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ARTICLE INFO ABSTRACT

Guanzhong Plain is one of the most critical maize production areas in Northwest China. It is essential to study the
maize irrigation requirement and improve water use efficiency in this area. There is a lack of knowledge about
the evaporation portioning and irrigation requirements of crops grown in this region. Based on evapo-
transpiration observed in a maize cropland using the eddy covariance (EC) technique during four growing
seasons (2013, 2014, 2015, and 2017), the seasonal variation of evapotranspiration components and the crop
coefficients (K.) for summer maize in a dry semi-arid area were determined. Energy partitioning has an obvious
seasonal variation during growing seasons. The pattern of evapotranspiration partitioning has a clear seasonal
variation with the development of the canopy. The pattern of the ratio of transpiration (T) to evapotranspiration
(ET) is consistent with the canopy development. For four growing seasons, on a seasonal basis, the ratios of T to
ET and E to ET were comparable. In addition, the locally developed crop coefficients were 0.57, 1.01, and 0.50
for the initial, mid, and late stages, respectively. The single crop coefficient derived from local datasets can
provide a good prediction of ET. The K, values reported in this paper were consistent with previous studies
conducted in other regions using EC systems but were generally lower than the K, values derived from ET data
measured by lysimeters, the Bowen Ratio Energy Balance system, and the soil water balance method. This
indicates that the variability of the locally developed crop coefficient caused by measurement methods is higher
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than the variability caused by climate.

1. Introduction

Evapotranspiration plays an important role in the balance of water
and energy in agricultural ecosystems (Wang et al., 2019; Zhu et al.,
2016). In areas where water resources are scarce, an in-depth study of
evapotranspiration is essential for optimal water use and management.
To predict crop water requirements, it is essential to calculate the crop
evapotranspiration (ET,) (Allen et al., 2011; Sun et al., 2012). The most
widely used practical method for predicting ET, is the single crop
coefficient method, which was reported by Allen et al. (1998) in the
FAO-56 document. This method is mainly used for irrigation manage-
ment, and it has been applied in different agroecosystems all over the
world. However, many studies have evidenced that the FAO-provided
crop coefficient values for different regions are unreasonable, so it is
necessary to develop crop coefficients based on local datasets (Facchi
et al., 2013; Gong et al., 2017; Kang et al., 2003; Li et al., 2008, 2003;
Parkes et al., 2005; Piccinni et al., 2009; Sanchez et al., 2014; Wang

et al., 2019; Xu et al., 2018; Yang et al., 2016).

Although the weighing lysimeter is widely used to measure ET and
calculate K., its representative area is too small (Rana and Katerji,
20005 Alfieri et al., 2012). Another common method is eddy covariance
(EC), which can be used to accurately measure ET in a short time in-
terval (e.g. 30 min), and its representative area is much larger than that
of a lysimeter (Baldocchi, 2003). However, there are few studies on the
determination of summer maize crop coefficient and ET partitioning
using the EC method in Guanzhong Plain, northwest China.

The Guanzhong Plain is an important food-production area of China
which accounts for about two-thirds of the total crop yield in Shannxi
province (Zhao et al., 2018), and summer maize (Zea mays L.) is one of
the most planted crops in this region (Li et al., 2016). Although some
previous studies have reported the crop coefficient of summer maize in
this area, they were all based on ET data measured by lysimeter or
water balance methods (Kang et al., 2003; Parkes et al., 2005). Since
June 2013, long-term observations of ET as well as meteorological and
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Fig. 1. Location of the research site near Yangling, Shaanxi Province, China. The photo inset shows the eddy covariance flux tower.

biological factors have been carried out in a summer maize field in
Guanzhong Plain.

In this study, water and energy fluxes were observed based on eddy
covariance techniques in a maize cropland ecosystem in the dry semi-
humid region of northwestern China. The objectives of our study were
(1) to examine the reliability of the eddy covariance technique to
measure ET; (2) to study the diurnal and seasonal variations of energy
fluxes and the seasonal variations of evapotranspiration partitioning in
maize fields; and (3) to determine the local K, curve and study its
controlling factors and then predict crop water requirements for maize
in Guanzhong Plain.

2. Materials and methods
2.1. Location and site information

This experiment was conducted at the experiment field of Northwest
A&F University (34°17’ N, 108°04’ E, 521 m a.s.l.) during June 2013 to
June 2018 (Fig. 1). The experiment field was approximately 200 m
(north to south) by 250 m (east to west). The soil in the study area was
silty clay loam, the field capacity was 0.42 m® m ™3, the permanent
wilting point was 0.0875 m>® m~3, and the bulk density was 1.35 g
cm 3, The depth of groundwater through capillary action level was
more than 55 m. Thus, the water supplied by groundwater was assumed
to be equal to zero. The mean annual temperature was 12.9 °C, and the
mean annual precipitation was 630 mm (Yu et al., 2016, 2018). The
mean annual precipitation was 599 mm during the period of observa-
tion. The wetter years were 2016 and 2017, the drier years were 2013
and 2015, and 2014 was a relatively normal precipitation year
(Table 1). The cultivar of maize was Wuke No. 2, and the maximum
crop height was about 190 cm in the summer maize season. The
schedule of management activities is shown in Table 2. The field
management schedule (i.e., application of fertilizer, weed control, and
irrigation) was based on the local standard management schedule
(Table 2). Nitrogen (N) was applied as a urea ammonium nitrate so-
lution, and typically 180 kg N/ha was applied before sowing the
summer maize. Flood irrigation was implemented when the crops were
under slight water stress (i.e., when the soil moisture was less than 50 %
of plant available water), and the amount of irrigation was determined
by the evapotranspiration and precipitation measured by EC tower after

the last irrigation (Yu et al., 2016, 2018).

2.2. Field measurements

The EC system was installed on a height-adjustable tripod. The
sensors were positioned 3 m above the soil surface during the maize
growing season. The EC system included a three-dimensional sonic
anemometer (CSAT-3, Campbell Scientific, Logan, UT, USA) pointed
toward the prevailing wind direction, an open path infrared gas ana-
lyzer (LI-7500A, LI-COR, Lincoln, NE, USA), and a data logger (LI7550,
10 Hz, LI-COR, Lincoln, NE, USA). The objective of this system was to
measure both water and carbon fluxes between ecosystem and atmo-
sphere. Net radiation was measured by a four-Component net radio-
meter installed 2.5 m above the soil surface. The boundary layer me-
teorological measurements, including wind speed and wind direction,
were measured with propeller anemometers (R.M. Young model 03002-
5, available from Campbell Scientific), and the air temperature and
relative humidity were measured with a humidity and temperature
probe (model HMP60, Vaisala, Finland). All signals were logged by a
CR1000 data logger (Campbell Scientific) and recorded at 30 min in-
tervals. Soil temperature and soil volumetric water content observa-
tions were taken at three depths (20, 40, and 60 cm below the soil
surface) using a model 5TM dielectric permittivity meter (METER
Environment, Pullman, WA, USA). Rainfall was measured by a tipping
bucket rain gauge (model TE525MM-L, available from Campbell
Scientific), snowfall was measured by a weighing type precipitation
gauge (model OTT Pluvio, Dusseldorf, Germany), and soil heat flux (G)
was measured with a self-tuning heat flux plate (model HFP01SC-L50,
Hukseflux, Delft, The Netherlands) at 8 cm below the soil surface. All
sensors were calibrated and validated before installation.

2.3. Flux data processing

EddyPro software (https://www.licor.com/env/products/eddy_
covariance/software.html) was used to process observed data into 30-
min interval turbulent latent (LE) and sensible heat fluxes (H). Post-
processing of EC data included (1) spike detection, (2) time lag cor-
rection of H,O/CO,, (3) frequency response correction, and (4) co-
ordinate rotation using the planar fit method presented by Wilczak
et al. (2001). Additionally, during the calculation of flux data, density
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Meteorological conditions, reference evapotranspiration (ET,), measured evapotranspiration (ETa), evaporation (E), and transpiration (T) in maize season during

four years (2013, 2014, 2015, and 2017).

Year Stage Days Tair Ws VPD Rn SWC_20 SWC_40 P ET, ETa E T T/ETa
d °c m~° kPa Wm~? m®m~3 m®m~3 mm mm day ! mm day ~* mm day ~? mm day !

2013 Ini 20 27.2 1.26 1.37 117.3 25.8 29.1 25.4 3.68 2.51 1.94 0.56 0.22
Dev 30 25.9 0.68 0.79 122.7 26.7 29.4 109.6 3.38 2.99 0.91 2.07 0.69
Mid 51 23.3 0.28 0.90 82.6 25.6 28.4 74.5 2.24 2.10 1.00 1.14 0.54
Lat 10 19.5 0.68 0.86 68.7 26.1 30.3 0.0 2.12 1.56 1.39 0.17 0.11
Seasonal 111 24.4 0.60 0.95 98.4 26.0 29.0 209.5 2.80 2.36 1.18 1.20 0.50

2014 Ini 28 27.5 1.00 1.64 130.8 24.5 26.8 39.0 4.06 2.19 1.81 0.38 0.17
Dev 21 26.2 0.77 1.32 112.3 21.9 26.9 62.3 3.42 2.22 1.16 1.06 0.48
Mid 50 20.7 0.44 0.49 88.3 21.8 29.9 275.1 2.31 2.24 0.60 1.64 0.73
Lat 7 17.7 0.40 0.47 79.5 21.3 30.6 0.0 2.03 1.87 0.74 1.14 0.61
Seasonal 106 23.4 0.66 0.96 103.7 225 28.5 376.4 2.97 2.20 1.04 1.16 0.52

2015 Ini 20 23.8 0.74 0.82 109.8 23.1 25.9 82.0 3.05 2.20 1.94 0.48 0.22
Dev 30 26.9 0.93 1.38 151.6 22.7 26.4 45.8 4.43 3.26 1.63 1.63 0.50
Mid 45 22.2 0.50 0.73 111.5 21.8 24.2 131.0 3.06 3.01 1.10 1.98 0.66
Lat 16 16.0 0.48 0.35 46.7 25.5 25.0 19.4 1.31 1.19 0.78 0.47 0.39
Seasonal 111 22.9 0.66 0.87 112.6 22.8 25.2 278.2 3.18 2.67 1.34 1.42 0.51

2017 Ini 20 26.8 0.93 1.77 154.2 16.4 185 21.0 4.76 3.10 2.64 0.46 0.15
Dev 30 29.2 1.08 1.86 166.2 19.6 21.1 62.5 5.30 3.45 1.84 1.44 0.42
Mid 45 22.2 0.31 0.61 98.0 20.2 21.3 95.2 2.65 2.62 0.48 2.13 0.81
Lat 16 16.2 0.35 0.15 44.4 23.7 221 125.7 1.17 0.82 0.33 0.48 0.58
Seasonal 111 24.0 0.63 1.09 118.8 19.9 20.9 304.4 3.53 2.69 1.22 1.41 0.54

Ini, Dev, Mid, and Lat mean the initial, development, mid, and late growth stages, respectively. Tair is the air temperature, Ws is the wind speed at 2 m, VPD is the
vapor pressure deficit, Rn is the net radiation, SWC_20 and SWC_40 are the volumetric soil water content at 20 cm depth and 40 cm depth, respectively, P is the
precipitation, ETy, is the reference evapotranspiration, ETa is the measured evapotranspiration, E is the soil evaporation, T is the transpiration, T/ETa is the ratio of

transpiration to evapotranspiration.

Table 2
The schedule of management activities in 2013, 2014, 2015, and 2017.

Year Irrigation date Volume (mm) Sowing date Harvest date
2013 16th August 93 21st June 9th October
2014 Rain-fed 0 26th June 9th October
2015 10th July 30 21st June 9th October
2017 21st July 64 21st June 9th October

correction was based on the method presented by Webb et al. (1980).
The processed 30-min flux data and meteorological data were screened
for anomalous or spurious values caused by system malfunction, power
failure, and bad atmospheric conditions, and those data were excluded
(Zhang et al., 2016). Based on the quality analysis by EddyPro software,
approximately 23.1 % of the flux data recorded from 2013 to 2018 were
deleted. Data gaps shorter than two hours were filled using linear in-
terpolation, and data gaps longer than two hours were filled using the
average daily variation method (Falge et al., 2001). As the low-quality
data usually occurred in the evening, the systematic bias of filled data
had limited effects on the water and energy flux analysis. Furthermore,
regression analysis between the daily available energy (Rn-G) and the
sum of sensible heat and latent heat (H + LE) was carried out since this
method has been widely used to evaluate the energy-balance closure
and the quality of EC data in previous studies. To overcome the energy
imbalance issue, the Bowen ratio method was applied to correct the
measured ET (Twine et al., 2000).

2.4. Adjustment of K, values according to local conditions

To improve accuracy when using the single K. method in a specific
region, FAO-56 suggests using the observed durations of crop growth
stages rather than the reference values. FAO-56 also provides equations
to adjust the standard K in;, K¢ mig, and K., values according to local
meteorological conditions, soil, irrigation, and management practices.
The adjustment of K., is based on the time interval between wetting

events, the evaporation demand of the atmosphere, and the soil texture.
The equation for the adjustment of K. 4 is as follows:
03
) @

where RH,,;, is the mean value of the daily minimum relative humidity
during the mid-season growth stage (%), u, is the mean value for the
daily wind speed at a height of 2 m over the grass during the mid-season
growth stage (m s~ 1), and h is the mean crop height during the mid-
stage (m) (Allen et al., 1998).

The adjustment for K, is the same as for K ;g

h

K mia = Kc—mid(Tab) + [0.04(142 - 2) - 0~004(RHmin - 45)](5

2.5. Calculations of parameters

The calculation of the crop coefficient (K.) was as follows:

_ BT

Kc = s
ETy

(2

where ET, is the crop evapotranspiration measured by the EC system.
The equation used to calculate the reference evapotranspiration
(ET,) was as follows (ASCE-EWRI, 2005):

_ 0.408A(R, — G) + y(Co/ T + 273)u5 (65 — €,)
A+ y(1+ Caup)

ET

)

3)

where R, is the measured net irradiance at the crop canopy (MJ m ™2

day ™ 1); G is the soil heat flux density (MJ m~2 day~1); vy is the psy-
chrometric constant (kPa °C™1); C, is the numerator constant (K mm s>
mg~ ! d™1); uy is the mean daily wind speed at a height of 2m (m s~ 1);
T is the measured mean daily air temperature (°C); e, is the saturated
vapor pressure (kPa); e, is the mean actual vapor pressure (kPa); A is
the slope of the saturation vapor pressure temperature curve (kPa
°C™1Y); and Cj is the denominator constant (s m™1).

To reveal the annual and interannual variability in ET, we calcu-
lated the canopy conductance:
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Fig. 2. Seasonal variability of environmental factors in 2013, 2014, 2015, and 2017. (a) Mean daily temperature (T,;), maximum daily temperature (Tgi pax), and
minimum daily temperature (Tgir pin). (b) Daily net radiation (R,) and vapor pressure deficit (VPD). (c) Soil water content (SWC) and precipitation plus irrigation (P

+ D). (d) Canopy conductance (G.).
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The aerodynamic conductance (G,) was calculated using the equa-
tion proposed by Monteith and Unsworth (2007):

Gy = (L + 62u??),

u?

(5)
where u is the average wind speed, and u- is the friction velocity.
2.6. Evapotranspiration partitioning

Unlike many previous studies using sap flow combined with micro

lysimeter, we selected a simple and practical method to separate E and
T proposed by Zhou et al. (2016). Although the behavior of stomatal is

influenced by environmental factors, the potential water use efficiency
(uWUEp) at a stomatal scale in an ecosystem with a homogeneous un-
derlying surface is assumed to be nearly constant (Medlyn et al., 2011),
and variations of actual water use efficiency (uWUE) can be attributed
to the soil evaporation (Zhou et al., 2016). Thus, the method can be
used to estimate T with the measured ET, actual uWUE, and estimated
uWUEp. Another assumption of this method is that the ecosystem T is
equal to ET at some growth stages, so uWUEp can be estimated using the
upper bound of the ratio of GPP-VPD®® to ET, where GPP is the gross
primary production, and VPD is the vapor pressure deficit.

Here, we used the method reported by Zhou et al. (2016), which
uses the 95th quantile regression between GPP-VPD®> and ET to esti-
mate uWUEp. Zhou et al. (2016) demonstrated that the 95th quantile
regression for uWUEp at flux tower sites was consistent with the uWUE
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Fig. 3. Regression analysis of energy balance closure in (a) 2013, (b) 2014, (c) 2015, and (d) 2017.

derived at the leaf scale for different ecosystems. In addition, the
variability of seasonal and interannual uWUEp was relatively small for a
homogeneous canopy. Therefore, T can be estimated using Eq. (6):

T uWUE

ET  uWUE,

(6)

The calculation of VPD was based on T, and RH data, and the
method of gap-filling was the marginal distribution sampling (MDS)
method proposed by Reichstein et al. (2005). To calculate GPP, the
complete series of net ecosystem exchange (NEE) was partitioned into
GPP and respiration (Re) using the method proposed by Reichstein et al.
(2005). Finally, ET was calculated using the latent heat flux and air
temperature. Based on GPP, ET, and VPD data, T can be calculated using
the method proposed by Zhou et al. (2016).

2.7. Statistical analysis

The statistics we used to evaluate the performance of this method
were (1) root mean squared deviation (RMSD); (2) relative RMSD
(RRMSD); and (3) mean deviation (MD). They can be calculated as
follows:

n
RMSD = \/lz (P - 0)?
ni:l

®)
RRMSD = RMSD
average (7)
1
MD =% (B~ 0) ®

where P; is the ith predicted value, O; is the ith observed value, Ogyerqage
is the average of the observed values, and n is the number of samples.

3. Results and discussion
3.1. Meteorological conditions and energy balance

The variations of climate conditions, soil moisture, and biological
factors during the maize growth seasons over four years are shown in
Fig. 2, and the average values of these factors for each growth stage are
shown in Table 1. As Fig. 1(a) shows, the daily average air temperature
ranged from 7.81 °C to 33.30 °C, the daily maximum temperature
varied from 11.65 °C to 42.19 °C, and the daily minimum temperature
ranged from 5.08 °C to 26.80 °C. Considering different growth stages,
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the average air temperatures in the initial and development stages were seasons. Daily averaged R, values were relatively high from early June
usually higher than in the mid and late stages. Fig. 2(b) shows the to August, and peak values of daily average net radiation were about
seasonal variation of R, and VPD during maize growing seasons. The 200 W m~2. Due to the decrease of global radiation, R, decreased in
seasonal pattern of R, was similar to VPD during maize growing September—October. Fig. 1(c) exhibits the change of canopy
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conductance in four maize growing seasons. Although we only have the
observation of soil moisture at shallow surface, it can reflect the root
zone moisture as well. Daily averaged soil water content (SWC) was
maintained at a high level, and the summer maize rarely suffered water
stress during the four-year observation period. G. ranged from 0 to 2
mm s~ ! during the initial stages. With the development of the canopy,
G. reached up to 6-10 mm s~ ' in the mid stage. And it decreased to 5
mm s~ ! in the late stage because of the senescence of the canopy.
Fig. 3 shows the linear fitting between R,-G and H + LE. For 2013,
2014, 2015, and 2017, the slopes were 0.73, 0.85, 0.71, and 0.63, the
intercepts were 19.92 W m ™2, 14.49 W m ™2, 20.15 W m 2, and 25.68
W m ™2, and the coefficients of determination (R%) were 0.799, 0.88,
0.77, and 0.69, respectively. The energy balance closure statistics at this
area were acceptable compared with the results reported by Wilson
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et al. (2002), Li (2005), and Foken (2008). To overcome the problem of
energy imbalance, the Bowen ratio method was applied to correct the
measured LE. Based on the corrected long-term reliable observation
data, we can calculate K, and other parameters.

3.2. Diurnal variation of energy fluxes

Fig. 4 shows the daily variation of R, LE, H, and G during the four
growing seasons (2013, 2014, 2015, and 2017). The monthly and
seasonally averaged energy fluxes exhibited a single peak pattern
during a day. The R, was less than zero and rapidly increased in the
morning, reaching peak values at 12:30 p.m. to 13:30 p.m.. LE and H
varied with R, and the peak values of LE were always higher than the
peak values of H. During the four growing seasons, the average R, LE,
H, and G ranged from 100.4 W m ™2 to 120.0 Wm™2, 72.6 Wm 2 to
872Wm™2 328Wm 2t043.1 Wm 2 and 1.3 Wm 2to 4.0 W
m ™2, respectively. This indicates that in the maize agroecosystem, there
was a larger proportion of R, transfer to LE, and a relatively small
proportion of R,, was absorbed by H. The peak of G had obvious hys-
teresis compared to other flux components, and the maximum values
occurred at 14:30 p.m. to 15:30 p.m.. The results were consistent with
the study conducted by Facchi et al. (2013) at a maize cropland in Italy.

Fig. 5 shows the monthly averaged diurnal variation of energy
fluxes (R,, LE, H, and G) during four growing seasons. The variation of
energy partitioning shows a clear seasonal pattern. The peak value of R,
(524.2 Wm™2) occurred in July, whereas the peak value of LE (342.4 W
m~32) occurred in August when the leaf area index (LAI) reached the
maximum value. G accounted for a low proportion compared to the
other energy components during the whole growing season. H was re-
latively high in June and July because of the low LAI and high net
radiation. With the canopy developing, more net radiation was parti-
tioned into LE rather than H. And H increased slightly when the maize
was harvested.

3.3. Seasonal variation of evapotranspiration, soil evaporation, and
transpiration

Table 1 shows the mean values of meteorological factors and water
fluxes in different growth stages. Since the VPD and LAI were relatively
high, the average daily ET was 2.22-3.45 mm day ™' in the develop-
ment stage, which was the highest among the four growth stages. The
ratio of T to ET ranged from 0.11 to 0.81 during the maize growing
seasons. The highest values of T/ET usually occurred in the mid stage,
and the lowest values occurred in the initial or late stages. Fig. 6 shows
the seasonal patterns of daily ET, T, and E during the maize growing
seasons in 2013, 2014, 2015, and 2017. Seasonal variations of ET, T,
and E showed similar patterns in the observations across four years. At
the beginning of the maize growing season, the daily values of T were
about 0.1 mm day ~!. With the LAI increasing at the development stage,
daily values of T increased from 1 to 4 mm day ~ . Due to the decrease
of solar radiation and the senescence of maize in the late stage, daily
values of T decreased to less than 1 mm day~'. The daily values of E
had a contrasting pattern with the daily values of T. When LAI was low,
a large proportion of solar radiation could transfer through the canopy
to the soil surface, so the soil evaporation was large compared to the
transpiration. With the LAI increasing, more radiation was intercepted
by the canopy, so the daily values of E decreased from around 3 mm
day ! to less than 1 mm day~'. Soil evaporation, especially in the
initial stage, had large variability after precipitation or irrigation. In the
initial stage, soil evaporation accounted for 78 %-85 % of ET. With the
development of the canopy, the proportion of soil evaporation in ET
decreased gradually in the development stage. In the mid growing
stage, the soil evaporation was very small, and the transpiration ac-
counted for 54 %-81 % of ET. When the maize entered the late stage,
the variation in soil evaporation was large, and the ratio of E to ET
ranged from 39 % to 89 %. ET totals in 2013, 2014, 2015, and 2017
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Fig. 7. K, values derived from the experimental data (black dots), the FAO-56 standard curve (the short dot line), the FAO-56 adjusted curve (the dash line), the
locally developed K, curves based on one year of data (the solid lines), and the locally developed K, curves based on four years of data (the dash dot lines). (a) 2013,

(b) 2014, (c¢) 2015, (d) 2017.

Table 3

Locally developed crop coefficient (Kc) in Yangling, China.
Crop FAO-56 FAO-56 2013 2014 2015 2017 4-years
coefficient standard adjusted
Kc ini 0.30 0.56 0.56 0.49 0.64 0.58 0.57
Kc mid 1.20 1.10 096 1.02 1.01 1.04 1.01
Kc lat 0.30 0.40 056 0.81 0.82 048 0.50

were 262.6 mm, 232.9 mm, 296.4 mm, and 291.0 mm, respectively.
The ratios of T to ET (T/ET) were 50.3 %, 52.4 %, 51.3 %, and 53.5 %
for 2013, 2014, 2015, and 2017, respectively. These values indicate
that plant transpiration and soil evaporation account for a comparable
proportion of evapotranspiration. The ratios of E to ET observed in this
study were slightly higher than the ratios (36 %-47.2 %) observed by
Gong et al. (2017) in conventional flat cultivation without mulching.

3.4. Single and dual crop coefficients

The reference duration of the growth stages for summer maize
proposed by FAO-56 and the actual lengths of growth stages during the
observation period are shown in Table 1. The lengths of stages in the
standard curves referred to the values provided by FAO56, while the
lengths of stages in the adjusted curves and locally developed curves
were observed in the field. Missing data in the daily K. datasets were
caused by instruments malfunctioning and bad weather conditions. As
Fig. 5 shows, the daily soil evaporation in the initial stage sharply in-
creased after rainfall or irrigation events. These unreliable values were
removed when calculating K, i, Other daily K, values were used when
calculating K, curves, although irrigation and intense precipitation also
caused changes in K, due to high soil evaporation.

Fig. 7 shows the daily K, values calculated using observed data
(black dots), the FAO-56 reference curve (the short dot line), the FAO-
56 adjusted curve (the dashed line), the locally developed K. curves
using one year of data (the solid lines), and the locally developed K,
curves using four years of data (the dash-dot lines). With the LAI
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Fig. 8. Comparison between measured ET and simulated ET using crop coef-
ficient in (a) 2013, (b) 2014, (c) 2015, and (d) 2017.

increasing, the daily K, increased from 0.57 to 1.01. The daily K, stayed
at 1.01 in the mid stage and decreased gradually in the late stage be-
cause of the senescence of maize. Based on the daily K, calculated by
the ratio of ET, to ET,, we developed local K, curves to accurately es-
timate the crop water requirement. The locally derived K, values in the
initial stage (0.49-0.64) were generally higher than the values (0.35)
provided by FAO56 and consistent with the adjusted K, (0.56) based on
the local climate. For the K, in the mid stage, the locally derived K, was
lower than the standard values and the adjusted value in FAO56. The
variability of K, in the late stage was very large. The locally derived K.
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in the late stage using one-year data ranged from 0.48 to 0.82, de-
pending on the soil moisture and the grain moisture when harvested.
The variability of the locally derived K, ;g based on the one-year da-
taset was small, and the K, values derived from the one-year dataset
were comparable with the K ;4 values derived from the four-year
dataset. (Table 3)

Fig. 8 shows the seasonal variation of estimated and measured ET as
well as the linear regression analysis between measured ET (ET,) and
estimated ET (ET,). For four growing seasons, the RMSD ranged from
0.45 mm to 0.68 mm; the RRMSD ranged from 18.9 % to 26.4 %; the
MD ranged from 0.04 mm to 0.25 mm; and the R? ranged from 79.9 %
to 88 %. In total, the estimated ET was slightly greater than the ob-
served value except in 2013. This indicates that the crop coefficient
method can provide a good prediction of daily ET. Therefore, we can
use the locally derived K, curve to guide the irrigation strategy. The
highest differences between estimated ET and measured ET usually
occurred before the mid stage, which was related to the variation of soil
evaporation after precipitation or irrigation. Moreover, the K. curve
cannot characterize the ET in the initial and development stages as
accurately as in the mid and late stages.

Fig. 9 shows the basal crop coefficient (K,*K;) and soil evaporation
(K.) of maize. The basal crop coefficient (K;*K;) of summer maize
showed a similar pattern as K. and plant transpiration, but the mag-
nitudes of K,*K, were lower than K,. K;*K; values ranged from nearly
0 to 0.9. The maximum values usually occurred around 60 days after
emergence (DAE 60 In the early and rapid growth stages, K.,*K; gra-
dually increased from 0.5 to 0.9 as the canopy developed. In the mid
stage, K,*K; ranged with great variability from 0.4 to 0.9, which was
lower than the values reported in other literature. Reported mid-season
K, values of maize were 1.05 (Rosa et al., 2012), 1.10 (Zhao et al.,
2013), 1.12 (Martins et al., 2013), and 1.15 (Zhang et al., 2013). In the
late stage, K;*K; linearly decreased from 0.5 to 0.2. The four-year
averaged soil evaporation coefficient (K,) of summer maize decreased
with increasing LAI and land cover from DAE 0 to DAE 75 (Fig. 8). Peak
values of K, decreased from around 0.7 to around 0.2 with increasing
DAE. With the maize approaching maturity, K, increased from around
0.2 to around 0.7. The variability of K, was greater than K;*K;. The
reason is that soil evaporation is more sensitive to surface moisture than
plant transpiration.

Maize growth and senescence rates vary with maize variety,
weather, soil nutrition level, and field management practice. The most
vital aspect of developing appropriate crop coefficient values is the
phenology. The largest seasonal weather effect on plant growth in
temperate climates is during the early season when low air and soil
temperatures may delay crop growth by several days. Therefore, de-
veloping K, values based on growing degree day (GDD) rather than
DAE would further improve K, estimates.

4. Discussion
4.1. Effects of physiological and meteorology factors on K,

Fig. 10 displays the nonlinear curve fitting between K, and canopy
conductance (G.). The relationships between K. and G, were statisti-
cally significant during four seasons (the determination coefficients
were 0.63, 0.92, 0.82, and 0.75). K, increased rapidly when G, in-
creased from 0 to 6 mm ™', indicating that the biological factor is the
primary factor in determining the crop coefficient, but K, was in-
sensitive when G, exceeded 6 mm 1. Ding et al. (2015) reported a si-
milar relationship between G. and K. for a spring maize field in
Northwest China. In addition, we analyzed the relationship between K,
and LAI, but the LAI cannot explain as much variability in ET as G.. This
finding contrasts with some studies which found that LAI can explain
more variability of K. than G.. Because the variability of soil evapora-
tion was high, the relationship between LAI and K. was not as sig-
nificant as Gc. Xu et al. (2018) also reported that the canopy size can
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Fig. 9. (a) Basal crop coefficient and stress coefficient (K.*K;) from summer maize in 2013, 2014, 2015, 2017, and the four-year average. (b) Soil evaporation
coefficients (K,) from summer maize in 2013, 2014, 2015, 2017, and the four-year average.

significantly affect the crop coefficient, with larger canopy sizes leading
to higher crop coefficients.

4.2. Variation of the maize K, in different regions

A review of locally developed K, ;4 of maize in other regions, the
location of the study area, climate type, and the instrument used to
measure ET are included in Table 4. Most of the K,_,; values calculated
using the data measured by lysimeter are higher than those calculated
using the data measured by EC systems. Due to a limited representative
area, lysimeters are prone to overestimating ET compared with other
instruments (Rana and Katerji, 2000; Alfieri et al., 2012). Although EC
systems may underestimate ET because of flaws with their energy
balance closure, EC systems can accurately capture ET information over
short-term periods in large areas. The calculated K4 of this study was
consistent with the K, ;4 reported in Shouyang, Shanxi (Gong et al.,
2017), Nebraska, USA (Suyker and Verma, 2009), and Landriano, Italy
(Facchi et al., 2013) and was slightly higher than the K ;4 of maize
planted at Hexi corridor (Ji et al., 2017). However, the K. 4 in this
area was much lower than the results reported by Li et al. (2008) in
Wuwei, China, and by Payero and Irmak (2011) in North Platte, Ne-
braska, USA, using EC systems. It was also slightly lower than the K, 4
reported by Zhao et al. (2010) in Pingchuan, China, using the Bowen
Ratio Energy Balance (BREB) system. Although Parkes et al. (2005) and
Kang et al. (2003) proposed a K, value of maize in this area, they used
the lysimeter method to measure the actual ET. Moreover, due to the
variety of updated and improved farming practices and climate change,
it is necessary to use a more precise method to determine the crop
coefficient. Using the eddy covariance method, the calculated K. was
significantly lower than the results reported by Parkes et al. (2005) and
Kang et al. (2003). It was also lower than the K. values in studies
conducted in Uvalde, TX, USA (Piccinni et al., 2009), Luancheng, China
(Liu et al., 2002), Naiman, China (Li et al., 2003), Beijing, China (Xu
et al., 2018), Fars, Iran (Shahrokhnia and Sepaskhah, 2013), Bushland,
TX, USA (Howell et al., 2006), and Karnal, India (Tyagi et al., 2003),
which used lysimeter ET data to derive K.. In addition, using the soil
water balance method, Djaman & Irmak reported that the locally de-
veloped K, g in North Platte was 1.08-1.26. According to the discus-
sion, the calculated K, not only varies with the climate but is also af-
fected by the ET measurement method. Sometimes the variability
caused by the method of ET measurement is more significant than the
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variability caused by climate conditions.
5. Conclusion

Based on a four-year observation period using an EC system, we
derived the local crop coefficient curve and studied evapotranspiration
partitioning in a summer maize cropland. Due to the imbalance of en-
ergy, we corrected LE data before we calculated the actual ET. Both
energy partitioning and evapotranspiration partitioning have sig-
nificant seasonal variability. R,, was mainly consumed by H during the
initial and late stages, whereas R, was mainly absorbed by water vapor
and transferred into latent heat during the development and mid stages.
In the initial stage, soil evaporation accounted for 78 %-85 % of the ET.
With the development of the canopy, the proportion of soil evaporation
in ET decreased gradually. In the mid growing stage, the soil eva-
poration was very small, and the transpiration accounted for 54 %-81
% of the ET. The crop coefficients derived by local datasets were 0.57,
1.01, and 0.50 in the initial, mid, and late stages, respectively. The
locally developed K, curve can provide a good prediction of the crop
water requirement. The variability in crop coefficient at different re-
gions was high, which was attributed to the differences in climate and
measurement methods. Different measurement methods can result in
great variability of the crop coefficient. The K, calculated using ET
datasets from lysimeter measurements ranged from 1.20 to 1.53, which
was significantly higher than the K. calculated using EC datasets.
Although lysimeters are widely used as a standard method to measure
ET, lysimeters commonly overestimate K, and crop evapotranspiration
due to their limited representative area.
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Fig. 10. The relationship between daily crop coefficient (K.) and canopy conductance (G,) in (a) 2013, (b) 2014, (c) 2015, and (d) 2017.

Table 4

Comparison of locally developed crop coefficient (Kc) for maize in other regions under different climate.
Site Climate Measurement method Local Ke-mid References
Yangling, Shaanxi, China (34°17’N, 108°04’E, 521 m a.s.l.) Dry semi-humid Eddy covariance 1.00 = 0.04 This study
Shouyang, Shanxi (37°45’N, 113°12E, 1202 m a.s.l.) Semi-arid Eddy covariance 1.01 = 0.05 Gong et al. (2017)
Hexi Corridor, China (39°19’N, 100°08’E, 1365 m a.s.l.) Arid Eddy covariance 0.88-0.93 Ji et al. (2017)
Landriano, Italy (45°19'N, 9°15’E, 88 m a.s.l.) Humid Eddy covariance 0.99 Facchi et al. (2013)
Wuwei, Gansu, China (37°85’N, 102°85’E, 1581 m a.s.l.) Arid Eddy covariance 1.39-1.46 Li et al. (2008)
Nebraska, USA (41°09'N, 96°28'W, 361 m a.s.l.) Semi-arid Eddy covariance 1.03 = 0.07 Suyker and Verma (2009)
North Platte, Nebraska, USA (41°6’N, 100°48’W, 861 m a.s.l.) Semi-arid Eddy covariance 1.25 Payero and Irmak (2011)
Yangling, Shaanxi, China (34°17’N, 108°04’E, 521 m a.s.l.) Dry semi-humid Lysimeter 1.25 Parkes et al. (2005)
Yangling, Shaanxi, China (34°17°N, 108°04’E, 521 m a.s.l.) Dry semi-humid Lysimeter 1.43 Kang et al. (2003)
Luancheng, Shandong, Hebei (37°50'N, 114°40’E, 50 m a.s.l.) Semi-humid Lysimeter 1.38 Liu et al. (2002)
Uvalde, TX, USA (29°13’ N, 99°45’ W; 283 m a.s.l.) Semi-arid Lysimeter 1.2 Piccinni et al. (2009)
Naiman, Inner Mongolia, China (42°58’ N, 120°43’ E; 345 m a.s.l.) Semi-arid Lysimeter 1.26 Li et al. (2003)
Beijing, China (40°17’N, 116°39’E, 50 m a.s.l.) Semi-humid Lysimeter 1.53-1.40 Xu et al. (2018)
Kooshkak, Fars, Iran (30°4’'N, 52°35E, 1620 m a.s.l.) Arid Lysimeter 1.40 Shahrokhnia and Sepaskhah (2013)
Bushland, TX, USA (35°11'N, 102°06'W, 1170 m a.s.l.) Semi-arid Lysimeter 1.17 Howell et al. (2006),
Karnal, India (29°43'N, 76°58’E, 1170 m a.s.l.) Semi-arid Lysimeter 1.23 Tyagi et al. (2003)
Pingchuan, Gansu, China (39°24'N, 100°10’E, 1549 m a.s.l.) Arid Bowen Ratio Energy Balance 1.15 Zhao et al. (2010)
North Platte, Nebraska, USA (40°43'N, 98°8'W, 552 m a.s.l.) Semi-arid Soil water balance 1.08-1.26 Djaman and Irmak (2013)
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.agwat.2020.106164.
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