect effects offset by each other. Under sunny weather, Rs (𝜌=0.89, p<0.01), Ta 289 

(𝜌 =-0.46, p<0.01), RH (𝜌 =-0.45, p<0.01) and SWC (𝜌 =-0.54, p<0.01) all had direct effect on 290 

the time-lag effect, but only RH and SWC had the total effect. The indirect effects of Ta and RH 291 

on Rs were negative, thus canceling out the direct effects of Rs. The same applied to Ta, the direct 292 

and indirect effects of Ta canceled each other out. The indirect effects of Rs, Ta and SWC on RH 293 

basically canceled each other, the total effect of RH on the time-lag effect did not reduce.  294 

Table.5 Path analysis results between TL and environmental variables, including Rs, Ta, RH and 295 

SWC under different weather. 296 

Weather 
Irrigation 

level
Variable 

Total 
effects 

Direct 
effect 

Indirect effect through other variables 

Total indirect 
effect

Rs Ta RH SWC 

Rain 

W1 

Rs 0.74** 0.72** 0.02 -0.05 0.04 0.03 

Ta 0.68** -0.05 0.73 0.68 0.03 0.03 

RH -0.46** -0.34* -0.12 -0.09 0.00 -0.03 

SWC -0.58** -0.06 -0.53 -0.36 0.03 -0.19 

W2 

Rs 0.71** 0.44** 0.27 0.20 0.11 -0.05 

Ta 0.67** 0.22 0.45 0.41 0.09 -0.05 

RH -0.53** -0.44* -0.10 -0.11 -0.05 0.06 

SWC -0.51** 0.09 -0.60 -0.21 -0.11 -0.27 

W3 

Rs 0.72** 0.56** 0.15 0.16 0.11 -0.11 

Ta 0.66** 0.18 0.48 0.52 0.08 -0.12 

RH -0.48** -0.48* -0.00 -0.12 -0.03 0.15 

SWC -0.41* 0.24 -0.65 -0.26 -0.09 -0.30 

W4 

Rs 0.76** 0.63** 0.12 0.07 0.09 -0.03 

Ta 0.70** 0.07 0.62 0.59 0.07 -0.04 

RH -0.50** -0.37* -0.12 -0.15 -0.01 0.04 

SWC -0.51** 0.07 -0.58 -0.31 -0.04 -0.23 

Cloud 

W1 

Rs 0.14 0.22 -0.08 0.11 -0.21 0.01 

Ta 0.06 0.12 -0.06 0.20 -0.20 -0.06 

RH -0.27* -0.33* 0.06 0.14 0.08 -0.16 

SWC -0.70** -0.62** -0.07 -0.01 0.01 -0.08 

W2 

Rs 0.12 0.070 0.05 0.30 -0.25 0.01 

Ta 0.08 0.31* -0.23 0.06 -0.25 -0.05 

RH -0.29* -040* 0.11 0.05 0.19 -0.13 

SWC -0.59** -0.52** -0.07 -0.00 0.03 -0.10 

W3 

Rs 0.06 0.00 0.05 0.40 -0.35 0.01 

Ta 0.05 0.43* -0.38 0.00 -0.34 -0.04 

RH -0.38* -0.54** 0.17 0.00 0.27 -0.11 

SWC -0.50** -0.40* -0.10 0.00 0.04 -0.15 

W4 

Rs -0.16 -0.11 -0.05 0.34 -0.36 -0.03 

Ta -0.16 0.37* -0.53 -0.10 -0.35 -0.08 

RH -0.54** -0.56** 0.02 -0.07 0.23 -0.14 

SWC -0.54** -0.42* -0.12 -0.01 0.07 -0.18 

Sun 

W1 

Rs 0.38* 0.97** -0.59 -0.37 -0.29 0.07 

Ta 0.37* -0.40* 0.78 0.90 -0.25 0.13 

RH -0.17 -0.42** 0.25 0.68 -0.24 -0.19 

SWC -0.69** -0.50** -0.20 -0.14 0.10 -0.16 

W2 

Rs 0.21 0.86** -0.65 -0.42 -0.26 0.03 

Ta 0.22 -0.45** 0.67 0.80 -0.23 0.10 

RH -0.32* -0.37* 0.05 0.61 -0.28 -0.29 

SWC -0.76** -0.62** -0.14 -0.05 0.08 -0.17 

W3 Rs 0.19 0.96** -0.77 -0.46 -0.34 0.03 



Ta 0.19 -0.50** 0.69 0.88 -0.29 0.09 

RH -0.34* -0.47** 0.13 0.68 -0.30 -0.25 

SWC -0.72** -0.54** -0.19 -0.06 0.09 -0.22 

W4 

Rs -0.03 0.79** -0.82 -0.43 -0.40 0.01 

Ta -0.02 -0.47** 0.45 0.73 -0.35 0.07 

RH -0.53** -0.55** 0.02 0.57 -0.30 -0.25 

SWC -0.75** -0.53** -0.22 -0.02 0.06 -0.26 

Note: * * represents significant level P < 0.01, * represents significant level P < 0.05  297 

4 Discussions 298 

4.1 Time-lag effect between Tc and Ta  299 

This study has discovered the hysteresis between Tc and Ta of winter wheat under different 300 

weather over the diel cycles (Fig. 2). Similar diel hysteresis patterns have been observed on other 301 

plants (Mahan et al., 2016; Peña Quiñones et al., 2020). For example, Hong et al. (2019) studied 302 

time-lag effect between sap flow and vapor pressure deficit of larix principis-rupprechtii mayr. 303 

However, in contrast to the previous findings, the time-lag effect in this study was investigated 304 

under different weather, and the results suggested that Ta peaked later than Tc, so the relationship 305 

between Tc and Ta showed a clockwise hysteresis cycle (Fig. 2). The lagging of Ta behind Tc was 306 

a rather common phenomenon. Tc peaked at noon (12:00~14:00) while Ta in the afternoon 307 

(13:00~16:00), hence the formation of a clockwise loop (Zhang et al., 2014). Although different 308 

weather did not change the direction of the time lag loop, a significant difference existed among 309 

sunny days, cloud days and rainy days for LT (Fig.3). Similarly, the variation of LT under different 310 

weather has also been reported by other researchers (Hong et al., 2019; Wang et al., 2019). This 311 

study showed LT on cloudy days was the longest (30~80 min), followed by sunny days (15~80 312 

min) and rainy days (5~75 min).  313 

On rainy days, Tc took longer to reach its peak due to insufficient Rs, so the time difference 314 

between Tc and Ta increased. However, on cloudy and sunny days, the time difference between Tc 315 

and Ta decreased when Rs met plant equilibrium demand, so Tc reached its peak earlier (Hua et al., 316 

2009; Kuzyakov and Gavrichkova, 2010; Yu et al., 2019). In addition, compared with W4, at the 317 

irrigation levels of W1, W2 and W3, adequate soil moisture would bring the peak time of Tc 318 

forward, hence a shorter time difference between Tc and Ta. Such earlier appearance of the peak 319 

may be caused by crop evaporation capacity (Jackson, 1982). Therefore, the significant difference 320 

in time-lag effect under different weather may result from several reasons, including the 321 

meteorological factors (Hong et al., 2019), soil moisture (Zha et al., 2017) and the interaction  322 

between them (Wang et al., 2014).   323 

4.2 Effect of meteorological factors on time-lag effect 324 

Prior studies have pointed out the influence of meteorological factors on the lag effect (Ivanov et 325 

al., 2010; Sun et al., 2013). Hong et al. (2019) found positive correlations exist between LT and 326 

daily net solar radiation (R2=0.33~0.37) and between LT and daily vapor pressure deficit 327 

(R2=0.35~0.42). In contrast, Zhang et al. (2019) discovered that no significant correlation existed 328 

between lag time and meteorological factors of daily atmospheric temperature, active radiation, 329 

vapor pressure deficit and relative humidity. This contrary conclusion may arise from the failure to 330 

distinguish the effect of different weather on LT. Based on the classification of different weather, 331 

this study analyzed the correlation between meteorological factors and time-lag effect. The results 332 

showed that the time-lag effect was influenced by different meteorological factors under different 333 

weather.  334 
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On rainy days, among the factors influencing the time-lag effect, Rs was the primary factor, 335 

followed by Ta and RH (Fig.4) while on cloudy and sunny days, RH was the primary factor (Fig.5 336 

and Fig.6). This difference may be due to the fact that the crop has not reached its upper limit of  337 

Rs absorption on rainy days and its transpiration can be further enhanced (Lundblad and Lindroth, 338 

2002). However, on cloudy days, the crop will basically reach its upper limit of radiation 339 

absorption, so the stomata of crops may be opened, and the transpiration rate of the crop may be 340 

determined by the RH (Zhang et al., 2020). Similarly, on sunny days, RH determined the 341 

transpiration rate, and the correlation between LT and RH was further enhanced (Kimm et al., 342 

2020). 343 

4.3 Effect of soil moisture on time-lag effect 344 

SWC was also identified as an important factor influencing time-lag effect between Tc and Ta, 345 

which agrees with the findings by Tuzet et al. (2003). Wullschleger et al. (1998) claimed that 346 

hysteresis was more evident in wet soil than dry soil. However, this study demonstrated no 347 

obvious difference in LT at the irrigation levels of W1, W2 and W3, but a significant downward 348 

trend of LT at W4. It indicated that the relationship between the lag time effect and the soil 349 

moisture may not be non-linear. O’Grady et al. (2008) concluded that the hysteresis did not 350 

depend on SWC when soils are wet in plantation with Eucalyptus globulus trees. Similar result 351 

was obtained in this study at W1, W2 and W3, which can meet the demand of winter wheat 352 

transportation. However, the time-lag effect was more sensitive to SWC below a certain value. 353 

This may be attributed to the fact that the water stored at W4 could not meet the demand of winter 354 

wheat transpiration during the day (Umair et al., 2019), and the stoma was only partially opened, 355 

so the peak Tc was delayed (Kaufmann, 1982).  356 

Meanwhile, LT was poorly correlated to daily SWC at W1, W2 and W3, but highly correlated at 357 

W4, indicating that the soil moisture was a determinant for the hysteresis when soil moisture was 358 

below a threshold. Similarly, Zhang et al. (2014) pointed out that only when soil moisture is below 359 

an ecosystem-specific threshold can soil water potential be a key factor in hysteresis relation.  360 

4.4 Effect of the coupling mechanisms between meteorological factors and soil moisture on 361 

time-lag effect 362 

In this study, the coupling mechanisms of meteorological factors and soil moisture on the time-lag 363 

effect were different under different weather, but they displayed no significant difference at the 364 

four different irrigation levels. On rainy days, Rs and RH had direct impact on the time-lag effect 365 

while Ta and soil moisture under the action of Rs and RH had indirect impact. On cloudy days, the 366 

time-lag effect was directly influenced by RH and SWC. However, the indirect impact of RH was 367 

offset by the combined action of Rs and Ta. Furthermore, this counteracting effect was more 368 

prominent on sunny days. The indirect effects of Rs, Ta and RH were weakened mutually, so their 369 

total effects were limited. The impact of RH on soil moisture was further strengthened. This 370 

explained the variation of the sensitivity of environmental factors to time-lag effects under 371 

different weather (Fig. 8).  372 

4.5 Caveats of the study 373 

This study can clarify the effect of environmental factors on the time-lag effect between Tc and Ta, 374 

and further improve the monitoring accuracy of soil moisture. However, as this experiment is at 375 

the preliminary stage, application of the findings to all regions or other crops needs further study.  376 

In addition, certain correlation existed between meteorological factors and the time-lag effect, and 377 

the relationship displayed a coupling effect of multiple factors rather than linearity. Meanwhile, 378 



the effect of SWC on time-lag effect should be divided into smaller SWC intervals so as to 379 

determine the impact of the threshold of SWC on time-lag effect. As to whether the time-lag effect 380 

can be used to monitor crop water stress effectively, future studies should involve plant 381 

physiological indicators such as leaf water potential and stomach conductance.  382 

5. Conclusions  383 

This study investigated the response modes of Tc and Ta with different weather and irrigation 384 

levels as well as the time-lag effect and its influencing factors. The main conclusions were as 385 

follows: 1) hysteresis existed between Tc and Ta over the diel cycles, and with different weather 386 

and irrigation levels, the time lag loop remained clockwise on winter wheat; 2) the average TL 387 

between Ta and Tc varied considerably. As the weather changed from rainy to cloudy to sunny, TL 388 

showed a downward trend. Meanwhile, no significant difference was observed on TL at the 389 

irrigation levels of W1, W2, and W3 except for W4; 3) the impacts of environmental factors on 390 

the time-lag effect were different. Rs and RH were the most important factors influencing TL on 391 

rainy days and sunny days, respectively; and Rs influenced TL indirectly via the increase of Ta 392 

and SWC on rainy days. Besides, on sunny days, RH influenced TL via the decrease of Rs and the 393 

increase of Ta and SWC. This study deepens the understanding of how environmental factors 394 

influence the time lag effect between Tc and Ta so as to further improve the monitoring accuracy 395 

of soil moisture.  396 
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