
Journal of Hydrology 489 (2013) 124–134
Contents lists available at SciVerse ScienceDi rect 

Journ al of Hydrology 

journal homepage: www.elsevier .com/locate / jhydrol
Quantifying the combined effects of climatic, crop and soil factors on 
surface resistance in a maize field
0022-1694/$ - see front matter � 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jhydrol.2013.03.002

⇑ Corresponding author at: Center for Agricultural Water Research in China,
China Agricultural University, Beijing 100083, China. Fax: +86 10 62737611.

E-mail address: kangsz@cau.edu.cn (S. Kang).
Sien Li a, Shaozhong Kang a,⇑, Lu Zhang b, Fusheng Li c, Xingmei Hao a, Samuel Ortega-Farias d, Weihua Guo a,
Shasha Ji a, Jingtao Wang a, Xuelian Jiang a

a Center for Agricultural Water Research in China, China Agricultural University, Beijing 100083, China 
b CSIRO Land and Water, GPO Box 1666, Canberra, ACT 2601, Australia 
c College of Agriculture, Guangxi University, Nanning, Guangxi 530005, China 
d Research and Extension Center for Irrigation and Agroclimatology (CITRA), Universidad de Talca, Facultad de Ciencias Agrarias, Av. Lircay s/n, Casilla 747, Talca, Chile 

a r t i c l e i n f o s u m m a r y
Article history:
Received 30 November 2012 
Received in revised form 7 February 2013 
Accepted 2 March 2013 
Available online 18 March 2013 
This manuscript was handled by 
Konstantine P. Georgakakos, Editor-in-Chief,
with the assistance of Kun Yang, Associate 
Editor

Keywords:
Climatic resistance 
Evapotranspiration
Maize
Penman–Monteith model 
Surface resistance 
Land surface evapo transpiration (ET) is the central process in hydrological cycle. The accuracy in simu- 
lating ET is affected by the calculation of underlying surface resistance . However, the surface resistance 
is difficult to be measured and greatly affected by clima tic, crop and soil factors. How to quantify the 
combined effects of these factors on surface resistance is still a challenge for hydrologists. Our study 
attempted to construct and validate a semi-empirical surface resistance model based on the analysis 
of the response pattern of surface resistance to climatic resistance, leaf area index (LAI) and soil moisture.
The surface resistance was derived by the re-arranged Penman–Monteith (PM) equ ation and the mea- 
sured maize ET using eddy covariance in 2007. Results indicate that the ratio of surface resistance to cli- 
matic resistance showed a logarithmic relationshi p with LAI, and an exponential function as soil moisture 
when LAI was below 2. But the ratio was nearly constant and not sensitive to variation in LAI and soil 
moisture when LAI exceeded 2. Based on the relationships, a surface resistance model was further con- 
structed and compared to the widely used Katerji–Perrier and Jarvis models over the sparse maize and 
grape canopy. Our resistance model combined with the PM equation improved the accuracy in estimating 
daily maize ET by 11% in 2007 and 4% in 2008, and vineyard ET by 7% against the Katerji–Perrier model 
combined with PM method, while by 32% in 2007 and 104% in 2008, and vineyard ET by 5% against the 
Jarvis model combined with PM method. Thus our model significantly improved the performance in sim- 
ulating sparse vegetation ET and can be used to estimate daily surface resistance under the partial canopy 
condit ion.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction 

Land evapotransp iration (ET) is the central process in the cli- 
mate system and a nexus of the water, energy and carbon cycles.
Terrestrial ET can affect precipitatio n, and the associated latent 
heat flux helps to control surface temperatures, with important 
implication s for regional climate characterist ics such as the inten- 
sity and duration of heat waves (Jung et al., 2010 ). How to accu- 
rately estimate land ET is a hot topic in hydrology. Penman–
Monteith model is the most widely-used method to simulate ET 
in the world (Allen et al., 1998; Rana and Katerji, 2000 ). However ,
the model is highly sensitive to the variation in underlying surface 
resistance (Rana and Katerji, 1998 ). Accurate estimation of the 
paramete r is critical for predicting land ET and understand ing the 
hydrologi cal processes in land surface.

Many empirical and semi-empir ical models have been devel- 
oped to estimate canopy resistance, such as the Katerji–Perrier 
and Jarvis models (Jarvis, 1976; Katerji and Perrier, 1983 ). These 
models take account of the effects of meteorologi cal, physiological 
and soil control on stomatal resistance, and scale up the stomatal 
resistance to canopy resistance. The models have been used over 
a variety of agricultural crops, such as maize, sorghum, wheat, to- 
mato, soybean, table grape (Jarvis, 1976; Katerji and Rana, 2006;
Lhomme, 2001; Rana et al., 2011; Stewart, 1988; Whitley et al.,
2009).

However , the estimate d canopy resistance using theses models 
cannot be equal to the underlying surface resistance, which pre- 
sents the mean resistance of all transmission mediums, including 
soil, crop and others. When the crop leaf fully covered the under- 
lying surface, the two resistances are close, and we can use the 
estimate d canopy resistance to replace the surface resistance in 
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ET model. However, during the partial canopy condition, signifi-
cant heteroge neity of water vapour transport exists in plant and 
soil mediums. The variation s in canopy developmen t and soil 
moisture greatly affect the dynamics of surface resistance. Thus 
how to construct the surface resistance after consideri ng the com- 
bined effects of soil and crop remains uncertain and is of interest to 
hydrologists.

Our study attempted to obtain the surface resistance using the 
re-arranged PM equation and the measure d maize ET using eddy 
covariance during 2007, in order to (1) analyze the response of 
the surface resistance to climatic resistance under different LAI 
and soil water conditions; (2) construct the function of surface 
resistance to climatic resistance after considering the modification
by LAI and soil moisture; (3) validate the surface resistance model 
in estimating maize and vineyard ET under the partial canopy con- 
dition after parameterizi ng the model.

2. Models 

2.1. Penman–Monteith model 

The Penman–Monteith (PM) model can be written as (Monteith ,
1965):

kET ¼ DðRn � GÞ þ CpqaVPD=ra

Dþ cþ c:rs=ra
ð1Þ

where k is the latent heat of vaporization (J kg �1), ET the crop 
evapotransp iration, D the slope of the saturation water vapour 
pressure versus temperature curve (kPa K�1), Rn the net radiation 
(W m�2), G the soil heat flux (W m�2), Cp the specific heat of dry 
air at constant pressure (J kg �1 K�1), qa the air density (kg m�3),
VPD the water vapor pressure deficit (kPa), ra the aerodyna mic 
resistance (s m�1), c the psychrom etric constant (kPa K�1), rs the
surface resistance (s m�1). The aerodyna mic resistance ra can be 
calculated as (Businger et al., 1971; Massman, 1992; Paulson,
1970):

ra ¼
½lnðz=z0Þ � wh�½lnðz=z0Þ � wm�

k2u
ð2Þ

where z is the reference height (m), z0 the roughness length of the 
crop relative to momentum transfer (m), hc mean crop height (m), k
the von Karman constant (0.41), wh the stability correction function 
for heat and water transfer, wm the stability correction function for 
momentum transfers . These stability correction functions are taken 
from the models of Paulson (1970) and Businger et al. (1971), and 
are the ones most common ly used for estimating atmospheric sta- 
bility correct ions. u is the wind speed at the reference height 
(m s�1). Accordin g to Monteith (1965), z0 can be calculated as 
0.13 hc.

According to Katerji and Perrier (1983), the climatic resistance 
can be defined as:

r� ¼ Dþ c
Dc

� CpqaVPD
ðRn � GÞ ð3Þ
2.2. The Katerji–Perrier and Jarvis canopy resistance models 

The Katerji–Perrier (KP) resistance model can be expressed as 
(Katerji and Perrier, 1983 ):

rs

ra
¼ a

r�

ra
þ b ð4Þ

where ra is the aerodynam ic resistance, r� is the climatic resistanc e.
a and b are empirical calibration coefficients requiring experime ntal 
determina tion. In this study, the values were 0.85 and 1.83 for 
maize, and 1.74 and �1.86 for the vineyard , respective ly. These 
were obtained by the least squares fitting method using the eddy 
covaria nce ET. The model has been used to calculate ET for different 
species : alfalfa, sunflower, grain sorghum, grass, soybean (Katerji
and Perrier, 1983; Katerji and Rana, 2006; Todorovic, 1999 ).

The Jarvis resistance model can be expressed as (Jarvis, 1976;
Stewart, 1988 ):

rs ¼ rsmin
=ff ðRsÞf ðVPDÞf ðTaÞFðhÞg ð5Þ

f ðRsÞ ¼
Rsð1000þ k1Þ
1000ðRs þ k1Þ

ð6Þ

f ðVPDÞ ¼ expð�k2VPDÞ ð7Þ

f ðTaÞ ¼
ðTa � TLÞðTH � TaÞt

ðk3 � TLÞðTH � k3Þt
t ¼ TH � k3

k3 � TL
ð8Þ

FðhÞ ¼ ðh� hwÞ=ðhf � hwÞ ð9Þ

where rsmin is the minimum stomatal resistanc e observed in optimal 
conditio n, i.e. none of the controlling variables are limiting. Rs is the 
incomin g solar radiation (W m�2), Ta the air temperat ure (�C), VPD 
the water vapour saturatio n deficit (kPa), hw the wilting point at 
0–100 cm depth with a value of 0.11 cm 3 cm�3 in this study and 
F(h) the normaliz ed soil water factor. Four parameter s
ðrc

smin ; k1; k2 and k3Þ can be obtained by the least squares fitting meth- 
od. The values were adopted as 20 s m�1, 5 W m�2, �3.25 kPa �1,
10 �C for maize, and 25 s m�1, 10 W m�2, 0.5 kPa �1, 30 �C for vine- 
yard, respectively.

The surface resistance also can be derived from the re-arranged 
PM equation :

rs ¼
CpqaVPDþ raDðRn � GÞ

ckETEC
� ra 1þ D

c

� �
ð10Þ

where kETEC is the latent heat flux measured by eddy covariance 
system (W m�2).

2.3. Evaluatio n of model performance 

The model performance is evaluated based on a linear regres- 
sion between estimated (kETi) and observed (Oi) kET, and a paired 
T statistic analysis. Also, root mean square error (RMSE) is included 
as follows (Poblete-Ech everr and Ortega-Farias, 2009 ):

RMSE ¼ 1
n

Xn

i¼1

ðkETi � OiÞ2
( )1=2

ð11Þ
3. Materials and methods 

3.1. Experimen tal site and description 

The experiment was conducted at Shiyanghe Experimental Sta- 
tion for Water-savin g in Agriculture and Ecology of China Agricul- 
tural University, located in Wuwei City, Gansu Province of 
northwest China (N 37 �520, E 102 �500, altitude 1581 m) during 
April 16th to September 23rd, 2007 and May 3rd to September 
24th, 2008. The experime ntal site is located in a typical continental 
temperat e climate zone where mean annual temperature is 8 �C,
annual accumulate d temperature (>0 �C) 3550 �C, annual precipi- 
tation 164 mm, mean annual pan evaporati on approximat e
2000 mm, the average annual duration of sunshine 3000 h, and 
the average number of frost free days 150 d. The groundwater table 
is 40–50 m below the ground surface. The soil is irrigated desert 
soil (Siltigic-Orthic Anthrosols) and soil texture is sandy loam, with 
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Fig. 1. Seasonal variation of resistance parameters during different leaf area index stages. rs is the surface resistance, r� is the climatic resistance and r� is the aerodynamic 
resistance. rs was obtained by the re-arranged Penman–Monteith model (Eq. (5)).
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a mean dry bulk density of 1.43 g cm �3 and volumetric soil water 
content at a field capacity of 0.29 cm 3 cm�3. These issues have 
been described in detail in Li et al. (2008).
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Measurem ents in the maize field: Spring maize was planted 
with row spacing of 40 cm and plant spacing of 30 cm. The plant 
density was about 66,000 plants per hectare and total area was 
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about 39 h m2. Crops were also extensively cultivated in surround- 
ing fields. The experime ntal field was irrigated four times on June 
3rd, July 13th, August 3rd and August 22nd with total irrigation 
water of 320 mm in 2007, and on June 14th, July 11th, July 28th 
and August 28th with total 420 mm in 2008. The border irrigation 
was adopted to deliver water in the field. The precipita tion was 
153 mm and 71 mm during the whole growing stage in the 2 years.
The main root located at depth of 0–60 cm.

An open-path eddy covariance (EC) system was installed in the 
northwest of the maize field. The sensor height was adjusted 
weekly to keep the relative height of 1.0 m between sensors and 
maize canopy constant. Maize is the principal crop cultivated in 
the surrounding region, and its planting area is large enough to 
provide adequate fetch length for EC measureme nt. The minimum 
fetch length is 100 m. The EC system consisted of a 3-D sonic ane- 
mometer/ther mometer (model CSAT3), a Krypton hygrometer 
(model KH20) and a temperature and humidity sensor (model
HMP45C). Model CSAT3 and KH20 measure d vertical fluctuations
of wind, temperat ure and water vapour density at 0.1 s intervals,
and temperat ure and humidity at 10 min intervals. Net radiation 
(Rn) was measured by a net radiometer (model NR-LITE, Kipp & Zo- 
nen, Delft, Netherlands) at a height of 1.5 m above the canopy. Two 
soil heat flux plates (model HFP01, Hukseflux, Netherlands) were 
used to measure soil heat flux. All the sensors were connected to 
a data logger (model CR5000, Campbell Scientific Inc., USA), and 
the 10-min statistics were computed. Measurements were made 
from April 16th to September 23rd, 2007 and March 3rd to Sep- 
tember 24th, 2008 (Li et al., 2008 ).

Sixteen PVC access tubes with the depth of 1.2 m were evenly 
installed in the experimental site to determine soil volumetric 
water content using a monitoring system using the RF capacitance 
method (Diviner 2000, Sentek Pty Ltd., Australia). Measurements 
were made at 0.1 m intervals with maximal soil depth of 1.0 m
at 3–7 days intervals. Data were collected from a network of access 
tubes installed at selected sites. Measurem ents were taken more 
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Fig. 3. Seasonal variation of the normalized soil water content during 2007 and 2008. The
the measured soil water content, hf is the field capacity, hw is the wilting coefficient.
frequent ly before and after irrigation and rainfall. The measure -
ments were calibrated by oven drying method.

Ten maize plants were randomly selected to measure leaf 
length and width weekly during the growing season, and then leaf 
area was calculated by summing lamina length �maximum width 
of each leaf and multiplied by a factor of 0.74 (Li et al., 2008 ).

Mea su re me nt s in the vi ne ya rd : Me as ur em ent s in th e vin ey ard 
wer e ma de in a field wi th a le ngt h of 16 50 m an d a wi dt h of 
140 0 m in 20 08 . The are a was pl an te d wit h gra pe vi nes (Vit is vi ni fer a
L. cv Me rl ot No ir ) in 19 99 wit h ro w sp ac in g of 27 0 cm an d pl ant sp ac -
in g of 10 0 cm . Th e tr el li s for gr ap evi ne was 1.5 m he ig ht . Th e vi ne so il 
tex tu re is sa ndy lo am , wit h a me an dr y bu lk de ns it y of 1.47 g cm �3,
po ro si ty of 52 %, fiel d ca pa ci ty of 0.35 cm 3 cm�3 and a pe rm an ent 
wil tin g po in t of 0.12 cm3 cm�3 fo r the 0–10 0 cm la ye rs . Th e vin ey ard 
was fur ro w ir ri ga ted fou r ti me s ov er th e wh ole gro wi ng se as on .

Another eddy covariance system (Campbell Scientific Inc., USA)
was installed at 4.2 m above the ground at the northwest of vine- 
yard. Measurem ents were made continuously from May 1 to Octo- 
ber 11 in 2008. Net radiation (Rn) was measure d by a net 
radiometer (model NR-LITE, Kipp & Zonen, Delft, Netherla nds) at 
a height of 4.5 m above the ground. Four soil heat flux plates (mod-
el HFP01, Hukseflux, Netherlands) were used to measure soil heat 
flux. Soil moisture content was measured using portable device 
(Diviner 2000, Sentek Pty Ltd., Australia). Fifteen PVC access tubes 
were evenly inserted in the soil in the ditch, shaded and non- 
shaded parts of the ridge, respectively . Furthermor e, soil sample 
for 0–50 mm and 50–100 mm layers near each PVC access tube 
was taken using auger to measure soil water content. Leaf area in- 
dex was measure d every 10 days using AM300 portable leaf area 
meter (ADC BioScientific Ltd., UK), respectively.

3.2. Eddy covarianc e data corrections 

The procedures conducted for correctin g the eddy covariance 
measure ments included: (1) 10-min interval for eddy flux
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Fig. 4. Seasonal variation of the ratio of surface resistance to aerodynamic resistance (rs/ra), the ratio of climatic resistance to aerodynamic resistance (r�/ra) during different 
LAI stages. rs was obtained by the re-arranged Penman–Monteith model (Eq. (5)).
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computati on (Twine et al., 2000 ); (2) The signal asynchro ny correc- 
tion (Wolf et al., 2008 ); (3) The oxygen-c orrection proposed by 
Tanner and Greene (1989); (4) Planar fit method for coordinate 
rotation (Finnigan et al., 2003; Paw et al., 2000 ); (5) Density correc- 
tion according to the method of Webb et al. (1980); (6) Filling data 
gaps using the mean diurnal variation (MDV) method (Falge et al.,
2001).

In this study, sum of maize and vineyard (kET + H) accounted for 
about 93% and 95% of available energy over whole experime ntal 
period, respectively . For the daytime EC-based data, the measure d
energy budget components were forced to close using ‘‘Bowen-ra- 
tio closure’’ method proposed by Twine et al. (2000), assuming that 
Bowen-rati o is correctly measured by the EC system. But for the 
nighttim e EC-based data, especiall y when the available energy 
was below zero, another method- the ‘‘residual–kET closure’’
method also proposed by Twine et al. (2000) was adopted to close 
the energy balance in our study. This method assumed that the EC- 
based H was accurately measured, and solved for kET as the resid- 
ual to the energy-balance equation . After forcing the energy bal- 
ance to be closed, the kET data by the EC system (kETEC) were 
adopted in the following analysis.
4. Results 

4.1. Variation of leaf area index, soil moisture and resistance 
parameters in the maize field

In order to reveal the relationship between surface resistance 
and environmental factors, the variation patterns of resistance 
paramete rs, leaf area index (LAI) and soil moisture were investi- 
gated primarily.

Fig. 1 shows the seasonal variation of the maize surface resis- 
tance (rs), climatic resistance (r�) and aerodynamic resistance (ra)
during the whole experime ntal period. The maize surface resis- 
tance rs was obtained by the re-arranged PM equation , as showed 
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in Eq. (10). Maize rs declined remarkably with the growth of crop 
during the early stage. After LAI exceeded 2, the maize canopy fully 
covered the soil substrate, maize rs varied from 60 to 180 s mm�1

with an average value of 104 s mm�1 in 2007, and from 50 to 
250 s mm�1 with a mean value of 120 s mm�1 in 2008,
respectively .

Compared to maize rs, maize r� showed a slight variation in both 
years. It changed from 50 to 320 s mm�1 with an average of 
143 s mm�1 in 2007, and from 50 to 400 s mm�1 with an average 
of 160 s mm�1 in 2008, respectively . Under the low LAI stage,
maize r� was significantly lower than the value of rs. When LAI 
was above 2, the values of the both resistance paramete rs were 
close.

Compared to maize rs and r�, maize ra was obviously lower than 
the both parameters. The lowest maize ra value was 2.15 s mm�1

on July 30th while the peak value was 85 s mm�1 on April 21st 
in 2007. In 2008, maize ra varied from 8 to 95 s mm�1 with a mean 
of 25 s mm�1.

The seasonal variation pattern of maize LAI in 2007 and 2008 is 
showed in Fig. 2. Maize LAI presented a regular parabolic curve. In 
the study, we adopted ‘‘LAI = 2’’ as the threshold of the sparse can- 
opy and dense canopy according to our experime ntal observation.
When LAI was lower than 2, the vegetation is considered as a typ- 
ical sparse canopy and the soil water was mainly consumed by soil 
evaporation rather than crop transpira tion. On the contrary, when 
LAI exceeded 2, the maize canopy fully covered the soil substrate ,
soil evaporation was significantly reduced and the soil water was 
predominantl y consumed by crop transpiratio n.

The variation in normalized soil water content of the maize field
is showed in Fig. 3. The fluctuation in soil water content was 
mainly controlled by the components such as irrigation , precipita- 
tion and evapotranspirati on. The farmland was irrigated four times 
on June 3rd, July 13th, August 3rd and August 22nd in 2007, and 
also four times on June 14th, July 11th, July 28th and August 
28th in 2008. Soil moisture showed strong variation, especiall y
after irrigation as depicted in Fig. 3.
4.2. Response of surface resistance to climatic resistance under 
different LAI and soil moisture conditions 

To quantify the regulation of climatic resistance, LAI and soil 
moisture on surface resistance, the study analyzed the response 
pattern of maize surface resistance to climatic resistance under dif- 
ferent LAI and soil moisture period using the maize data of 2007.

The seasonal fluctuations in the ratio of rs and ra and the ratio of 
r� and ra are presented in Fig. 4. When LAI was lower than 2, the 
variation trends of rs/ra and r�/ra were different , but they were sim- 
ilar after LAI exceeded 2 in both years. Fig. 5 presents the relation- 
ship between rs/ra and r�/ra under different LAI period in 2007.
When LAI was lower than 2, there was no clear relationship be- 
tween rs/ra and r�/ra. The regressio n equation was rs/ra = 0.59 r�/
ra + 11.47 with a low determination coefficient R2 of 0.05. However,
rs/ra showed a significant relationshi p with r�/ra after LAI exceeded 
2, with a regression equation of rs/ra = 0.85 r�/ra + 11.83, and a high 
R2 of 0.94. The linear relationshi p was also indicated by many pre- 
vious studies, such as Katerji and Rana (2006) and Katerji et al.
(2011).

In order to understand the control on surface resistance, we also 
investiga ted the relationshi p between the ratio rs/r� and LAI during 
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different growing stages in 2007, as shown in Fig. 6. rs/r� declined
logarithmical ly along with the increase of LAI in the early stage of 
crop. The regression equation was (rs/ra)/(r�/ra) = -
�0.88 Ln(LAI) + 0.91 with a R2 of 0.74. However, the ratio rs/r�

was close to 1, and insignificant effect of LAI on the ratio rs/r�

was found when LAI exceeded 2.
The study further analyzed the control of soil moisture on the 

ratio of rs/r� under different growing stages in 2007 (Fig. 7). An 
exponential function was found between rs/r� and the normalized 
soil water content in the early stage in 2007. The equation was 
(rs/ra)/(r�/ra) = 7.97 e�1.88F(h) with a R2 of 0.74. When LAI exceeded 
2, the ratio rs/r� became a constant and did not change with soil 
moisture.

Using the 2007 data and results of our study, we further con- 
structed a semi-theoretical surface resistance model after consid- 
ering the coupled effects of canopy developmen t and soil moisture:

rs

ra
¼ expð�c1FðhÞ þ c2Þ:ð�c3LnðLAIÞ þ c4Þ:

r�

ra
0 < LAI < 2 ð12Þ

where rs is the surface resistanc e estima ted by our model (s m�1), r�

the climati c resistanc e (s m�1), ra the aerodynam ic resistanc e
(s m�1), F(h) the normaliz ed soil water content, LAI leaf area index 
(m2 m�2). c1, c2, c3, and c4 are empirical coefficients. In the study,
the values of these coefficients were 0.15, �0.10, 0.82, 1.20 for 
maize and 0.43, 0.10, 0.68, 1.46 for vineyard, respective ly, which 
were obtained by the least squares fitting method.
4.3. Evaluatio n of models in estimating surface resistance and ET 
under the sparse canopy condition 

In order to examine the reliability of the surface resistance 
model, the comparisons between our model (Eq. (12)) and the 
widely used KP and Jarvis models (Eqs. (4) and (5)) were conducte d
over the sparse maize field and vineyard, which will be analyzed as 
follows.

Fig. 8 shows the comparison of the maize rs/ra estimated by our 
surface resistance ((rs/ra)E), the KP model ((rs/ra)KP), and the Jarvis 
model ((rs/ra)J) and that obtained by re-arranged PM equation (rs/
ra) under the stage of LAI less than 2 in 2007 and 2008. The KP 
model significantly underest imated rs/ra in both years, with a
regressio n of (rs/ra)KP = 0.38 rs/ra, a R2 of 0.05, a RMSE of 10.7 in 
2007 and a regression of (rs/ra)KP = 0.55 rs/ra, a R2 of 0.03, a RMSE 
of 5.2 in 2008, respectively . The paired T statistic analysis indicates 
that the estimated rs/ra using the KP model was significantly differ- 
ent from rs/ra yielded by PM equation in both years, for the P values 
were lower than 0.05. The Jarvis model underest imated rs/ra by 68%
in 2007 and 73% in 2008, respectively. While the surface resistance 
model only underestimate d rs/ra by 7% in 2007 and by 1% in 2008 
with lower RMSE and higher R2, P values compare d to the KP and 
Jarvis models.

Fig. 9 shows the seasonal variation of maize ET estimate d by the 
surface resistance model combined with the PM equation (kETE),
the KP model combined with PM equation (kETKP), and the Jarvis 
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model combined with PM equation (kETJ) and that measured by 
eddy covariance (kETEC) during the stage of LAI less than 2 in both 
years. The KP model overestimat ed maize ET by 15% in 2007 and by 
23% in 2008, with a R2 of 0.62, a RMSE of 74 W m�2 in 2007 and a
R2 of 0.23, a RMSE of 43 W m�2 in 2008. The P values in both years 
were lower than 0.05, indicating that kETKP was significantly high- 
er than kETEC (Fig. 10 ). The Jarvis model overestimated maize ET by 
36% in 2007 and by 123% in 2008, with a R2 of 0.58, a RMSE of 
92 W m�2 in 2007 and a R2 of 0.50, a RMSE of 166 W m�2 in
2008. Compared to KP and Jarvis models, the surface resistance 
model yielded only overestimat ed maize ET by 4% in 2007 and 
by 19% in 2008, with lower RMSE and higher R2 in both years.
The P values were higher than 0.05, which implies that kETE was
in good agreement with kETEC (Fig. 10 ).

The comparis ons of vineyard ET estimated by the surface resis- 
tance, KP and Jarvis models and that measure d by eddy covariance 
during the stage of LAI less than 2 in 2008 are showed in Figs. 11
and 12 . The KP model overestimat ed vineyard ET in the early crop 
stage, and underest imated ET in the middle to later stages. For 
the whole period, the KP model underest imated ET by 10% on aver- 
age with a R2 of 0.47, a RMSE of 50 W m�2. The Jarvis model severely 
underestimate d ET in the early crop stage, and underest imated ET 
by 8% on average with a R2 of 0.58, a RMSE of 50 W m�2. Compared 
to KP and Jarvis models, the surface resistance model performed 
better in estimating vineyard ET and only underestimate d ET by 
3% with higher R2, P value and lower RMSE (Fig. 12 ).

5. Discussion 

5.1. Response of surface resistance to climatic, crop and soil variables 

Results of this study indicate that maize rs/r� showed a logarith- 
mic relationship with LAI when LAI was lower than 2, and it varied 
slightly when LAI exceeded 2. Such results were mainly due to that 
(1) the surface resistance would decrease rapidly as the leaf area 
increases during the initial stage (Fig. 1). However, the climatic 
resistance mainly depends on the meteorological factors, such as 
radiation, temperature and VPD. It varied gently in the initial stage 
(Fig. 1). Thus the ratio rs/r� declined significantly in this stage. (2)
After LAI was above 2, the canopy resistance was the main compo- 
nent of surface resistance, and the variation in canopy resistance 
was predomin antly regulated by micro-meteorol ogical factors,
such as radiation, air temperature and humidity, thus the fluctua-
tion in surface resistance was closely linked to climatic resistance,
and the ratio rs/r�was not sensitive to variation in LAI over this per- 
iod. These results were in line with Monteith (1965), Katerji and 
Perrier (1983), Alves and Pereira (2000), Katerji and Rana (2006),
Irmak and Mutiibwa (2010), Katerji et al. (2011) and Rana et al.
(2011), which indicate that the ratio rs/r� was approximat ely con- 
stant during the dense canopy stage.

The study also shows that rs/r� presented an exponential rela- 
tionship with soil moisture when LAI was lower than 2, while it 
fluctuated slightly when LAI exceeded 2. During the initial stage 
of crop, soil evaporati on accounted for most of total evapotransp i- 
ration, while soil evaporati on was highly sensitive to the variation 
in soil moisture. The soil resistance decrease intensively along with 
the rise of soil moisture, which has been revealed by many studies 
(Stewart, 1988; Lhomme, 2001 ). When LAI exceeded 2, the crop 
transpira tion became the critical component of total evapotransp i- 
ration, while crop transpira tion was mainly determined by the 
combined effects of LAI, radiation, air temperature, water vapour 
deficit and soil moisture. When the normalized soil moisture ex- 
ceeded 0.5, the crop can absorb water without stress. Thus rs/r�

was nearly constant when LAI exceeded 2, as shown in Fig. 7b.

5.2. Feasibility of the surface resistance model in estimating crop ET 
over the low LAI condition 

This study confirmed that the surface resistance model 
significantly improved the performance in estimating maize and 
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vineyard ET over the low LAI stage against the widely used KP and 
Jarvis models. Compare d to these model, the resistance model con- 
sidered the coupled effects of variability in climatic condition, can- 
opy developmen t and soil water on ET process, which can estimate 
the mean surface resistance of water vapour overcomi ng the 
underlying surface, thus it is especially suitable for estimating 
the crop ET under partial canopy condition s. The KP and Jarvis 
models can accurately estimate canopy resistance, but it cannot 
estimate the resistance of the whole underlying surface, especiall y
during the partial canopy condition s, though the models per- 
formed well when the canopy fully covered the soil substrate in 
conjunct ion with PM model (Alves and Pereira, 2000; Chen et al.,



Fig. 12. Comparison of vineyard ET estimated by the surface resistance model combined with PM method (kETE), the KP model combined with PM method (kETKP) and that 
measured by using eddy covariance (kETEC) and under the stage of LAI below 2 in 2008.
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1996; Irmak and Mutiibwa, 2010; Katerji and Perrier, 1983; Katerji 
and Rana, 2006; Katerji et al., 2011; Rana et al., 2011; Todorovic,
1999).

Though the surface resistance model is semi-empirica l method 
and need calibration, it provides a simple approach to calculate 
surface resistance for simulating daily vegetation ET over the low 
LAI period.
6. Conclusions 

The rs/r� exhibits a logarithmic relationship with LAI and an 
exponential function with soil moisture when LAI was below 2,
while the ratio rs/r� was nearly constant and not sensitive to vari- 
ation in LAI and soil moisture when LAI exceeded 2. Based on these 
observations , a surface resistance model was constructed and val- 
idated over the sparse maize field and vineyard. After consideri ng 
the combined effect of climatic, crop and soil factors, the surface 
resistance model significantly improved the performanc e in esti- 
mating sparse vegetation ET against the widely used KP and Jarvis 
models. The KP model overestimat ed maize kET by 15% in 2007 
and 23% in 2008, and underestimate d vineyard ET by 10% in 
2008. The Jarvis model overestimated maize kET by 36% in 2007 
and 123% in 2008, and underestimate d vineyard ET by 8% in 
2008. But the surface resistance model only overestimat ed maize 
kET by 4% and 19% in both years, and underestimate d vineyard 
ET by 3% in 2008.

This study quantified the response pattern of surface resistance 
to climatic, crop and soil factors, and provided a practical method 
to estimate daily surface resistance for predicting ET under the par- 
tial canopy condition. For the limitation of the study to the general 
climate of the study site, ET measureme nt error by the EC systems 
for the specific site conditions, and effects of crop conditions found 
for the two crops studied, validation of the model over more vari- 
ety of climatic and crop conditions still remains to be investigated 
to enhance the utility of the model.
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