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a b s t r a c t

Competing demands for water with increasing population calls for developing strategies for

increasing the crop water use efficiency (WUE) of irrigated crops, especially in the semiarid

regions of the world. In this context, it is important to quantify the various factors that

control the WUE of irrigated crops in these regions. Advection is an important factor that can

have significant effects on the energy exchange in irrigated fields of arid regions, and hence

control the crop canopy WUE (CWUE). An eddy covariance system was applied to measure

water and heat fluxes and then to quantify advection in an irrigated winter wheat filed at the

Yucheng Integrated Experiment Station, Chinese Academy of Sciences in the North China

Plain (NCP) (368570N, 1168360E, 28 m a.s.l.) in 2004. Priestley–Taylor parameter and canopy–air

temperature differences were employed to identify the occurrence of advection. Effects of

advection on canopy energy budgets and CWUE were examined by computing the equili-

brium and advective evapotranspiration. It was found that enhanced advection occurs

when the crop canopy–air temperature differences are negative or when the Priestley–

Taylor parameter takes on values>1.5. Due to enhanced advection, the percentage of latent

and sensible heat flux exchange contribution to the total water loss from the fields through

evapotranspiration can exceed 50%, and CWUE decreased remarkably. Advection in the

resulted from drier soil regimes in the upwind areas.
experiments probably
# 2007 Elsevier B.V. All rights reserved.
1. Introduction

In applied micrometeorology, advection is usually defined as

the horizontal divergence of sensible heat flux when it is large

enough to produce a downward sensible heat flux close to the

ground (McNaughton and Jarvis, 1983; Diaz-Espejo et al., 2005).

Advection is expected to play a significant role in the energy

exchange over large inhomogeneous surfaces. Inhomogeneity

can be caused by differences in soil water regimes or by

differing weather conditions. Some local advection also can
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occur due to different timings and amounts of irrigation across

large farm fields. The North China Plain (NCP) accounts for

about 60–70% of the winter wheat production in China. It has a

temperate monsoon climate that is characterized by frequent

winds and low precipitation (average about 115 mm) during

the wheat growing season (from October to May) (Sun et al.,

2006). Irrigation is widely practiced to supplement the scanty

precipitation received and to reduce yield variability in these

areas. Farmers practice irrigation on their individual farms in

amounts and schedules that vary considerably across the NCP.
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Under those circumstances, local or regional heat energy

advection can take place (Lee et al., 2004). Energy balance of

the cropped fields can be distorted greatly under the influence

of such advections. Evapotranspiration can also be greatly

enhanced by advection in irrigated crop fields in the semi-arid

and arid regions (Rosenberg, 1969; Hanks et al., 1971; Lang

et al., 1974; Brakke et al., 1978). Windbreaks are sometimes

used in the semiarid regions to suppress evapotranspiration

(Brown and Rosenberg, 1972; Skidmore et al., 1972; McNaugh-

ton, 1988).

Lee et al. (2004) demonstrated the inequalities of eddy

diffusivities for sensible heat and water vapor under the

influence of regional or local advection. Using mini-lysimeters

in small plot experiments, Diaz-Espejo et al. (2005) illustrated

the significant effects of micro-scale advection on the

partitioning of available energy. Studies focused on examining

the effects of heat energy advection on CWUE and energy

budgets in irrigated fields is lacking. Therefore, the objectives

of this study were (1) to identify the requirements for the

occurrence and enhancement of latent and sensible heat

energy advection, and (2) to quantify the effects of advection

on canopy energy budgets and CWUE in irrigated wheat fields

in the NCP.
2. Theory

2.1. Equilibrium and advective evapotranspiration

Considering the effects of advection on evapotranspiration,

McNaughton (1976) introduced the concepts of advective

enhancement and advective depression of evaportranspira-

tion rates. Evapotranspiration from crop fields (E) can be

expressed as the sum of an equilibrium term (Eeq) contributed

by the available energy at the site, and an advective term (Ead)

due to the extra energy made available at the site through

advection. Hence

E ¼ Eeq þ Ead (1)

where Ead is positive for advective enhancement or negative

for advective depression. Equilibrium evaporation can be com-

puted as (McNaughton, 1976; Raupach, 1991; Pereira, 2004)

Eeq ¼
D

Dþ g
ðRn � GÞ (2)

where D is the slope of the temperature–saturation vapor

pressure relationship, g the psychometric constant, Rn the

net radiation above the canopy, and G the soil heat flux at

the ground surface. If local or regional advection occurs,

actual evapotranspiration deviates from the equilibrium

point, and shows enhancement or depression. This effect

does not depend on net radiation but on exchanges of

latent and sensible heat energy fluxes at the canopy–air

interface (McNaughton, 1976). When E is greater then Eeq

due to warm and dry air entering the canopy, the sensible

heat is converted to latent heat and canopy evapotranspira-

tion is enhanced without consuming additional available

energy.
Eq. (1) can be rewritten in the following form:

Ead ¼ E� Eeq (3)

Eq. (3) is usually used to describe the energy exchange between

sensible and latent heat at the canopy surface (McNaughton

and Jarvis, 1983; Smith et al., 1997). Ead is positive when E is

depressed by advection and negative when enhanced. The

ratio

Rad ¼ �
Ead

E
(4)

is usually used to describe the percentage contribution of

advection to E (Smith et al., 1997).

2.2. Priestley–Taylor parameter

Priestley and Taylor (1972) proposed that E can be computed by

E ¼ aEeq (5)

where a is called the Priestley–Taylor parameter. The Priest-

ley–Taylor approach is based on the assumption that the

effect of turbulence is small compared to the effect of

radiation, so the aerodynamic and canopy resistances are

considered as zero. This estimation of E depends on the

accurate determination of the value of a, which is a

function of the Bowen’s ratio and temperature and

expressed as

a ¼ Dþ g

Dð1þ bÞ (6)

where b is the Bowen’s ratio, which is the ratio of sensible heat

flux (H) to latent heat flux (LE), and can be estimated from

measurements of gradients of temperature and vapor pres-

sure above an evaporating surface, i.e:

b ¼ H

LE
¼ g

Kh

Kw

dT

de
(7)

where dT and de are the vertical temperature and vapor pres-

sure differences above the canopy, respectively. Kh and Kw are

the eddy diffusivities for sensible heat and water vapor,

respectively. In general, Kh can be taken equal to Kw in the

absence of advection.

The Priestley–Taylor parameter has a standard value of

1.26 for wet surfaces (Priestley and Taylor, 1972; Stannard,

1993). However, in practice, a varied widely with different

vegetation types, soil moisture conditions and strength of

advection (Nichols et al., 2004). Flint and Childs (1991)

reported a values ranging from 0.7 to 1.6. Jury and Tanner

(1975) reported values as large as 1.57 under strongly

advective conditions. Pereira and Nova (1992) showed that

the value of 1.26 is suitable for potential conditions, but

invalid under advective conditions. Lee et al. (2004) showed

that the equality of Kh and Kw is not attained in advective

conditions. Hence, Bowen’s ratio Eq. (7) cannot be used to

calculate the value of a. Pereira (2004) proposed an alter-

native method to determine the Priestley–Taylor parameter.
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In Pereira’s method, a parameter C (equal to a) was

computed

C ¼ 1þ ðg=ðDþ gÞÞðr�=raÞ
1þ ðg=ðDþ gÞðre=raÞÞ

(8)

where r* takes the critical value of the isothermal resistance

defined by Monteith (1965) as

r� ¼
ðDþ gÞrCpVpd

DgðRn � GÞ (9)

where Cp is the specific heat of air, and Vpd the vapor pressure

deficit. This method avoids using the equality assumption for

Kh and Kw through introducing aerodynamic and canopy

resistance.

This Priestley–Taylor approach requires calculation of the

canopy resistance, which is generally scaled up from leaf

stomatal resistance (the reciprocal of leaf stomatal conduc-

tance). Research on the prediction of leaf stomatal conduc-

tance is well established, from the original empirical model

(Jarvis, 1976) to the coupled model combining photosynthesis

and transpiration (Leuning, 1995). Yu et al. (2004) proposed a

practical and simple model that is similar to a Jarvis-type

model but is able to calculate the conductance directly from

environmental variables whilst maintaining a relevant phy-

siological basis. Under non-stressed soil water conditions, the

stomatal conductance (gs) at leaf level can be computed by (Yu

et al., 2004)

gs ¼ m
AmaintIh

AmaintIþ AmhCa þ aintIhCa

1
1þ Vpd=Vpd0

(10)

where Am is the maximum catalytic capacity of Rubisco

per unit leaf area, m a parameter, aint the initial photo-

chemical efficiency, h the initial slope of the CO2 response

curve, I the photosynthetically active radiation, Ca the CO2

concentration of the air, and Vpd0 a parameter reflecting

characteristics of the response of stomata to atmosphericVpd.

The value of Am is a function of temperature given by Collatz

et al. (1991)

Am ¼ A0
QðTa�25Þ=10

10

1þ expð�a1 þ b1ðTa þ 273Þ=ðRðTa þ 273ÞÞÞ (11)

where A0 is the maximum photosynthetic rate under ideal

conditions, Q10 the temperature coefficient reflecting the sen-

sitivity of photosynthesis to temperature, Ta the air tempera-

ture, R the universal gas constant, and a1 and b1 are fitting

parameters.Canopy resistance can be scaled up from leaf

resistance and leaf area index (Lai), i.e.

rc ¼
1

gsLai
(12)

Finally, aerodynamic resistance was calculated by (Thom and

Oliver, 1977)

ra ¼
4:72ðln ðz� dÞ=z0Þ2

1þ 0:54u
(13)
where z is the reference height, d the displacement height, z0

the roughness length, and u the wind speed. The terms z0 and d

can be represented as functions of the crop height (h). In the

current study, d = 0.56 h and z0 = 0.13 hwere assumed based on

Legg and Long (1975).

2.3. CWUE

Water use efficiency (WUE) has different definitions depend-

ing on the time and space scales of the processes and system

aggregation it refers to (Steduto, 1996). Generally it is defined at

the leaf, canopy or population levels. In this study, WUE is

defined at canopy level (CWUE) as the ratio of CO2 flux (Fc) to

H2O flux (E) over the canopy. Here, we assume a close canopy;

and the CO2 and H2O flux released by the soil are very small

and not included. It can be considered as the ratio of canopy

carbon gains over water losses. Therefore, CWUE can be

expressed as

CWUE ¼ Fc

E
(14)

3. Experiments

Experiments were conducted at the Yucheng Integrated

Experiment Station (368570N, 1168360E, 28 m a.s.l.), Chinese

Academy of Sciences in the NCP located at about 350 km south

of Beijing in 2004. Measurements were made at the center of a

300 m � 300 m field of winter wheat. Lands around the

experimental field in a radius of about 5000 m were managed

by local farmers and are characterized by different irrigation

schedules and amounts. Fluxes of CO2, latent and sensible heat

were measured with an eddy covariance system installed at

2.1 m above the ground level. The system consisted of a fast

response infrared gas analyzer (LI7500, LI-COR Inc.) and a three-

dimensional sonic anemometer (CSAT3, Campbell Scientific

Inc.). Data were recorded with a data-logger (CR23X CSI) and the

sampling frequency was 20 Hz for each channel. We calculated

the half-hourly average values and used for the analysis. A

radiometer (CNR1, Kipp & Zonen) was installed at 2.1 m above

the ground to measure downward and reflected components of

shortwave and long-wave radiation. Air temperature and

relative humidity were measured with temperature/humidity

probes (HMP45C, VAISALA). Wind speed and direction were

measured. Two soil heat flux plates (HFP01SC, Hukseflux) was

set at 0.10 m soil depth at the row and aisle position. The crop

canopy temperature in the experimental field was measured

with an infrared thermometer (IRT) installed on a bracket of the

eddy correlation system with a 458 angle from the horizontal,

detecting radiation in the 8–14 mm wave bands (Minolta/Land

Cyclops Compac 3). Calibration of the IRT was performed prior

to the measuring period using commercial black body surface.

Canopy temperature was measured every minute and the half-

hourly average values were recorded. Crop height and leaf area

index (destructive sampling) were measured. Eddy covariance

data were corrected by the WPL (Webb-Pearman-Leuning)

method. Data from 15 to 24 April with 10 consecutive rain-free

days were used in the analysis.



Fig. 1 – Available energy (Rn S G, solid line), latent heat flux

(lE, dashed line) and sensible heat flux (H, circle line) over

the period from 15 to 24 April 2004.

a g r i c u l t u r a l w a t e r m a n a g e m e n t 8 9 ( 2 0 0 7 ) 1 1 6 – 1 2 2 119
4. Results

4.1. Energy balance

In the eddy covariance studies lE + H were reported in the

range of 60–90% of available energy (Rn � G) for forest in

America (Constantin et al., 1998; Kelliher et al., 1997; Wilson

et al., 2002). The average ratio of lE + H to Rn � G is about 81%

over the crop fields in NCP (Li et al., 2005). Fig. 1 showed the

variations of Rn � G, lE and H balance in the experimental field

during the 10 days period from 15 to 24 April 2004. We observed

that on average the lE + H was 71% of Rn � G. Wilson et al.

(2002) gave five reasons for the energy imbalance including: (1)

sample errors associated with the eddy covariance and the

independent available energy measurements, (2) a systematic

bias in calibration or instruments, (3) neglected energy sinks,

(4) the loss of low and/or high frequency contributions to the

turbulent flux in the eddy covariance measurements, and (5)
Table 1 – Soil water, and wind speed and direction data
recorded at the experimental site from 12 to 25 April,
2004

Date Soil water
content

(cm3/cm3)

Wind
speed
(m/s)

Wind
direction

(8)

12 April 0.26 1.26 217

13 April 0.42 2.80 195

14 April 0.38 2.23 200

15 April 0.37 4.48 204

16 April 0.35 2.88 205

17 April 0.34 3.56 195

18 April 0.32 0.91 164

19 April 0.32 2.76 196

20 April 0.31 0.68 164

21 April 0.31 2.66 212

22 April 0.30 4.17 74

23 April 0.28 3.19 91

24 April 0.27 2.13 170

25 April 0.26 1.74 158
any other neglected advective losses of energy from the

experimental field. We hypothesize that advection can be one

of the important reasons of this energy imbalance. Evapo-

transpiration is one of the processes strongly influenced by the

advection of thermal energy.

4.2. Observed advection in the experiment

As shown in Fig. 1, advection occurs when the sensible heat

flux is negative at or near the ground level (McNaughton and

Jarvis, 1983). We observed enhanced advection, especially in

the early morning and late afternoon during the 10 days

(Fig. 1). Moreover, on 22 April, the sensible heat flux was

continuously negative from 8 am to 6.00 pm (Fig. 1). Table 1

shows the soil water, and observed wind speed and direction

during the 10 days period. Before the experiment on 13 April,

soil moisture increased greatly due to high amount of

irrigation applied in the field. Wind blowing over the

experimental site on 22 and 23 April were from North to

Northeast direction (Table 1) that probably brought dry air

from unirrigated upwind areas. Enhanced advection observed

on the 22 April was a consequence of the dry wind effect

(Zermeno-Gonzalez and Hipps, 1997). Fig. 2 shows the

relationship between the sensible heat flux and the Priest-

ley–Taylor parameter values computed using Eq. (8). On

average, sensible heat fluxes were positive when a-values

were less than 1.5. For a values >1.5, enhanced advection

occurred in the irrigated wheat field.

The canopy–air temperature difference, which reflects the

direction of the sensible heat flux, also can be used to indicate

the occurrence of advection. The signs of canopy–air

temperature difference and sensible heat flux were the

same throughout the experimental period. Fig. 3 shows the

relation between canopy–air temperature difference and the
Fig. 2 – Relationship between the sensible heat flux and the

Priestley–Taylor parameter. Each plotted point represents

average half-hourly values (daytime) from 15 to 24 April

2004. The two vertical lines are for a = 1.26 (the standard

value) (dashed), and a = 1.5 (solid). (a is the Priestley–

Taylor parameter.) Plotted points falling on the right side

of a = 1.5 line indicate the occurrence of advection

(i.e., H < 0).



Fig. 3 – Relationship between the canopy–air temperature

difference and the Priestley–Taylor parameter. Each

plotted point represents a average half-hourly values

(daytime) from 15 to 24 April 2004. The two vertical lines

are for a = 1.26 (the standard value) (dashed), and a = 1.5

(solid). (a is the Priestley–Taylor parameter). Plotted points

falling on the right side of a = 1.5 line indicate the

occurrence of advection (i.e., Tc S Ta < 0).

Fig. 5 – Computed daily Rad (the ratio of Ead to E; where Ead is

the advective evapotranspiration, and E the total

evapotranspiration) during the period from 15 to 24 April

2004.
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Priestley–Taylor parameter. On average a negative value of

canopy–air temperature difference existed when the Priest-

ley–Taylor values were >1.5. Conversely, canopy–air tem-

perature differences were positive for a-values smaller than

approximately 1.5. These results indicate that both sensible

heat flux and canopy–air temperature difference can identify

advection, and a-values >1.5 is an indicator of enhanced

advection. In small plot experiments, an a-value of 1.4 was

taken as the threshold condition for occurrence of enhanced

advection (Diaz-Espejo et al., 2005). The slightly larger value

for a found in the current research perhaps resulted from the
Fig. 4 – Computed half-hourly Rad (the ratio of Ead to E;

where Ead is the advective evapotranspiration, and E the

total evapotranspiration) during the period from 15 to 24

April 2004.
difference in experimental conditions between the two

locations.

4.3. Effects of advection on latent heat flux

Fig. 4 shows Rad (ratio of Ead to E) during the experimental

period. It shows that the Rad represented by the advected

energy flux is substantial. In a single day, sometimes the ratio

can be positive or negative. This indicates that advection can

either enhance or depress E. At some instances, the Ead can

reach as high as 300% of the total evapotranspiration under

the conditions of enhanced advection. Fig. 5 shows the

average daily (averaged by 8:00 am to 6:00 pm) Rad for the 10

days. It was found that in the consecutive 10 days, 3 days

showed obviously negative Rad values, indicating E falling

below the Eeq. Another 3 days showed remarkably positive

Rad, indicating E greater than the Eeq (enhanced advection).

Remaining 4 days the E and Eeq were comparable in

magnitude. For the days when enhanced advection occurred,

Rad could be more than 50%, which clearly shows that the

effects of enhanced advection on canopy evapotranspiration

should not be ignored.

4.4. Effects of advection on CWUE

It was found that CWUE dramatically decreased with increase

in Ead (Fig. 6). Affected by enhanced advection, some warm and

dry air from the surrounding area enter the canopy, and some

conversion (energy) from sensible heat flux to latent heat flux

are affected through the extra water transpired (McNaughton,

1976). During the process of this energy exchange, canopy

photosynthesis does not get affected as no additional solar

energy entered the system. Therefore, CWUE decreased with

the increase in the advective evapotranspiration. The four

negative CWUE values observed were mainly due to either

downward H2O flux due to dew deposition or upward CO2 flux

due to soil respiration in some occasional cases (Fig. 6). In the

CWUE calculations we considered the affects of the above two



Fig. 6 – Relationship between canopy water use efficiency

(CWUE) and the advective evapotranspiration (Ead). The

solid line indicates the regression equation and the dotted

lines on each side of it represent the 95% confidence

limits.
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processes, resulting in negative CWUE values. Although the

correlation coefficient between CWUE and Ead was low

(r2 = 0.36), majority of the observations were within 95%

confidence limits of the regression equation (Fig. 6).
5. Conclusion and discussion

Enhanced advection can occur due to spatially heterogeneous

irrigation practiced in faming lands. This paper tried to

examined the conditions under which enhanced advection

occur, and its contribution to total evapotranspiration and

CWUE in irrigated winter wheat fields in the North China Plain.

We found enhanced canopy evapotranspiration induced by

enhanced advection in the crop fields. Enhanced advection

occurs with negative values of canopy–air temperature

difference when the Priestley–Taylor parameter values >1.5.

On days with enhanced advection, the average daily advective

evapotranspiration can exceed 50% of the total evapotran-

spiration. Affected by enhanced advection, CWUE decreased

remarkably due to extra water evaporated by the advected

energy.

It is well known that the effects of advection on

evapotranspiration are controlled by the canopy conductance.

Hence, quantification of canopy conductance is important for

understanding the WUE of irrigated crops. More work should

be focused on the response of individual canopy leaves to

environmental factors. The effects of advection on evapo-

transpiration have important implications for the large-scale

estimation of evapotranspiration in irrigated fields of arid

regions and irrigation water management. When evapotran-

spiration is enhanced by advection, the expected irrigation

efficiency cannot be reached. When estimating evapotran-

spiration over large-scale irrigated fields, the effect of

advection should be taken into account.

Caveats. Conclusions derived in this study is based on data

collected by only one set of eddy covariance system to study
advection arising out of heterogeneous conditions at multiple

locations. Therefore, comparisons of energy flux between

locations with differing irrigation treatments (or irrigated and

unirrigated) and their contributions to the energy advection

could not be verified. Further research should be focused on

using multiple sets of eddy covariance systems at multiple

locations to measure the fluxes in simultaneously. Further

studies need be done to address these issues in a more

comprehensive manner and to come-up with better conclu-

sions and recommendations for enhancing water use effi-

ciency in irrigated agriculture in the semiarid regions.

Acknowledgements

The authors are indebted to Drs. Liwang Ma and S.A.

Saseendran, Agricultural Systems Research Unit, USDA-ARS,

Fort Collins, USA for their review and language editing. Also,

the editor and two anonymous reviewers are greatly appre-

ciated for their constructive comments on the manuscript.
r e f e r e n c e s
Brakke, T.W., Verma, S.B., Rosenberg, N.J., 1978. Local and
regional components of sensible heat advection. J. Appl.
Meteorol. 17, 955–963.

Brown, K.W., Rosenberg, N.J., 1972. Shelter effects on
microclimate, growth and water use by irrigated sugar beets
in the great plains. Agric. Meteorol. 9, 241–263.

Collatz, G.J., Ball, J.T., Grivet, C., Berry, J.A., 1991. Physiological
and environmental regulation of stomatal conductance,
photosynthesis and transpiration: a model that includes a
laminar boundary layer. Agric. For. Meteorol. 54, 107–136.

Constantin, J., Inclan, M.G., Raschendorfer, M., 1998. The energy
budget of a spruce forest: field measurements and
comparison with the forest–land–atmosphere model
(FLAME). J. Hydrol. 212–213, 22–35.

Diaz-Espejo, A., Verhoef, A., Knight, R., 2005. Illustration of
micro-scale advection using grid-pattern mini-lysimeters.
Agric. For. Meteorol. 129, 39–52.

Flint, A.L., Childs, S.W., 1991. Use of the Priestley–Taylor
evaporation equation for soil water limited conditions in a
small forest clearcut. Agric. For. Meteorol. 56, 247–260.

Hanks, R.J., Allen, R.H., Gardner, H.R., 1971. Advection and
evapotranspiration of wide-row sorghum in the central
Great Plains. Agron. J. 63, 520–527.

Jarvis, P.G., 1976. The interpretation of the variations in water
potential and stomatal conductance found in canopies in
the field, vol. 273. Philosophical Transactions of the Royal
Society, London, Ser. B, pp. 593–610.

Jury, W.A., Tanner, C.B., 1975. Advection modification of the
Priestley and Taylor evapotranspiration formula. Agron. J.
67, 840–842.

Kelliher, F.M., Hollinger, D., Schulze, E.D., Vygodskaya, N.N.,
Byers, J.N., Hunt, J.E., McSeveny, T.M., Milukova, I.,
Sogatchev, A., Varlargin, A., Ziegler, W., Arneth, A., Bauer,
G., 1997. Evaporation from an eastern Siberian larch forest.
Agric. For. Meteorol. 85, 135–147.

Lang, A.R.G., Evans, G.N., Ho, P.Y., 1974. The influence of local
advection on evapotranspiration from irrigated rice in a
semiarid region. Agric. Meteorol. 13, 5–13.

Lee, X., Yu, Q., Sun, X.M., Liu, J.D., Min, Q.W., Liu, Y.F., Zhang,
X.Z., 2004. Micrometeorological flux under the influence of



a g r i c u l t u r a l w a t e r m a n a g e m e n t 8 9 ( 2 0 0 7 ) 1 1 6 – 1 2 2122
regional and local advection: a revisit. Agric. For. Meterol.
122, 111–124.

Legg, B.J., Long, I.F., 1975. Turbulent diffusion within a wheat
canopy. II. Results and interpretation. Quart. J. Roy.
Meteorol. Soc. 101, 611–628.

Leuning, R., 1995. A critical appraisal of a combined stomata-
photosynthesis model for C3 plants. Plant Cell Environ. 18,
339–355.

Li, Z.Q., Yu, G.R., Wen, X.F., Zhang, L.M., Ren, C.Y., Fu, Y.L., 2005.
Energy balance closure at ChinaFLUX sites. Sci. China (Ser.
D) 48 (Sup I), 51–62.

McNaughton, K.G., 1976. Evaporation and advection. II.
Evaporation downwind of a boundary separating regions
having different surface resistances and available energies.
Quart. J. Roy. Meteorol. Soc. 102, 193–202.

McNaughton, K.G., 1988. Effects of windbreaks on turbulent
transport and microclimate. Agric. Ecosyst. Environ. 22–23,
17–39.

McNaughton, K.G., Jarvis, P.G., 1983. Predicting effects of
vegetation changes on transpiration and evaporation. Eater
deficits and Plant Growth, vol. VII. Academic Press, London,
pp. 1–42.

Monteith, J.L., 1965. Evaporation and environment. Symp. Soc.
Exp. Biol. 19, 205–234.

Nichols, J., Eichinger, W., Cooper, D.I., Prueger, J.H, Hipps, L.E.,
Neale, C.M.U, Bawazir, A.S., 2004. Comparison of
evaporation estimation methods for a riparian area. Final
report. UHR Technical Report No. 436. College of
Engineering. University of Iowa, USA.

Pereira, A.R., 2004. The Priestley–Taylor parameter and the
decoupling factor for estimating reference
evapotranspiration. Agric. For. Meteorol. 125, 305–313.

Pereira, A.R., Nova, N.A.V., 1992. Analysis of the Priestley–Taylor
parameter. Agric. For. Meteorol. 61, 1–9.

Priestley, C.H.B., Taylor, R.J., 1972. On the assessment of surface
heat flux and evaporation using large-scale parameters.
Month. Weather Rev. 100, 81–92.

Raupach, M.R., 1991. Vegetation-atmosphere interaction in
homogeneous and heterogeneous terrain: some
implications of mixed-layer dynamics. Vegetatio 91, 105–
120.

Rosenberg, N.J., 1969. Advection of energy utilized in
evapotranspiration by alfalfa in the east-central Great
Plains. Agric. Meteorol. 6, 179–184.

Skidmore, E.L., Jacobs, H.S., Hagen, L.J., 1972. Microclimate
modification by slat-fence windbreaks. Agron. J. 64, 160–162.

Smith, D.M., Jarvis, P.G., Odongo, J.C.W., 1997. Energy budgets of
windbreak canopies in the Sahel. Agric. For. Meteorol. 86,
33–49.

Stannard, D.I., 1993. Comparison of Penman–Monteith,
Shuttleworth–Wallace, and modified Priestley–Taylor
evapotranspiration models for wildland vegetation in
semiarid rangeland. Water Resour. Res. 29, 1379–1392.

Steduto, P., 1996. Water use efficiency. In: Pereira, L.S., Feddes,
R.A., Gilley, J.R., Lesaffre, B. (Eds.), Sustainability of Irrigated
Agriculture. NATO ASI Series E: Applied Sciences. Kluwer
Academic Publishers, Dordrecht, pp. 193–209.

Sun, H.Y., Liu, C.M., Zhang, X.Y., Shen, Y.J., Zhang, Y.Q., 2006.
Effects of irrigation on water balance, yield and WUE of
winter wheat in the North China Plain. Agric. Water
Manage. 85, 211–218.

Thom, A.S., Oliver, H.R., 1977. On penman’s equation for
estimating regional evaporation. Quart. J. Roy. Meteorol.
Soc. 103, 345–357.

Wilson, K., Goldstein, A., Falge, E., Aubinet, M., Baldocchi, D.,
Berbigier, P., Bernhofer, C., Ceulemans, R., Dolman, H.,
Field, C., Grelle, A., Ibrom, A., Law, B.E., Kowalski, A.,
Meyers, T., Moncrieff, J., Monson, R., Oechel, W., Tenhunen,
J., Vlentini, R., Verma, S., 2002. Energy balance closure at
FLUXNET sites. Agric. For. Meteorol. 113, 223–243.

Yu, Q., Zhang, Y.Q., Liu, Y.F., Shi, P.L., 2004. Simulation of
stomatal conductance of winter wheat in response
to light, temperature and CO2 changes. Ann. Bot. 93,
435–441.

Zermeno-Gonzalez, A., Hipps, L.E., 1997. Downwind evolution of
surface fluxes over a vegetated surface during local
advection of heat and saturation deficit. J. Hydrol. 192,
189–210.


	Quantifying the effects of advection on canopy energy budgets and water use efficiency in an irrigated wheat field in the North China Plain
	Introduction
	Theory
	Equilibrium and advective evapotranspiration
	Priestley-Taylor parameter
	CWUE

	Experiments
	Results
	Energy balance
	Observed advection in the experiment
	Effects of advection on latent heat flux
	Effects of advection on CWUE

	Conclusion and discussion
	Acknowledgements
	References


