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The Penman–Monteith (P-M) model has been widely used to estimate actual evapo-

transpiration (ET). However, its application is mainly constrained to within field

scales because the surface resistance under water stress at large scales is difficult to

define. The Normalized Difference Water Index (NDWI) derived from Moderate

Resolution Imaging Spectroradiometer (MODIS) data was shown to be sensitive to

the cropwater content andwater deficit, andused to estimate the surface resistance in

the P-Mmodel. The modelled latent heat fluxes matched well with the eddy correla-

tion observations, and the spatial distributions also showed a similar pattern as the

results from the one-layer model in an irrigated area at the downstream of Yellow

River. To reduce the influence of cloud andother atmospheric disturbances, the daily

surface resistance was retrieved from 8-day temporal composite MODIS

NDWI. The modelled daily ET showed consistent temporal changes with the obser-

vations during the wheat growing season. This method showed advantages over the

other remote sensingmodels, for example, the one-layermodel, which required daily

radiative temperature inputs and cannot be implemented under cloudy conditions.

1. Introduction

Water shortage and uneven distribution of precipitation in time and space are major

limiting factors for the economic development and agricultural production in the

Northern China Plain. Winter wheat is the major crop in this area from winter to

spring, and its growth is greatly influenced by the rainfall distribution during this

period. The decreasing precipitation and increasing air temperature in this area due

to climate change mean that more crop irrigation is necessary, especially during the

winter wheat season (Yang et al. 2004, Cracknell and Varotsos 2007), and the water
conflict between irrigation and industrial use is becoming severe in the Yellow River

basin. To better manage the limited water resources, accurate assessment of crop water

consumption is required. Field sampling has been extensively used to measure crop

water consumption or actual evapotranspiration (ET) and estimate water stress by

measuring soil moisture from a scale of several metres up to several hundreds of metres.

However, it is difficult to make regional estimates from field observations due to large

heterogeneities in land cover and plantation (Maayar and Chen 2006). Remote sensing

data have obvious advantages over field observations and are widely used for regional
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water cycle studies since they can provide measurements of land surface status over

large areas (Jupp et al. 1998, Jiang and Islam 1999, Nishida et al. 2003, Su et al. 2003).

Derivation of ET estimates from remote sensing data is based on assessing the

surface energy balance by observing surface properties such as albedo, vegetation

cover, leaf area index (LAI) and surface temperature (Bastiaanssen et al. 1998, Jupp
et al. 1998). The available net radiation energy is partitioned into soil heat and

atmospheric convective fluxes including sensible heat and latent heat. The main differ-

ences between remote sensingmodels lie in the treatment of the observed surface and the

parameterization of the radiant and convective fluxes (Courault et al. 2005). The one-

layer approach considers the land surface as a single component, while the two-layer or

multilayer approaches discriminate the soil and vegetation components, with different

characterization of canopy structure. The one-layer model is easy to run, but the

aerodynamic temperature defined in the model is generally different from the surface
temperature derived from remote sensing especially under sparse vegetation conditions

(Chehbouni et al. 1996, Su et al. 2001). The two-layer model incorporates the difference

between the two temperatures. However, it is difficult to solve the model without

knowing the soil and vegetation component temperatures when only one observation

of radiometric temperature is available (Norman et al. 1995, Kustas andNorman 1999,

French et al. 2005). Therefore, empirical assumptions have to be introduced to solve the

model due to the absence of satellitemulti-angle thermal-infrared sensors. Twomethods

are usually used: one builds the empirical relationship between radiometric temperature
and the component temperatures (or aerodynamic temperature) (Chehbouni et al.

2001); the other method reduces the two-layer model into a modified single-layer

model by providing an extra condition (Norman et al. 1995, Jupp et al. 1998, Kustas

and Norman 1999, French et al. 2005). As an example of the second method, the

Priestley–Taylor (P-T) equation is usually applied to initialize the canopy transpiration,

assuming the vegetation has suffered no water stress (e.g. Norman et al. 1995).

All the above models are sensitive to the uncertainty of the surface temperature

retrieval, which relies on remote sensing techniques and shows great uncertainty (Wan
et al. 2002). The surface temperature is very sensitive to atmospheric movement; meth-

ods for describing the corresponding fluctuation in surface temperature have been

widely investigated but not on the satellite observed temperature (Katul et al. 1998,

Varotsos 2005,Varotsos et al. 2007). The Penman–Monteith (P-M)model eliminates the

need for surface temperature and has been widely used for evaporation modelling, but

mostly at field scales (Courault et al. 2005). This is because the surface resistance under

unsaturated surfaces at large scales is usually difficult to estimate without intensive

sampling of soil moisture and crop growth parameters (Moran et al. 1994, Cleugh
et al. 2007, Mu et al. 2007). Therefore, the main objective of this article is to retrieve

surface resistance from remote sensing data and extend the application of P-Mmodel at

a regional scale.

The Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the

Terra and Aqua satellites provides observations twice a day on a near-daily basis

(every other day at the equator) at moderate spatial resolutions from 250 to 1000 m,

whichmakes it appealing for regional water and energy cycles monitoring (Kustas et al.

2003, Cleugh et al. 2007, Mu et al. 2007). Although sensors with higher spatial resolu-
tion, for Example, Landsat Thematic Mapper (TM) or Enhanced Thematic Mapper

(ETM) and Advanced Spaceborne Thermal Emission and Reflection Radiometer

(ASTER), are more desirable, these sensors have much lower temporal resolution,

and cloud contamination limits their application to monitoring of crop water use on
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a regular basis, as is needed for irrigation management. Moreover, the publication of

MODIS land surface products facilitates their application to ecology and hydrology

modelling without needing to make atmospheric and radiometric correction.

The objective of this article is to develop an operational method based on the P-M

model and MODIS data to estimate daily crop water consumption in an irrigated area
located at the downstream part of the Yellow River, to provide support for optimized

irrigation management. A water index derived fromMODIS data was used to estimate

the surface resistance in P-M model, and the results were validated using field flux

observations and compared with the popular one-layer model.

2. Methodology

2.1 Study area and field experiments

Field experiments have been carried out around an eddy flux tower (116� 30 15.300 E,
36� 380 55.500 N, 30 m elevation) in the Weishan Irrigation Zone (WIZ) (115� 240–116�

300 E, 36� 120–37� 000 N) since April 2005. TheWIZ and the location and surroundings

of the field experiment site are shown in figure 1.Within a radius of several kilometres
around the flux tower the croplands area is almost homogeneously covered by the

same crop. This region is part of the Northern China Plain and also the largest

irrigation zone in the downstream area of the Yellow River with a total area of

3600 km2. Three major channels provide irrigation for most of the area, with water

taken from the Yellow River in the south-eastern part. The rotation of winter wheat

Figure 1. The study area and the field site. (a) Weishan irrigation zone along the downstream
part of the Yellow River and the locations of the flux tower and three weather stations. (b) The
location of the flux tower for validation and its surroundings. The background is a false-colour
composite Landsat ETM image on 16 May 2000 (30 m, bands 4, 3, 2).

An operational method to estimate evapotranspiration 3

D
ow

nl
oa

de
d 

by
 [

T
si

ng
hu

a 
U

ni
ve

rs
ity

] 
at

 0
6:

44
 0

7 
Ju

ly
 2

01
1 



and summer corn is the local primary agricultural practice with crop plantation

occupying over 80% of the total area. The winter wheat season occurs between

October and June. Multi-year averaged precipitation in this zone is around 571 mm,

of which over 60% falls in the summer and less than 20% falls in the spring. Two or

three applications of irrigation are usually made during the fast-growing period of
wheat in the dry season, from March to May.

The flux tower was equipped with a net radiometer, soil heat flux plates and an eddy

covariance system. The energy balance closure was around 80% from the spring to

autumn, dropping to 60% in the winter. This could result from the underestimation of

turbulent heat fluxes at the flux tower, which occurred at some sites according to

FLUXNET (Baldocchi et al. 2001). The remaining terms in the energy balance equation

are redistributed into the turbulent fluxes according to the observedBowen ratio.A set of

automatic agro-meteorological equipment was also installed to measure routine climate
data, including air temperature, relative humidity and wind speed. A groundwater net-

work was used to record the groundwater level and two soil moisture profiles were

measured at depths of 5, 10, 20, 40, 80 and160 cm.The crop growthparameters including

LAI, root mass and crop height were sampled every two weeks.

2.2 Estimating actual ET using P-M model and MODIS data

The P-M model is based on the energy balance and aerodynamics theory (Monteith
1964):

lE ¼ �ðRn � G0Þ þ rCpðe�ðTaÞ � eaÞ=ra
�þ �ð1þ rs=raÞ ; (1)

where E is the mass water ET rate, l is the latent heat of vaporization, lE together

represents the latent heat fluxes (Wm-2), Rn is net radiation (Wm-2), G0 is soil heat flux

(Wm-2),Ta is the air temperature (�C) at reference height, e*(Ta) and ea are the saturation

vapour pressure (kPa) at temperature Ta and the actual vapour pressure (kPa) respec-

tively.� is the slope of the saturated vapour pressure at the air temperature (kPa �C-1), r
is the air density (kg m-3),Cp is the air specific heat (J kg

-1 �C-1), � is the psychrometric

constant (kPa �C-1) and ra is the aerodynamic resistance (S m-1) and rs is the surface

resistance (S m-1), which was mainly influenced by water availability and canopy

photosynthesis process. Estimating the surface resistance under water stress was the

major difficulty when applying the P-Mmethod on actual ET estimation. Cleugh et al.

(2007) and Mu et al. (2007) used the LAI derived from MODIS data to estimate the

surface resistance. However, LAI, similar to Normalized Difference Vegetation Index

(NDVI), is more sensitive to the canopy biophysical parameters and may not be able to
effectively characterize the surface resistance under water stress conditions.

The radiative transfer model showed that leaf water was the dominant factor

influencing the leaf reflectance in the shortwave infrared (SWIR) wavelengths

(Ceccato et al. 2002). The Normalized DifferenceWater Index (NDWI) is a combina-

tion of the near-infrared (NIR) and SWIR wavelengths, defined as:

NDWI ¼ rNIR � rSWIR

rNIR þ rSWIR

; (2)

where rSWIR and rNIR are the reflectance in SWIR andNIR wavelengths respectively.

NDWI was shown to be sensitive to the canopy water stress and also showed a
response to the crop growth at the same time (Fensholt and Sandholt 2003, Jackson

4 Y. Yi and D. Yang
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et al. 2004, Chen et al. 2005). Moreover, NDWI was more resistant to cloud effect and

other atmospheric disturbances (Yi et al. 2008). Therefore, the following is more

suitable for surface resistance estimation:

rs ¼ rs maxf ðNDWIÞ ¼ rs maxð1� aðNDWIÞÞ; (3)

where rs is the surface resistance (S m-1), and rs_max is the maximum resistance (S m-1)

and can be regarded as the resistance when there is no vegetation cover and the soil

moisture is close to the wilting point or under water stress. f ðNDWIÞ is a linear

expression of NDWI (with a as an empirical coefficient subject to calibration), which

describes the influence of surface moisture condition and crop growth. For the crop at

the same growth period, NDWIwould decrease and surface resistancewould increase if

the crop suffered water stress. Here the MODIS bands 7 and 2 centred at 2130 nm

(SWIR) and 858 nm (NIR) were used to calculate the NDWI index.
A one-layer model was also applied in this area to compare with the P-Mmodel. The

heat transfer process between the land surface and atmosphere can be expressed as:

H ¼ rCp
Ts � Ta

ra þ rex
; (4)

where Ts is the radiometric surface temperature (K) and Ta was the air temperature at

reference height (K). The excess resistance rex or a dimensionless heat transfer coefficient

B -1 (B-sublayer stanton number) was used to adjust the difference between the aero-

dynamic temperature and surface temperature derived from remote sensing (Stewart

et al. 1994). B�1 is greatly affected by surface vegetation, topography andmeteorological
condition (Lhomme et al. 1997). Here the parameterization scheme proposed in Su et al.

(2001) integrating the influences of these factors was used to estimate B -1:

kB�1 ¼ kCd

4Ct
u�
uðhÞ ð1� e�nec=2Þ f

2
c þ

k u�
uðhÞ

z0m
h

C
�
t

f 2c f
2
s þ kB�1

s f 2s ; (5)

where k is the von-Karman constant, fc and fs are the coverage fraction of vegetation

and soil, respectively, Cd is the leaf dragging coefficient, Ct is the leaf heat transfer

coefficient andCt* is the soil heat transfer coefficient. u� is the friction velocity (m s-1)
and z0m is the roughness height for momentum transfer (m), uðhÞ is the wind speed at

height, h, of the canopy (m s-1), nec is the within-canopy wind speed profile extinction

coefficient, and Bs
–1 is the dimensionless heat transfer coefficient for bare soil.

2.3 Flow diagram of the ET models and data sources

Figure 2 shows flow diagrams of the model processing. Two datasets were required as

inputs to the twomodels. The first dataset consisted of land surface albedo, vegetation

indices (including NDWI and NDVI), LAI and surface temperature. These inputs

were derived from either daily or composite MODIS land products. The second

climate dataset included atmospheric pressure, air temperature, humidity, wind
speed, downward solar radiation or daily sunshine hour, which were interpolated

from the observations at weather stations.

The surface albedo and downward solar radiation (or daily sunshine hours) were

used to calculate the instantaneous (or daily) net shortwave radiation. The instanta-

neous net longwave radiation was estimated from the surface temperature and air

temperature, while only the maximum and minimum air temperatures were required

to estimate the daily net longwave radiation. The fractional coverage was used to

An operational method to estimate evapotranspiration 5
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estimate the soil heat together with the net radiation. The NDVI and LAI provided

estimates of vegetation parameters influencing the surface heat transfer process, and a

bunch of meteorological variables was used to determine the aerodynamic resistance
for the turbulent heat fluxes. NDWI was used to estimate the surface resistance

required by the P-M model.

MODIS daily and composite images including surface temperature, surface reflec-

tance, vegetation index (VI) and LAI from 2006 to 2007 were reprojected from the

sinusoidal (SIN) projection into the Universal Transverse Mercator (UTM) projec-

tion and resampled into 1 km resolution. Images with extensive cloud cover were

removed according to the quality flags in the MODIS datasets.

The meteorological data from 2006 to 2007 were also collected at three weather
stations as well as the field site (see figure 1). The inverse distance weighting method

was used to map the spatial distribution of the meteorological variables. The three

stations provided hourly observations in 2006, but only daily observations in 2007.

Thus in 2007, the daily data were first interpolated in the whole area and the hourly

data were derived, assuming the meteorological variables at all the four sites had

similar diurnal curves. This may be reasonable since there was only slight difference in

the topography and land cover types across this area. Besides, only the flux tower

provided observations of downward shortwave radiation. Therefore, the atmospheric
transmissivity was assumed the same across the area and the instantaneous downward

shortwave radiation varied solely with the geophysical parameters.

3. Vegetation parameterization using MODIS data

Surface albedo and LAI greatly influenced the energy balance at the surface. The

uncertainties in the MODIS albedo and LAI products were analysed and the method

to reduce the uncertainties in the input parameters for the ET models was discussed.

The MCD43B3 product provided temporal composite surface albedo at three

Incoming shortwave
radiation

Net shortwave
radiation

Net longwave
radiation

Vapour pressure
deficit

Resistance

Net radiation

Available energy

Turbulent heat
fluxes

Actual ET

MODIS
1 km data

Weather
data

Surface albedo

Surface
temperature

LAI/VI

Air temperature

Wind speed

Relative
humidity

Figure 2. Flow diagram of the evapotranspiration models including the inputs, data proces-
sing and the outputs. VI stands for vegetation index.
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wavelengths (0.3–0.7, 0.7–5.0 and 0.3–5.0 mm). This product was generated from the

MODIS level 1B surface reflectance data using Ross-Li model, combining Terra and

Aqua images to reduce the uncertainty in the input surface reflectance (Strahler et al.

1999). In the previous studies the surface albedo has usually been derived from the

narrowband surface reflectances, followed Liang (2001). Figure 3 shows a compar-
ison of the composite albedo and the albedo calculated fromMODIS bands 1–7 from

daily Terra and Aqua images in 2007. It can be observed from the figure that the daily

albedo fluctuated widely, and may not disclose the true changes in the surface

reflective conditions. This was due to large uncertainties in the input daily reflec-

tances, which were sensitive to the changes in the view and azimuth angles of the

sensors, and also cloud and aerosol condition (Yi et al. 2008). Thus the daily albedo

was interpolated from the 8-day composite data as inputs to the ET models.

LAI has been estimated using a VI such as NDVI inmost applications. However, the
VI was sensitive to atmospheric disturbances, and became saturated with LAI values

larger than3 (Huete et al. 2002).TheMOD15A2product provides 8-day compositeLAI

data with 1-km resolution. This product uses the 3D radiative transfer model to model

the canopy bidirectional reflectance (BRDF) and generates a look-up table (LUT). The

LAI is retrieved based on the LUT and theMODIS surface reflectance data. However,

the empirical relationship between NDVI and LAI is still used when there is no reliable

reflectance data during the composite period due to cloud contamination. Thus, the

accuracy ofLAI retrievals dependsmainly on the input reflectance quality. TheMODIS
Collection 5 land surface products are improved in atmospheric correction and also

in the definition of the radiative transfer model compared with Collection 4 products.

The effects of these improvements on LAI retrieval are discussed in the following

paragraph.

Figure 4 shows a comparison of the temporal series of LAI from different collec-

tions at the field site. LAI values in 2006 and 2005 were extracted from collection 4,

and the 2007 data were from collection 5. It can be seen from the figure that LAI

values in 2006 and 2005 were much smaller than LAI in 2007 especially during the
wheat growth period. The LAI series in 2007 were much closer to the ground truth.

Figure 5 shows a comparison of the LAI distribution in the study area at similar

growth stages. The LAI time series in 2007 (at date of year (DOY) 121) was 8 days

0.3

0.2

A
lb

ed
o

0.1

0.0
40 60 80 100 120 140 160

Day of  year

Composite
Terra
Aqua

Figure 3. Comparison between the temporal series of surface albedo derived from the
MOD43B3 product and the daily surface reflectance in 2007.
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ahead of the LAI series in 2006 and 2005 (at DOY 129) due to the difference in the

crop growth cycles. It can be seen that most LAI values in the whole area in 2006 and

2005 were much lower than the values in 2007. However, the wheat was at its growing

peak and showed a high LAI at this stage according to the field experiment. From the

above analysis, it can be concluded improvements in the LAI retrieval algorithm and

also the reflectance quality had contributed greatly to the refinement in the LAI

retrievals. Therefore, the LAI values in 2006 were still estimated using the general

empirical relationship between the 8-day composite NDVI and LAI. The daily LAI
values were then temporally interpolated from the 8-day composite data.

4. Results and discussion

4.1 P-M model calibration and validation

Figure 6 shows a comparison of the observed andmodelled net radiation and soil heat

fluxes in 2007 (a) and (b) and 2006 (c) and (d). The P-M model and the one-layer

model used the same parameterization for the two flux components, and this

7

6

5

4
LA

I
3

2

1

0
0 50 100 150 200 250 300

Day of  year

2007
2006
2005

Figure 4. Comparison between the temporal series of LAI extracted from the MODIS
products from 2005 to 2007.

Figure 5. Histogram of LAI distribution in the study area at similar growth periods from 2005
to 2007.

8 Y. Yi and D. Yang

D
ow

nl
oa

de
d 

by
 [

T
si

ng
hu

a 
U

ni
ve

rs
ity

] 
at

 0
6:

44
 0

7 
Ju

ly
 2

01
1 



parameterization scheme has been widely used in other remote sensing models

(Courault et al. 2005). In both years, the modelled net radiation results were very

close to the observations. In 2007, the root mean square errors (RMSEs) of modelled
net radiation were 16.3 and 23.9 Wm-2 for Terra and Aqua, respectively. In 2006, the

RMSE was 30.2 W m-2 for Terra and 19.0 W m-2 for Aqua, respectively. However,

there were large differences between the modelled and observed soil heat fluxes, and

the modelled results were generally larger than the observations especially for Terra

(in the morning). In 2007, the RMSE of modelled fluxes was as high as 52.1Wm-2 for

Terra and the RMSE was 33.7 W m-2 for Aqua. In 2006, the RMSEs were 60.0 and

47.4 W m-2 for Terra and Aqua, respectively. The large discrepancy between the

modelled and observed soil heat may be caused by incorrect installation and calibra-
tion of the soil heat plates, which should be investigated further.

The flux observations at the overpass time of Aqua from 13:00 to 14:00 hours in 2007

were chosen to calibrate the surface resistance equation (3) and the results are shown

in figure 7(a). The NDWI and the surface resistance retrieved using the P-M equation

showed good linear correlation and the determination coefficient (R2) was as high as

0.70. The rs_max and a were calibrated as 208.32 S m-1 and 1.12, respectively. The

calibrated value of surface resistance (rs_max) for bare soil under water stress was in a

reasonable range according to the experiment of Daamen and Simmonds (1996) and
also the field observations made by Mo et al. (2002). The flux observations at the

overpass time of Terra at 11:00–12:00 hours in 2007 and both Terra and Aqua in 2006

were used for validation and the modelling results are shown in figure 7(b). The

modelled latent heat fluxes agreed quite well with the observations. The R2 values

between the modelled and measured latent heat fluxes were 0.94 and 0.84 for 2007

(b)
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M
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el
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d 
(W

m
–2

)

250

150

50
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Aqua600

500

400

300 400 500
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M
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m
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(d )
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Figure 6. Comparison between the observed andmodelled net radiation fluxes in (a) 2007 and
(c) 2006, and soil heat fluxes in (b) 2007 and (d) 2006, respectively.
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Terra and 2006, respectively. The RMSE of the latent heat fluxes was 37.3 W m-2 for

Aqua in 2007, and 44.7 W m-2 in 2006. The RMSE values were comparable with the

results from Cleugh et al. (2007) but slightly higher than the results from Mu et al.

(2007). However, the vapour pressure deficit was introduced in Mu et al. (2007) to

describe the constraint of soil water on the evaporation, which could be reasonable at a

large scale. The sensible heat fluxes were derived as the residual of the energy balance
equation, so the results were not presented in this article.

Figure 8 shows a comparison of observed and modelled latent heat fluxes by the

one-layermodel in 2007. TheRMSEof themodelled latent heat fluxes was 43.7Wm-2

for Terra and 68.8Wm-2 for Aqua. The one-layer model showed larger RMSE values

than the P-M model, with larger bias under lower latent heat fluxes under smaller

vegetation fraction. The one-layer model assumes the land cover is homogeneous and

this may be one of the error sources when the land is only partly covered by the crop.

The modelling results using Aqua images showed a larger RMSE value than Terra
images. However, the relative errors in the morning and afternoon were close because

the crop had higher ET in the afternoon. The spatial comparison between the two

models was mainly made at the overpass time of Terra in 2007 since the above P-M

model was calibrated at the overpass time of Aqua.
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Figure 7. Calibration and validation of surface resistance equation in the P-M model in 2007
and 2006. (a) The linear relationship between the surface resistance andNDWI usingAqua data
in 2007. (b) The modelled latent heat fluxes using calibrated surface resistance for Terra data in
2007 and both Terra and Aqua data in 2006.
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Figure 8. Comparison between the observed and modelled latent heat fluxes by the one-layer
model in 2007.
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Figure 9 shows comparisons of the spatial distribution of the latent heat fluxes

modelled by the two models at three selected dates from April to May in 2007 at the

overpass time of Terra. Figure 10 presents histograms of the difference between the

modelled latent heat fluxes by the twomodels at the three dates. The urban and village

built-up areas were excluded since the LAI values in these areas were very low and not
computed. The areas affected by cloud contamination were also masked as blank

areas. It can be seen from figure 9 that the spatial distributions of the fluxes from

the two models were quite similar. The latent heat fluxes were generally larger in the

irrigated area than the outside of the irrigation zone, and the latent heat fluxes in the

north and west areas were much smaller especially in April. These areas were far from

the irrigation drainage source at the south east part and usually less irrigated. It can be

seen from the figure 9 that typically the one-layer model showed higher ET in wet

surfaces and smaller ET in dry surfaces than the P-Mmodel. However, the differences
of the modelled latent heat fluxes mainly fell in the range of –50 to þ50 W m-2, and

were acceptable. However, most of the area in one-layer model showed greater ET

than the P-M model on 14 May 2007. The NDWI showed a valley during this period,

indicating that the crop may suffer water stress during this period, while the one-layer

model showed most of the area had high ET. However, the daily NDWI values were

affected by the atmospheric condition and the view angles, which may contribute to

this discrepancy.

The above analysis shows theMODISNDWI can provide reasonable estimation of
surface resistance under different soil moisture status and crop growth situations.

This was because the NDWI contains information from the SWIR and NIR wave-

lengths, which are sensitive to the crop water content, and also the accumulation of

the dry matter with crop growing (Yi et al. 2007).

4.2 The daily ET time series modelled by the P-M model

The P-M method was used to estimate the daily water consumption during the wheat
growing period in 2006 and 2007. The 8-day temporal composite NDWI was inter-

polated to daily data and used to estimate the daily surface resistance instead of using

the daily MODIS data. Good quality daily MODIS data may not be available due to

cloud or other factors, which was a major drawback to the one-layer model.

Moreover, the composite process can reduce greatly the uncertainty in the daily

surface reflectance caused by the changes in the view and zenith angles, cloud and

atmospheric conditions.

Figure 11 shows a comparison between the temporal series of the modelled and
observed daily actual ET during the wheat growth period in 2007 and 2006. The eddy

covariance observations at heavy rainy days (11 and 30 May 2007 and 25–27 May

2006) were excluded. It can be seen from the figure that the modelled and observed ET

time series showed similar trends during the period. The daily ET values showed

obvious temporal changes with the crop growth. In 2007, the modelled average daily

ET values increased from 2.10 mm day-1 inMarch to 4.32 mm day-1 in April and 4.84

mm day-1 in May. In 2006, the changes in the daily ET values were similar to the

changes in 2007. In this year, the modelled average daily ET values from March to
May were 2.35, 3.75 and 4.55 mm day-1 respectively. However, in 2006, the modelled

daily ET showed an increase during first March, while there was a decreasing trend in

the observed daily ET. The daily NDWI was interpolated from the neighbouring 8-

day composite NDWI. The quality ofMODIS images was greatly affected by cloud in

An operational method to estimate evapotranspiration 11
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Figure 9. Comparison of the spatial pattern of latent heat fluxesmodelled fromTerra images of
(a) 7 April 2007 by the one-layer model; (b) 7 April 2007 by the P-M model; (c) 25 April 2007 by
the one-layermodel; (d) 25April 2007 by the P-Mmodel; (e) 14May 2007 by the one-layermodel;
(f) 14 May 2007 by the P-M model. The irrigation area boundary is marked using the black line.
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the winter and early spring in this area, and the influence of cloud cannot be totally

eliminated even after temporal composite. On the other hand, the 8-day composite
NDWI can capture the canopy water stress during a longer period than 8 days, but

may not respond to a short-term stress.
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Figure 10. Histograms of the difference between the latent heat fluxes modelled by the P-M
model and the one-layer model at the selected dates in 2007.
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Figure 11. Comparison between the temporal series of the observed and modelled daily
evapotranspiration using the P-M model during the wheat season in (a) 2007 and (b) 2006.
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The temporal series of observed soil moisture, precipitation and irrigation during the

same periods are shown in figure 12. The statistics of thewater balance components in the

two years are shown in table 1. The total crop water consumption from March to May

was estimated to be 344.9 mm in 2007 and 326.5 mm in 2006, while the rainfall amount

was lower than 100mm in both years. The irrigation amount was estimated to be around
150 mm in 2007 and 80 mm in 2006 according to the temporal changes of measured soil

moisture profile and groundwater level. Due to water balance, the crop had to extract a

large amount of water from the deep soil layer and groundwater to sustain its growth in

both years, which were around 194 mm in 2006 and 117 mm in 2007. According to the

measured soil moisture and groundwater level, the changes in the total soil water storage

in 2006 and 2007 were estimated to be 169.2 and 89.8 mm respectively. The water

imbalance amount in 2006 was around 25 and 27 mm in 2007. The estimates of water

extractionmay be not very accurate because it was difficult to separate the discharge and
recharge periods of the groundwater. Also, the horizontal water movement was ignored

Figure 12. Temporal series of the observed soil moisture, precipitation and irrigation in (a)
2007 and (b) 2006.
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during the calculation. Compared with 2007, the wheat consumed more water from the

root zone and deep soil layer in 2006 due to less irrigation, which was indicated by the

sharp decrease in the soil moisture and increase in the groundwater level. It can be also

seen from figure 12 that the initial soil moisture in 2006 was slightly higher than in 2007,
and correspondingly the actual ET in March 2006 was slightly larger than in 2007.

However, the rainfall and irrigation amounts were lower in 2006 than in 2007, and

therefore 2007 had larger ET during the later period.

5. Conclusions

An operational method using MODIS data was proposed to estimate the crop water

consumption, and was applied in an irrigated wheat area along the downstream part

of the Yellow River. MODIS NDWI was used to characterize the surface resistance

and the P-M model was used to model the daily actual ET during the wheat growing

season from March to April.

The ET models were quite sensitive to the input vegetation parameters, especially

albedo and LAI. It was found that the temporal composite MODIS products pro-
vided more reasonable estimates of these two parameters than the daily products.

Thus a vegetation parameterization retrieval scheme using the temporal-composite

MODIS data was employed.

NDWI was shown to provide reasonable estimation of surface resistance for P-M

model at different crop growth condition and soil moisture status. The latent heat

fluxes modelled by P-M agreed well with the field observations and showed similar

spatial pattern to those from the one-layer model. To avoid the discontinuousness in

the availability of the remote sensing images due to cloud effects, 8-day temporal
composite MODIS data were used to generate the daily NDWI and surface resistance

and the P-M model was used to estimate the daily actual ET. Compared with the

observed precipitation, irrigation and soil moisture curves, the modelled daily ET

curves provided reasonable estimation of crop consumption during the wheat major

growing period. Moreover, this model showed obvious advantages over the other

remote sensing models, which require inputs of radiometric temperature, since the

availability of these data was greatly influenced by the weather conditions and

subjected to great uncertainty. Therefore, this model can provide continuous estima-
tion of daily crop water consumption at a regional scale and showed great potential in

precision irrigation management.
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Table 1. The statistics of the water balance components (mm) during the major wheat growing
period from March to May in 2006 and 2007.

ET (model) Precipitation Irrigation �SW Imbalance

2006 363 89 80 169.2 24.8
2007 353 86 150 89.8 27.2

Note: �SW is the amount of water extracted by the crop from the deep soil layer and ground-
water, calculated from the measured soil moisture profiles and groundwater level.
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