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Abstract: 

Estimates of actual evapotranspiration (ETc) in the wheat and maize fields are essential in effective 

planning of irrigation water use in the North China Plain. The FAO-56 crop coefficient approach is a 

widely used method for ETc estimation in agriculture and is crucially dependent on the determination 

of crop coefficient curves. Estimating the coefficient coefficients from vegetation index (VI) is useful 

for regional ETc simulation because the VI can represent the actual crop conditions and capture the 

spatial variability. In the study, the basal crop  coefficient and soil evaporation coefficient were 

combined with the commonly used VI obtained from satellite sensor based on the observed data from a 

flux tower. The basal crop coefficient had a fairly good linear relationship with the VI, and the soil 

evaporation coefficient was well related to the vegetation fraction which was calculated from the VI. 

Using the VI-derived crop coefficient curves, ETc can be well simulated by the FAO-56 dual crop 

coefficient approach. Moreover, simulation of ETc was improved by the VI-derived basal crop 

coefficient curves, compared to the FAO-56 recommended four-segment curves. The new relationships 

between the crop coefficients and VI employed  in the dual crop coefficient approach have great 

potential in the estimation of regional ETc in the region. 

Key words: evapotranspiration, dual crop coefficient, eddy covariance, FAO-56 approach, remote 

sensing
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1. Introduction 

Within the non-humid regions, soil water availability is a major limitation for crop growth and 

production. Because actual evapotranspiration (ETc) is a major source of soil water depletion, accurate 

estimates of ETc at a regional scale are crucial issues in regional water-balance modeling, and 

constitute a very important part of management of scarce water resources. 

The most common approach for estimating cropland ETc is the FAO-56 crop coefficient (consists of 

the single and the dual crop coefficients) approach  which is based on reference evapotranspiration 

(ET0) and crop coefficient curves. The application  of this method has been well documented in 

numerous literatures for several decades (Allen et al., 2005; Er-Raki et al., 2010b). The ET0 in this 

approach is calculated using the Penman-Monteith equation recommended by FAO (Allen, et al., 

1998). Crop coefficients are normally found in tabulated generalized crop coefficient values in the 

FAO Irrigation and Drainage Paper No. 56 (FAO-56) (Allen et al., 1998), or in literature in which crop 

coefficients are typically determined from plot-based measurements. The successful application of the 

FAO-56 procedures in providing accurate ETc highly depends on the ability to construct an appropriate 

crop coefficient curve that matches the actual crop growth conditions. In the FAO-56, typical crop 

coefficient curve is adjusted by local climate condition (i.e., relative humidity and wind speed), plant 

height, and soil moisture stress factor when it is applied at a specific site (Allen et al., 1998). However, 

climate, tillage practices, soil water management, fertilization, and plant growth could all remarkably 

influence the time-based crop curve. These complex factors restrict the transferability of documented, 

standard crop coefficient values to another place or time period, when the FAO-56 approach is applied 

for regional ETc modeling. 
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The remotely sensed vegetation index (VI) offers a means of determining crop coefficients, to 

overcome the shortcoming of conventional determination methods of crop coefficients in the FAO-56. 

The advantage of VI-derived crop coefficients over the FAO-56 tabulated crop coefficients is that it 

represents a real-time crop coefficient that responds to actual crop conditions in the field and captures 

the spatial variability. Several studies have been specifically dedicated for establishing relationship 

between observed crop coefficient and VI. Most of  them showed that there were significant linear 

relationships between crop coefficients and  VIs, such as basal crop coefficient (Kcb)-Normalized 

Difference Vegetation Index (NDVI) for corn (Neale et al., 1989), single crop coefficient (Kc)-soil 

adjusted vegetation index (SAVI) for various  major crops in India (Ray and Dadhwal, 2001), 

Kcb-NDVI for wheat (Duchemin et al., 2006), Kc-NDVI (and Kc-SAVI) for wheat (Gontia and Tiwari, 

2010), and Kcb-SAVI for potato (Jayanthi et al., 2007). A few others have found non-linear 

relationships (Hunsaker et al., 2005; Er-Raki et al., 2007). However, these formulated relationships in 

the literature were different for different regions even for the same crop, implying that the relationship 

should be further explored in more regions. 

The North China Plain is one of the important crop production areas in China. Since winter wheat and 

summer maize are two dominant crops in this area, several studies have reported the four-segment crop 

coefficient curves of the two crops based on the field measurements (Liu et al., 2002; Gao et al., 2009; 

Liu and Luo, 2010; Zhao et al., 2010). Most of them focused on the estimation of Kc, using 

conventional methods of lysimeter or soil  water balance method. The two methods of ETc

measurement are recognized as the point-based measurements, while the eddy covariance (EC) 

technique can measure ETc from much larger source area (usually within a radius of hundreds of 

meters). A study combing the EC observed Kcb of wheat and maize with the remotely sensed VI in this 
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region has not been done, at least to our knowledge. Therefore, the objective of the study is to 

investigate the feasibility of using remotely sensed VI data to provide indirect estimates of Kcb and 

evaluate the accuracy of this method employed in the FAO-56 dual crop coefficient approach in 

simulating actual ETc. For this purpose, the ground observations obtained from two flux sites and 

several commonly used VIs obtained from satellite sensors were used in the study. The basal crop 

coefficient, the soil evaporation coefficient and their relationships with remotely sensed VIs were 

derived from the observed data at the Weishan site where the crops are fully watered and suffer from 

no nutrient stress. In order to test the transferability of the relationships derived from the Weishan site, 

the simulated ETc with the FAO-56 dual crop coefficient  approach based on these relationships was 

validated with the independently measured ETc at a nearby site, the Luancheng site. The performance 

of the methods was evaluated by three statistics: the slope of the linear regression (βLR), coefficient of 

determination (R

2

), and normalized root mean square error (NRMSE, i.e., root mean square error 

divided by the mean of the observed data). 

2. Materials and methods 

2.1. Study site 

The Weishan flux site (116°3′E, 36°39′N, 30 m a.s.l.) is located in the central part of the North China 

Plain. The mean annual precipitation is 553 mm and the mean annual temperature is 13.8 °C (from 

1990 to 2008). The mean annual sunshine duration is 2566 hour year

-1

 (from 1961 to 2005). The 

survey of the fertilizer application at this site indicated that the fertilizer amount was much higher than 

the national standard, implying that the crops are with no nutrient stress. The Luancheng flux site 

(114°41′E, 37°53′N, 50 m a.s.l.) is located to the northwest of the Weishan site, at a distance of about 

184 km. The mean annual precipitation is 485 mm and the mean annual temperature is 12.8°C (from 
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1960 to 2003). The mean annual sunshine duration is 2489 hour year

-1

 (from 1955 to 2009). 

Winter wheat is sown in mid-October and harvested in early June of the following year at both sites. 

Summer maize is sown in mid-June and harvested in early October. The two sites experience 

predominantly monsoon climate with more than 70% of the annual precipitation falling from July to 

September. The seasonal precipitation total was far less than the crop water requirement in the winter 

wheat season (Lei and Yang, 2010), so flooding irrigation is strictly implemented. The usual schedule 

requires irrigation in four intervals in the winter wheat season (early November, early March, early 

April, and mid-May) and one-time irrigation in the summer maize season (late July). 

2.2. Measurements 

The above-canopy ETc and sensible heat flux was measured using the EC technique (CSAT3, 

Campbell Scientific, Inc., Logan, UT, USA; LI7500, LI-COR, Inc., Lincoln, NE, USA) (Lei and Yang, 

2010). The EC system was mounted at the height of 3.7 m at the Weishan site and at the height of 3.3 

m at the Luancheng site. These heights can provide sufficient fetch for ETc measurement above the 

short crops (Lei and Yang, 2010). The ETc data were post-processed for necessary corrections, quality 

control, and gap-filling (Lei et al., 2011). The “Mean Diurnal Variation” method (Falge et al., 2001) 

was used in the study. The EC flux data from May, 2005 to June, 2010 were used at the Weishan site, 

covering five full winter wheat seasons and five full summer maize seasons. The EC flux data from 

2008 to 2009 were used at the Luancheng site, covering two winter wheat seasons and two summer 

maize seasons. However, an instrument failure resulted to the loss of the data in the 2009 winter wheat 

season at the Luancheng site. 

The two sites have the energy imbalance problem which is common in the EC technique. The slopes of 
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the linear regression between available energy (net radiation minus soil heat flux) and the sum of latent 

heat flux and sensible heat flux were 0.75 and 0.87, respectively. We adopted the approach suggested 

by Twine et al. (2000) to correct the energy imbalance. This method assumes that the Bowen ratio 

(defined as the ratio of sensible heat flux to the latent heat flux) can be measured correctly through the 

EC technique. Based on the assumption, the latent heat flux was recalculated by forcing the energy 

balance closure using the measured available energy and measured Bowen ratio. 

The daily soil evaporation was measured using the weighing micro-lysimeter placed between the crop 

rows in the 2010 wheat season at the Weishan site. Four replicates, which were randomly distributed 

around the flux tower, were selected to produce the spatially average values. The micro-lysimeter is 

made of isolated materials and has a diameter of 10 cm and a depth of 15 cm. This type was proved to 

be the most suitable dimension for soil evaporation measurement in this region (Sun et al., 2004). The 

micro-lysimeter was weighed daily in the early evening to determine water losses during one day. The 

soil in the lysimeter was renewed every five days or substituted immediately after the precipitation or 

irrigation events to keep the soil in the lysimeter consistent with that of the surroundings. 

The meteorological variables, including net radiation, soil heat flux, air temperature, relative humidity, 

and wind speed, were measured every 10 minutes (Lei et al., 2011). These variables were integrated to 

daily totals or averaged to daily mean values to calculate the daily ET0. The daily mean saturated and 

actual water vapour pressures were calculated by  averaging the saturated and actual water vapour 

pressures values in 10-minute intervals. The volumetric soil water content was measured every 10 

minutes at 0.05, 0.10, 0.20, 0.40, 0.80, and 1.60 m below  ground using time-domain reflectometer 

(TRIME-EZ/IT, IMKO, Ettlingen, Germany) (Lei and Yang, 2010) at the Weishan site, and at 0.1, 0.2, 

0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6 m below ground weekly using a neutron probe (IH-II, Institute of 
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Hydrology, Wallingford, UK) (Sun et al., 2010) at the Luancheng site. Soil parameters were directly 

measured in the laboratory through the soil samples from both sites (Table 1). 

(Table 1 near here) 

2.3. Remotely sensed vegetation index 

The VI products are available from several satellite sensors (Steven, et al., 2003) among which 

NOAA-AVHRR, SPOT-VGT, and MODIS/Terra/Aqua are  the most widely used (Tarnavsky, et al. 

2008). The MODIS/Terra products were chosen because they have the highest resolution and can be 

used to derive several commonly used VIs. Eight-day MODIS composite reflectance products for Terra 

(MOD09A1) platform with a spatial resolution of 500 m were obtained from NASA’s Earth Observing 

System Data and Information System (http://reverb.echo.nasa.gov). The products consist of seven 

bands, which are centered in the blue (470 nm), green (550 nm), red (648 nm), NIR (858 nm, 1240 nm) 

and SWIR (1640 and 2130 nm) wavelengths. The MODIS data were reprojected to the Universal 

Transverse Mercator (UTM) projection using the  MODIS reprojection tool (MRT) (Kalvelage and 

Willems, 2005). The data with blue band reflectance larger than 0.07 were excluded (Yi et al., 2007). 

The data series were smoothed using the Savitzky-Golay approach in the software package TIMESAT 

3.0 (Jönsson and Eklundh, 2004). Finally, the values in the pixel which contained the flux tower were 

used for our analysis. 

In order to find out the most appropriate VI that  best related to the basal crop coefficient, five 

commonly used VIs [i.e., NDVI, the Enhanced Vegetation Index (EVI), the Normalized Difference 

Water Index (NDWI1640, NDWI2130), and the Modified Soil Adjusted Vegetation Index (MSAVI)], 

which are calculated through the reflectances at the different bands, were selected for our study. The 

NDVI is one of the most widely used VIs and is used to detect vegetation phenology. It is defined as 
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the difference between near-infrared (at 858 nm, ρNIR) and red (ρRed) reflectances divided by their sum 

(Rouse et al., 1974): 

      (1) 

The EVI is sensitive to the vegetation variation over dense vegetation coverage (Huete et al., 2002). It 

is calculated through the following equation: 

    (2) 

where ρBlue 

is the blue band reflectance. 

The NDWI is defined as the difference between near-infrared (ρNIR) and shortwave infrared (ρSWIR) at 

1640 nm and 2130 nm bands reflectances divided by their sum. It was shown to have a significant 

correlation with vegetation water content and dry matter content of winter wheat (Yi et al., 2007): 

      (3) 

      (4) 

where  and  are shortwave infrared reflectances at 1640 nm and 2130 nm bands, 

respectively. 

The NDVI values may be influenced by the soil background. Therefore, Huete (1988) proposed the 

concept of SAVI to minimize the influence of soil reflectance. Qi et al. (1994) presented the modified 

SAVI (MSAVI) to further minimize the soil background influences. It is expressed as: 

      (5) 

The vegetation fraction (fc) is determined through the following equation (Carlson and Ripley, 1997): 
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      (6) 

where fcmax is the maximum vegetation fraction in a crop season, and fg is the green vegetation fraction. 

NDVImax and NDVImin are the maximum and minimum NDVI, respectively. Based on the observation, 

the NDVImax of wheat and maize are 0.8523 and 0.9493, respectively, while the NDVImin is 0.1111. 

The equations mean that fc takes equal the maximum value as soon as fc reached the maximum and 

remains constant till they were harvested. 

2.4. Establish the relationship between basal crop coefficient and vegetation index 

Based on the ground observed data and remotely sensed VI, we established the relationship between 

basal crop coefficient and VI using the following equation by inversing Eq. 80 in Allen et al. (1998): 

  (7) 

where, ES is the observed soil evaporation; f1(VI) and f2(VI) are functions of VI; Ks is the water stress 

coefficient which describes the effect of water stress on crop transpiration (Allen, et al., 1998). It was 

determined through the relationship between the root zone depletion (Dr

) and the readily available soil 

water (RAW) in the root zone (Allen et al., 1998): 

            (8) 

where, TAW is the total available soil water in the root zone. Dr

 was directly calculated through the 

difference between the observed water content in the root zone and the field capacity (Allen et al., 

1998). RAW and TAW were calculated using Eqs. 82 and 83 in Allen et al., 1998 (Table 1). ET0 was 

estimated through the FAO-56 Penman-Monteith equation. For daily calculation time steps, ET0 was 
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expressed as (Allen et al., 1998): 

      (9) 

where ET0 is the reference evapotranspiration at the height of 2 m; Rn is the net radiation above the 

canopy; G is the soil heat flux; T is the daily average of air temperature; u2 is the wind speed at the 

height of 2 m; es and ea are the saturation and actual vapour pressure, respectively; Δ is the slope of the 

vapour pressure curve; and γ is the psychrometric constant. A logarithmic wind speed profile (Eq. 47 in 

Allen et al. 1998) was used to adjust the measured  wind speed data at the height of 10 m to the 

standard height (2 m) recommended by the FAO-56.  

In Eq. (7), Ke is the soil evaporation coefficient and f2(VI) was modified from the work of Er-Raki et al. 

(2010a). Er-Raki et al. (2010a) proposed a simple equation to link Ke to fc over an irrigated wheat field: 

      (10) 

where, 0.25 is an empirical coefficient which accounts for the effect of soil resistance on soil 

evaporation. This equation accounted for the fact that soil evaporation occurs predominantly from the 

exposed soil, and decreases with the increase of the fc. In fact, soil evaporation is also dependent on 

topsoil water content falling below a certain threshold (Allen et al., 2005), and is expected to occur 

even if the crop completely covers the soil (i.e., fc=1). Therefore, we modified Eq. (10) by introducing 

the evaporation reduction coefficient (Kr

) (Allen et al., 2005) and two empirical coefficients: 

   (11) 

          (12) 

where  a and  b (range: 0-1) are empirical parameters which are calibrated using observations; TEW 

(=1000(θFC-0.5θWP)Ze) and REW are the total evaporable water and readily evaporable water, 
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respectively (Table 1); De is the cumulative depth of evaporation from the soil surface layer, and was 

calculated from the observed topsoil water content. 

By combining Eqs. (7) and (11), we finally got the following regression model to estimate the 

parameters (i.e., a, b, par1, par2…): 

   (13) 

where, f1(VI, par1, par2) = c(VI+b) for a linear function. Once the parameters were fixed, Kcb and Ke

were linked to VI using the following equation: 

   (14) 

To be compatible with the temporal resolution of the VIs, the 8-day average values of ground observed 

data were used to make the regression at the Weishan site. Conversely, the 8-day VI values were 

linearly interpolated to the daily values for calculating the basal crop coefficient and the soil 

evaporation coefficient at the Luancheng site. 

2.5. Estimation of evapotranspiration using the FAO-56 dual crop coefficient approach 

In order to validate the relationship between the crop coefficient and remotely sensed VI derived from 

the Weishan site, we employed Eq. (14) derived  from the Weishan site in the FAO-56 dual crop 

coefficient approach to estimate ETc at the Luancheng site. Meanwhile, we introduced other two 

methods to construct the conventional four-segment  crop coefficient curves, to compare with our 

VI-derived basal crop coefficient curve on estimating ETc. Therefore, there are three methods in total: 

“No-Calibration” method,  “Local-Calibration” method, and  “VI-Derivation” method. The values of 

basal crop coefficient at three crop growth stages used by No-calibration method were taken from 

Journal of Hydrologic Engineering. Submitted June 22, 2012; accepted December 11, 2012; 

    posted ahead of print December 13, 2012. doi:10.1061/(ASCE)HE.1943-5584.0000765

Copyright 2012 by the American Society of Civil Engineers

J. Hydrol. Eng. 

Downloaded from ascelibrary.org by Tsinghua University on 12/13/12. Copyright ASCE. For personal use only; all rights reserved.Accepted Manuscript 

Not Copyedited

13 

Table 17 in Allen et al. (1998) and fc was estimated by Eq. (6). Local-Calibration method used locally 

derived basal crop coefficients (which were calculated from the Weishan site) at three crop growth 

stages and fc based on Eq. (6). VI-Derivation method used  basal crop coefficients, soil evaporation 

coefficient, and fc derived from remotely sensed VIs. For both No-Calibration and Local-Calibration 

methods, the procedure for determining basal crop coefficients and soil evaporation coefficient 

followed strictly from Allen et al. (1998). In the three methods, the Ks values were calculated from the 

observed soil water content using Eq. (8). 

3. Results and discussion 

3.1. Combining crop coefficients with remotely sensed VI at the Weishan site 

Before the analysis, it is necessary to examine whether the 500 m-pixel can well represent the cropland. 

According to our survey, 97.8% of the pixel is covered by cropland, and the rest of it is covered by 

road and channel. As the eight-day 250 m MODIS composite reflectance products (MOD09Q1, 

http://reverb.echo.nasa.gov) is finer (100% of the pixel is covered by cropland, but can only be used to 

calculate NDVI value), we compared the NDVI values retrieved from the 500 m-pixel and 250 m-pixel, 

and found that there was no significant difference between them (by applying the Binomial Test, 

p-value = 0.4071). Therefore, it is reasonably acceptable to use the 500 m VI to represent the cropland, 

although the pixel is not completely covered by cropland. 

At this site, the calculated Dr

 values were always smaller than the RAW values (data were not shown), 

which means that the winter wheat and summer maize did not experience water stress (i.e., Ks=1). This 

benefited from the abundant irrigation water diverted from the Yellow River. 

3.1.1. Combining the soil evaporation coefficient with vegetation fraction 

The parameters in Eq. (13) were determined by  two steps to make the parameter estimation more 
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precise by integrating as many effective datasets as possible. First, the best-fit of the empirical 

parameter,  a, was calculated using observed soil evaporation (Es_EC) by EC technique when the 

vegetation fraction was equal to zero (between crop harvest and the emergence of the subsequent crop). 

Figure 1 shows the scatter plot of the observed Es_EC and the soil water-stressed reference 

evapotranspiration (Kr×ET0). Parameter  a was determined to be 0.7 according the slope of the 

relationship. Second, parameter b was fitted to be 0.73 on the premise that parameter a was fixed at 0.7 

(Figure 2) using the observed soil evaporation  by micro-lysimeter in the 2010 wheat season when 

vegetation fraction was larger than zero. Finally, the estimation of Ke was determined by the following 

equation: 

   (15) 

(Figure 1 and 2 near here) 

3.1.2. Combining the basal crop coefficient and vegetation index 

The linear relationship was found to be the most appropriate by comparing the different formulations 

of the relationships between Kcb and VIs (figures not shown). This result coincides with those in 

previous studies (Ray and Dadhwal, 2001; Duchemin et al., 2006; Gontia and Tiwari, 2010). The linear 

relationships between Kcb and VIs were summarized in Table 2. The VIs have fairly good linear 

relationships with the Kcb based on the R

2

. The NDVI and NDWI1640 gave the best fit for wheat and 

maize, respectively, while the EVI and MSAVI were less accurate for the linear formulation. Figure 3 

shows the seasonal course of the observed and simulated Kcb. The seasonal and interannual variability 

of Kcb was well captured by the remotely-sensed NDVI or NDWI1640, showing the capability of these 

relationships for deriving basal crop coefficient curve. We compared the seasonal variations in the 

simulated crop transpiration through these relationships and the FAO-56 dual crop coefficient 
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approach (data from October, 2006 to September, 2007 were used to make an example) (Figure 4). The 

equations did not show significant difference in the seasonal courses. The maximum relative difference 

among the seasonal totals of simulated crop transpiration was 3.0% for the wheat season, and was 

3.2% for the maize season, indicating that these equations can be used equally for simulating crop 

transpiration. In other words, the selected VIs can be equally used for combining with the basal crop 

coefficient. 

(Table 2 near here) 

(Figure 3 and 4 near here) 

3.2. Validation of the crop coefficient-VI relationship at the Luancheng site 

For the No-Calibration method, the FAO-56 recommended basal crop coefficients under subhumid 

climates (daily minimum relative humidity (RHmin)≈45%, u2=2 m s

-1

) were taken from Allen et al. 

(1998) and then adjusted based on the local climates (Table 3). For the Local-Calibration method, the 

basal crop coefficients for the initial, mid, and end stages defined by the FAO-56 (Allen et al., 1998) 

were calculated from the observed data collected from the Weishan site (Table 4). By comparing the 

crop coefficients in the No-Calibration and Local-Calibration methods, the observed Kcb mid values of 

the wheat and maize in the Local-Calibration method were smaller than those in the No-Calibration 

method, particularly for the maize. For the VI-Derivation method, the relationships with the highest R

2

value (i.e., Kcb-NDVI for wheat, Kcb-NDWI1640 for maize) were selected to calculate the Kcb curves for 

the Luancheng site. 

(Table 3 and 4 near here) 

Overall, the VI-Derivation method had a good agreement with the observations in the three growing 

Journal of Hydrologic Engineering. Submitted June 22, 2012; accepted December 11, 2012; 

    posted ahead of print December 13, 2012. doi:10.1061/(ASCE)HE.1943-5584.0000765

Copyright 2012 by the American Society of Civil Engineers

J. Hydrol. Eng. 

Downloaded from ascelibrary.org by Tsinghua University on 12/13/12. Copyright ASCE. For personal use only; all rights reserved.Accepted Manuscript 

Not Copyedited

16 

seasons. The No-Calibration method simulated much higher ETc than the VI-Derivation method when 

the ETc values were small during the winter wheat season (Figure 5 and Table 5), indicating that the 

soil evaporation was over-predicted using the No-Calibration method. The βLR of the No-Calibration 

method was higher than that of the VI-Derivation method (Figures 6 and  7) in the maize seasons 

because the Kcb mid of the No-Calibration method were higher than that of the VI-Derivation method. 

The No-Calibration method resulted in 20.0%~21.5% higher simulated ETc totals than the observed 

totals in the maize seasons, while it can even lead to 40.0% over-prediction of the seasonal total ETc in 

the wheat season (Table 5). 

(Table 5 near here) 

(Figures 5, 6, and 7 near here) 

We further compared the simulated ETc using the VI-Derivation method and the Local-Calibration 

method. The NRMSE for the comparisons were listed in Table 6. The simulation of ETc was improved 

by the VI-Derivation method, indicating that the basal crop coefficient curve derived from the dynamic 

variation in VI can better represent the actual crop growth than that consisting of four segments in the 

Local-Calibration method. The differences between the mid-stage NRMSE from the two methods were 

small because the basal crop coefficient curves at the mid-stage in the two methods were similar, and 

the reason for the similar curves was that the variations in crop growth at the mid-stage are not 

remarkable. 

(Table 6 near here) 

4. Conclusions 

We combined the crop coefficients of winter wheat and summer maize with the remotely sensed VIs, 
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based on the EC flux data obtained from one agricultural site in the North China Plain. A simple 

empirical equation was proposed to estimate the soil evaporation coefficient with vegetation fraction 

which was calculated from remotely sensed VI. There were quite good linear relationships between the 

basal crop coefficient and VI (i.e., NDVI, EVI, NDWI, and MSAVI). No significant differences were 

found among these VIs in simulating crop transpiration. The crop coefficient-VI relationships were 

further validated by being employed in the dual crop coefficient approach for estimating ETc, showing 

that the ETc can be well simulated. Compared to the conventional four-segment crop coefficient curve, 

the simulation of ETc was improved by the VI-derived crop  coefficient curve because the VI can 

represent the dynamics of crop growth. Accordingly, the new relationships between the crop 

coefficients and VI presented in our study are capable of being employed in the FAO-56 procedures for 

estimating regional ETc in the North China Plain. It is noted that the water stress coefficient was 

calculated from the observed soil moisture data, and was not calculated from the vegetation index in 

the current study. Strong relation has been obtained with soil moisture data that were lagged with 

respect to the vegetation index (Adegoke and Carleton, 2002). Therefore, we prospect that it is 

potentially useful to study the relation between soil moisture stress and vegetation index in the field 

with controlled deficit irrigation, in order to calculate the water stress coefficient using lagged 

vegetation index. 
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Table and Figure Captions: 

Table 1 The parameters used for the calculation of the water stress coefficient and the soil evaporation 

coefficient

Table 2 Summary of linear relationships between the basal crop coefficient (Kcb) and remotely-sensed 

vegetation index 

Table 3 Adjusted FAO-56 recommended basal crop coefficient (Kcb) at the Luancheng site. 

Table 4 The basal crop coefficients (with standard deviation of the average) in the form of the FAO-56 

observed from the Weishan site. Values recommended by FAO-56 (Allen, et al., 1998) in subhumid 

climates (RHmin≈45%, u2≈2 m s

-1

) were also presented. 

Table 5 Total amount of simulated evapotranspiration (ETc) integrated from the days when observed 

evapotranspiration data with good quality were available. The values in the parentheses were the 

relative errors to the observed values. 

Table 6 Normalized Root mean square error (NRMSE) for the comparisons of the simulated 

evapotranspiration using different methods. Values in the parentheses are NRMSE for the comparisons 

of the simulated evapotranspiration during the middle crop stage. 

Figure 1 Relationship between the observed soil evaporation using eddy covariance technique (Es_EC) 

and soil water-stressed reference evapotranspiration (Kr×ET0) 

Figure 2 Comparison of observed and simulated soil evaporation during the 2010 wheat season 

Figure 3 Seasonal variations in the observed and simulated basal crop coefficients (Kcb) at the Weishan 

Journal of Hydrologic Engineering. Submitted June 22, 2012; accepted December 11, 2012; 

    posted ahead of print December 13, 2012. doi:10.1061/(ASCE)HE.1943-5584.0000765

Copyright 2012 by the American Society of Civil Engineers

J. Hydrol. Eng. 

Downloaded from ascelibrary.org by Tsinghua University on 12/13/12. Copyright ASCE. For personal use only; all rights reserved.Accepted Manuscript 

Not Copyedited

23 

site. The simulated Kcb of the wheat was from the Kcb-NDVI relationship, while the simulated Kcb of 

the maize was from the Kcb-NDWI1640 relationship. 

Figure 4 Comparison of weekly averaged simulated crop transpiration using the FAO-56 dual crop 

coefficient approach with crop coefficient derived from vegetation index at the Weishan site. 

Figure 5 Comparison of the observed and simulated evapotranspiration (ET) using the (a) 

VI-Derivation method and (b) No-Calibration method during the 2008 winter wheat season at the 

Luancheng site. 

Figure 6 Comparison of the observed and simulated evapotranspiration (ET) using the (a) 

VI-Derivation method and (b) No-Calibration method during the 2008 maize season at the Luancheng 

site. 

Figure 7 Comparison of the observed and simulated evapotranspiration (ET) using the (a) 

VI-Derivation method and (b) No-Calibration method during the 2009 maize season at the Luancheng 

site. 
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Tables: 

Table 1

Parameter  Value 

Weishan  Luancheng 

Field capacity in root zone (m

3

 m

-3

)  0.35  0.36 

Wilting point in root zone (m

3

 m

-3

)  0.10  0.11 

Field capacity in topsoil (0-10 cm),  θFC (m

3

m

-3

) 

0.34  0.36 

Wilting point in topsoil (0-10 cm), θWP (m

3

 m

-3

)  0.13  0.11 

Effective rooting depth, Zr

 (m)  1.5 (wheat)/ 1.0 (maize)  1.5 (wheat)/ 1.0 (maize) 

Depth of the surface soil layer, Ze (m)  0.1  0.1 

Total evaporable water, TEW (mm)  27.5  30.5 

Readily evaporable water, REW (mm)  8  8 

Total available water, TAW (mm)  375 (wheat)/ 250 

(maize) 

375 (wheat)/ 250 

(maize) 

Table 2 

Kcb

X 

NDVI  EVI  NDWI1640 NDWI2130 MSAVI 

Y 

wheat 

Y = 

1.74(X-0.18), 

R

2

 = 0.78

Y = 

2.14(X-0.06),R

2

= 

0.72 

Y = 

1.81(X+0.15), 

R

2

 = 0.74 

Y = 

1.39(X+0.04), 

R

2

 = 0.74 

Y = 

2.14(X-0.04), 

R

2

 = 0.72 

maize 

Y = 

1.33(X-0.25), 

R

2

 = 0.70 

Y = 1.49(X-0.07), 

R

2

 = 0.63 

Y = 

1.60(X+0.16), 

R

2

 = 0.77

Y = 

1.14(X+0.00), 

R

2

 = 0.74 

Y = 

1.39(X-0.03), 

R

2

 = 0.61 

Table 3 

Year  Crop  Kcb ini Kcb mid Kcb end

2008  Winter wheat  0.5  1.09  0.30 

2008 

Summer maize 

0.15  1.07  0.44 

2009  0.15  1.06  0.46  Accepted Manuscript 

Not Copyedited
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Table 4 

Crop season  Kcb ini Kcb mid Kcb end

Winter wheat 

2004-2005  -  0.89  0.30 

2005-2006  0.14  0.95  0.17 

2006-2007  0.53  0.94  0.40 

2007-2008  0.14  0.98  0.37 

2008-2009  0.29  0.95  0.35 

2009-2010  0.18  0.99  0.27 

Average  0.26 ± 0.17  0.95 ± 0.04  0.31 ± 0.08 

FAO-56  0.5  1.10  0.30 

Summer maize 

2005  0.14  0.76  0.09 

2006  0.13  0.80  0.25 

2007  0.11  0.84  0.29 

2008  0.19  0.86  0.34 

2009  0.17  0.79  0.06 

Average  0.15 ± 0.03  0.81 ± 0.04   0.21 ± 0.12 

FAO-56  0.15  1.15  0.50 

Table 5 

Crop season

Observed 

ETc (mm)

Simulated ETc

by the 

VI-Derivation 

method (mm) 

Simulated ETc

by the 

No-Calibration 

method (mm) 

2008 wheat 

(184 days) 

249 276 (10.9%) 348 (40.0%)

2008 maize 

(89 days) 

267 273 (2.2%) 325 (21.5%)

2009 maize 

(63 days) 

171 175 (2.3%) 205 (20.0%)

Table 6 

Crop season 

Normalized Root Mean Square Error (%) 

VI-Derivation 

method 

Local-Calibration 

method 

2008 wheat   50.7 (17.0)  64.4 (17.2) 

2008 maize   21.4 (12.8)  37.4 (14.9) 

2009 maize  27.6 (10.7)  28.4 (11.1)
