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Abstract. The Penman-Monteith (P-M) model has been 1 Introduction
applied to estimate evapotranspiration in terrestrial ecosys-

tem throughout thg world. As .shov.vn in many studi_es, bulk Evapotranspiration (ET) is a principal component of the hy-
canopy resistance is an especially important factor in the aparological cycle in terrestrial ecosystems, affected by both

pIic_ation of the P-M model. In this study, the authors used thebiophysical and environmental processes at the interface
Noilhan and Planton (N-P) approach and the Jacobs and Dfetween soil, vegetation, and atmosphere (Monteith and

Bruin (J-D) approach to express the bulk canopy resistance,nq\yorth, 1990; Sellers, et al., 1996 Baldocchi and Meyers,
The P-M model was applied to a maize field using the two ap-1 ggg) |t serves as a regulator of the key ecological processes
proachgs in an arid area of northwest China and evaluated ogy linking stomatal activity, carbon exchange, and water use
the basis of measured half-hourly values from the eddy CO'Vbr'c')smarty etal., 1998), and by linking energy balance and

variance system. The results indicate that the N-P approaciy e pajance of natural and agricultural ecosystems (Molina
slightly underestimates the bulk canopy resistance, while th%t al., 2006)

J-D approach overestimates it. Over the entire maize grow- L . . ,

ing season, the N-P approach yielded a more consistent es- Quantification of water loss by ET is of primary impor-
timate of bulk canopy resistance than did the J-D approacht@nC€ for monitoring, surveying and managing water re-
Correspondingly, the P-M model with J-D bulk canopy resis- SCUrces in the various spatial scales qf a farm, a catchment,
tance slightly underestimated the latent heat flux throughouf"d @ region (Lecina et al., 2003; Molina et al., 2006). For
the maize growing season, but overestimated the latent he&'d regions, ET estimation is extremely important to as-
flux during the dry season as compared to the N-P approacRESS Water resources. The arid inland area of northwest
results. The good fit between the simulated latent heat fluChina consists of various, relatively independent, inland river
estimated by the P-M model using the N-P approach and thoasins. _Water resources in an |nla_nd b§\S|r_1 or!glngte from the
data measured at half-hour time steps demonstrates that tHg_ountams and control the vegetation distribution in th_e b_asm
application of this approach is reasonable in relatively ho-(J! €t al., 2006; Kang et al.,, 2007). The extremely limited
mogenous maize fields that are not drought-stressed. Furthdfater resources are mostly utilized by the artificial oases in
research to improve the performance of P-M model to simu-the middle-stream plain area, where irrigated agriculture is

late evapotranspiration in the cropped fields is discussed. Very developed and forms a farmland ecosystem in the in-
land river basin. The over-exploitation of water resources in

the middle-stream area reduces the runoff to the downstream
areas, causing degradation of natural ecosystems (Ji et al.,
2006; Kang et al., 2007; Jia et al., 2009). Therefore, ratio-
nal utilization and allocation of water resources is extremely
important in an inland river basin. This requires accurate es-

Correspondence taV. Zhao timation of the water budget for the agriculture fields and ET
BY (zhaowzh@Izb.ac.cn) estimation is the key factor of the water loss in the budget.
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To quantify the actual ET of crop fields at the instan- are the density (kg m?) and specific heat (MJ kgt K—1) of
taneous, hourly and daily scales, several ET models havair, respectivelyg; ande, are the saturated and actual vapour
been developed and tested in various ecosystems under dipressure of air (kPa), respectively;is resistance to the tur-
ferent climatic conditions throughout the world (Penman, bulent transfer of vapour between source and the reference
1948; Monteith, 1965; Priestley and Taylor, 1972; Shuttle-level (snT1); y is psychrometer constant (kPak; andr,
worth and Wallace, 1985; Schmugge and Andr991; Kite, s the canopy resistance (SH).

2000). The most widely used model is the physically-based The aerodynamic resistangewas calculated between the
Penman-Monteith (P-M) model (Monteith, 1965), which as- top of the crop and a reference poinsited in the boundary
sumes that canopies can be regarded as one uniform surfatsyer above the canopy, following Perrier (1999), as:
or big leaf (Rana et al., 1997; Allen et al., 2006; Widmoser,

2009), and to which a canopy resistance term is incorporated  In[(z—d)/zo]In[(z—d)/(hc —d)] 1

to determine the stomata influence on ET. Therefore, the rep™@ = k2 U
resentation of canopy resistance is a very important parame- ) ) ]
ter in modeling the actual ET of a crop field using the P-M wherez (m) is the reference level at which the horizontal
model. wind speed: (ms™1) is measuredy is the zero plane dis-

Two types of canopy resistance (or conductance) model®'acement height (m), and is taken equal to 0:6qBrut-
have been used to express the behavior of the canopy resi§2ert, 1982)zo is the roughness length for momentum (m),
tance: the Jarvis type model and Ball type model. The forme@PProximated as 0.122 (Brutsaert, 1982)j. is the height
relates the canopy resistance to environmental variables at &8f the crop (m); and is the von Karman'’s constant, equal to
atmospheric reference height (Javis, 1976; Noilhan and Plan?-41.
ton, 1989); the latter correlates canopy resistance to the as- )
similation rate (Ball et al., 1987; Leuning, 1995; Jacobs and2-2 The bulk canopy resistance

De Bruin, 1997). Although these two types of models have . . . . .
been applied to various canopies and plants (Niyogi and raCertain environmental (Jarvis, 1976) and plant physiological

man 1997: Ronda et al., 2001), there has been no comparisdc'?a” et al., 1987) factors, such as atmospheric conditions,

of the two types of models in terms of their application to the soil moisture, and the assimilati_on of plant at the canopy
P-M model to simulate the actual ET of crop fields, esIor__,_scale, affect the bulk canopy resistance. Two types of bulk

cially in the arid area of northwest China. The functions andC2NOPY resistance models have been applied to expyess

parameters of the models have yet to be evaluated in differerff!® Noilhan-Planton (N-P) approach (Noilhan and Planton,
studies and in different environmental conditions. 1989), also referred to as the Jarvis model (Jarvis, 1976),

This paper compares results estimated using these twg"d the Jacobs- De Bruin (J-D) model (Jacobs and De Bruin,

types of canopy resistance models with measured canopy rek997; Ronda et al., 2001) also referred to as the Ball type
sistance derived from an inverted PM model: the purpose ign°del (Ball etal., 1987).

to evaluate the P-M model with different canopy resistance L )

approaches on modeling actual ET of the irrigated crop fieldsz'z'1 The parameterization of Noilhan-Planton

in an arid climate; and to discuss the variation of ET from a approach

maize field during different stages of the growing season. Re- . . . . .
sults from this st%dy will suppgrt the wat?ar-efficgi]ent agricul- The N-P .bu.lk canopy reS|stanz:e|s a function of incoming
tural practices and help to improve the irrigation efficienciesSOI"’\r radiation, mean volumetric water content, vapour pres-

of the oases in the inland river basins of Northwestern ChinaSY"® deficit of the atmosphere, air temperature and leaf area

index (Noilhan and Planton, 1989); it is given by:

@)

__Tsmin

ST LA

2 Evapotranspiration modeling F1F2_1F3‘1F4‘l 3)

2.1 The Penman-Monteith model . - .
where rymin is the minimum stomatal resistance (st

4he typical values forsmin in growing crops range between
40 and 100sm! and for mature crops between 250 and
500snr? (Tattari et al., 1995). In this study, field observa-

The P-M model describes the physical process of ET from
vegetative surface, and typically can be written as:

AR, —G)+p,Cp(es —ea)/ra tions during the different stages of the maize growing season
A+y (1+rs/ra) (initial, development, midseason, and late period) indicated

rsmin Values of 70sm?, 70sn1!, 50snr!, and 100sm?!

where is latent heat of vaporization of water (MJkb: for the respective stages. LAl is the leaf area indexifim?);

E is crop evapotranspiration (mm%; A is gradient of the ~ F; andF, express the dependence-pbn solar radiation and
water saturation vapour pressure curve (kP&KR, is net  on air temperature, respectivel§ is a function of soil mois-
radiation (W m-2);G is soil heat flux (W n12); p, and C, ture and F3 describes the dependence on the atmospheric
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vapour pressure deficit. The parameterization of N-P ap{mgm2s1); ¢; is the initial light use efficiency (mgJ),

proach is given as follows (Noilhan and Planton, 1989):

1+
I . - ()
f+”smin/rxmax

1, w2 > Wer
o= zﬁ:—m’ Wwilt < W2 < Wer (5)

0, w2 < Wilt
F3:1_/3(es(Ts)_ea) (6)
F4=1.0—0.0016(2980— T,)? 7
with

Rg 2
=055—— 8

f Ry LA ®)

where rymay is the maximum stomatal resistance (s
and was arbitrarily set to 5000 sth(Noilhan and Planton,
1989); w, is the mean volumetric water of the soil column
(m3m~3); we, is the soil water content below which transpi-
ration is stressed by soil moisture, taken as Qué&; wwilt

and I is the amount of photosynthetically active radiation
(Wm~2). Here, R, is estimated as 0.14,,. The response
of A,, to CO, is modeled as
A=A, max| 1= e~ Lon (@70 Anmad | (11)
where A;, max IS the maximal primary productivity under
light conditions and high C®concentrations (mg s~ 1);
gm IS the mesophyll conductance (mm's, andr" is the CQ
compensation point (mgnd).

The parameters,,, AmmaxandI" are the functions of leaf
temperaturd, (K) and computed as:

X (T, = 298K) @l ~299/10

X(T,) = (L 03T T [14- 037 7] (12)
I'(T,) =T (T, = 298K) Q{k~2%9/10 (13)

whereX denotesg,, or Am max and71 and7> are reference
temperatures (K)71 and 7» for g, are set as 286 K and
309K, respectively, whilel, and T, for Am max are set as
286K and 311 K, respectively. As in the J-D model, the

is the plant permanent wilting point. In this study, the satu-yalues ofg,, (T, = 298) andAm max(T. = 298) are set as

rated soil water contentsais set as 0.40 Am—3 and wilting
point as 0.11 mim~3 for sandy loam in the field7, and 7,

17.5mms?tand 1.7 mgm? s~ for maize, respectively; the
values ofQ1gis set as 2.0 for maize; and(7, = 298 K) and

are the_: surface_ and air temperature at the crop height leved, are set as 4.3, and 1.5 for maize, respectively.
(K). B is a species-dependent empirical parameter and set to |n Eq. (10) the light use efficiency; is a function ofC;,

0.0238 hPal for maize @Acs, 1994) in this studyR is the
incoming solar radiation (W ?), andR, is the limit value
of 100 W n12 for crops (Noilhan and Planton, 1989).

2.2.2 Parameterization of the Jacobs-De Bruin model

', and the initial (at low light conditions) light use efficiency
eo (Jacobs and De Bruin, 1997):

C;—T
Cy+2r

& =¢€p (14)

The J-D model (Jacobs and De Bruin, 1997) is based on plan-{—he parameter values fep is have been derived by Collatz

physiology, which uses a correlation relationship between t

leaf stomatal conductance and the net photosynthetic rate
leaf scale, and then up-scales the conductance from a leaf tg

a canopy:
LAI
1/ry= / [1.64,/(Cs—Ci)]dL (©)
0

whered,, is the net photosynthetic rate (mgfs1); C,

het al. (1991, 1992). The value for maizey(flant) is set as
2014mg 3.

In laboratory experiments the internal @@oncentration

C; is often found to be a fraction of the external £6bn-
centration (Ronda et al., 2001). Zhang and Nobel (1996)
proposed the following formula to express the relationship
between C; —T")/(C; — ") and the water vapour deficit:

C;—T

= fo—aqDy (15)

andC; are the CQ concentration at the leaf surface and in G —T

the sub-stomatal cavity (mgTd), respectively; and. is the
leaf-area index (Fim~—2) for the integration interval bound-

where fp anda, are empirically found as regression coeffi-
cients. A typical value forfp is 0.85 and a typical value for

aries, which sums to LA, the total leaf area index over the,; js 0.015 Kpa® for C4 plants (Jacobs and De Bruin, 1997;

entire canopy depth.

Ronda et al., 2001)D; is the vapour pressure deficit at plant

In the J-D model, the net photosynthetic rate at leaf scalgeye| (kPa).

is given by

—&;

1
A=A, +Ry) [1—exp(A—+Rd>] — Ry

where A,, is the photosynthetic rate at infinite light in-
tensity (mgm?2s~1); R, is the rate of dark respiration

(10)
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3 Site description and field measurements 1994). The open sides of the asymmetric sonic anemometers
were exposed to the north-west at the experimental plot. The
3.1 Site description open-path infrared gas analyzer were mounted 0.2 m below

the sonic anemometer and displaced 0.3 m laterally and per-

This work was undertaken on fields of maize during the 2008pendicular to the predominating wind direction in order to
growing season. The fields are located in the agriculturaiminimize flux loss due to vertical (Kristensen et al., 1997)
water-saving experimental plot (1kndkm) of the Linze  and longitudinal (Massman, 2000) sensor separation, respec-
Inland River Basin Comprehensive Research Statiori (39tively. Data were recorded on a personal computer inside of
20'N, 100 08 E, elevation 1378 m), Chinese Ecosystem Re-a small hut 50 m from the site.
search Network, Cold and Arid Regions Environmental and  All raw data were saved using tEDDYMEASsoftware
Engineering Research Institute, Chinese Academy of Sci{Kolle and Rebmann, 2007) for post-processing Bp-
ences. The site is located in the central area of the Zhangy®YSOFTsoftware (Kolle and Rebmann, 2007). Half-hourly
irrigation oases along the middle stream of the Heihe Rivermean eddy fluxes over the crop field were calculated as
which is an inland river in the arid area of northwest China. the covariance between turbulent fluctuations of the verti-
The terrain is relatively flat with a mean slope in the vicinity cal wind speed and the scalar mixing ratios calculated by
of the site ranging between 2.1 and 4.5%. The maize canopjReynolds averaging of 30-min blocks of data. Following the
extended for over a kilometer in all directions. recommendations of McMillen (1988), a two dimensional

The site is characterized by a typical continental arid cli- coordinate rotation was applied to force the average vertical
mate: dry and hot in summer and cold in winter. The nor-wind speed ¢) to zero and to align the horizontal wind)(
mal annual mean air temperature is 7@ with an absolute to mean wind direction. Both the GGlux and latent flux
maximum of 39.2C and an absolute minimum ef27.3°C. were corrected for density effects by the method described
Mean annual precipitation is 117 mm, with nearly 70% con- by Webb et al. (1980). The post-processing of flux data also
centrated in the months from July to September. Mean anincludes other necessary corrections, such as convert sonic
nual pan evaporation is 2390 mm. Mean annual wind veloctemperature to actual temperature correction, frequency re-
ity is 3.2ms1, and the prevailing wind direction is north- sponse correction. The detailed description can also be found
west (Ji et al., 2007, 2009). The soil type is a sandy loamin Kolle and Rebmann (2007). As a result, latent and sensible
(sand: 59.0%; silt: 36.3%; clay: 4.7%). Soil organic mat- heat fluxes were calculated as:

ter and pH value are 0.72% and 8.86, respectively. Fertilizes Vet

were applied at a rate of 708 kg N per hectare, 179kg P pehEgc =A(1+ Xy) (w c, +——> (16)

ha and 75kgK per ha during the growing season in 2008, T pep

respectively. The staple crop in the oasis is maize. Surfacg; _ ey T (17)

irrigation account for 95% of the total irrigated area, and con-

sists mainly of the border irrigation. where Ex¢ is water vapor flux (mmol m? s71); x, is the
ratio of vapour pressure to atmospheric pressurec{)is

3.2 Field measurements the molar concentration of water vapour (mmolti H is

sensible heat flux (WmP); T is the ambient air tempera-
Continuous measurements were carried out at the study siteire (K); andp is density of moist air (kgm®); overbars
during the maize growing season from 26 May to 30 Septem-denote time averages and primes denote the departures. Posi-
ber 2008. Eddy covariance technique was used to measutive fluxes indicate mass and energy transfer from the surface
the fluctuations of wind speed, temperature, carbon dioxideto the atmosphere, and negative from the atmosphere to the
and water vapour above the canopy. The eddy covarianceurface.
system consists of a three dimensional (3-D) sonic anemome- The eddy covariance technique is limited by missing or
ter (HS-50, Gill Solent Istruments, Lymington, Hampshire, rejected measurements due to system failures, maintenance
UK) and an open-path infrared gas analyzer (LI-7500, LI- and calibration, and improper weather conditions. In this
COR Inc., Lincoln, NE, USA). Variances and covariances study, the following gap-filling procedures were employed:
were calculated from the 20 Hz raw data. Vertical fluxes of short gaps less than 6 h were filled by linear interpolation
momentum, sensible heat, carbon dioxide, and water vapouaind large gaps were filled by means of the look-up table
were determined by means of 1) the 3-D sonic anemometeapproach or, if not possible, by the mean diurnal variation
to sample the three components of wind speed (w) and method (Falge et al., 2001).
virtual acoustic temperature (the speed of souRdind 2) The EVINS Environmental Monitoring System (IMKO
an open-path infrared gas analyzer for measurement of waMicromodultechnik GnbH, Ettlingen, Germany) was
ter vapour and carbon dioxide mole densities above the cropounted about 60 m from the eddy covariance tower in this
field. The fast response sensors were mounted at a height study field. The detailed description of measured environ-
2 m above the crop canopy level (i.e. the sensor height variednental variables by the EVINS can be found in Table 1.
during the measurement campaigns) (Kaimal and FinniganAll EVINS data were measured every 10 min and averaged
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Table 1. The information of measured environmental variables by the EVINS Environmental Monitoring System.

Variables

Sensors

Observation positions

Net radiation

Photosynthetically
active radiation

Air temperature
Relative humidity
Air pressure
Wind speed

Wind direction

Canopy/surface
temperature

Soil temperature

Volumetric soil water
content

Soil heat fluxes

CNR-1 (Kipp & Zonen, Delft, The Netherlands)

LI-190 (LI-COR Inc., Lincoln, NE, USA)

HMP45D (Vaisala, Helsinki, Finland)
HMP45D (Vaisala, Helsinki, Finland)
PTB100 (Vaisala, Helsinki, Finland)
LISA cup anemometer (Siggelkow GmbH,
Germany)
Young 8100 (Siggelkow GmbH, Hamburg,
Hamburg, Germany)
PS12AF1 surface Pyrometer (Keller HCM
GmbH, Ibbeiiken-Laggenbeck, Germany)
Pt100 (IMKO GmbH, Ettlingen, Germany)
TRIME-IT (IMKO GmbH, Ettlingen,
Germany)

Three HFP-01 heat flux plates (Hukseflux
Thermal Sensors, Delft, The Netherlands)

RG50 tipping bucket rainfall gauges

2m above the canopy
2 m above the canopy

2 m above the canopy

2 m above the canopy
2m above the canopy
2 m above the canopy

2m above the canopy

2 m above the canopy

5, 10, 20, 40, 80 and
120 cm depths in the soil

10, 20, 50, 100, 200,
300 cm depths in the soil
0.05m in the soil surface

Precipitation (SEBA Hydrometrie GmbH, Gewerbestr, the top of canopy
Germany)
Table 2. Mean daytime meteorological and ecological elements on selected days.
DOY Ry PAR T Dy wo LAI
(day ofyear) (Wm2) (umolnT?) (K) (kPa) (Mm=3) (mPm 2
130 491.7 1385.9 305.3 3.0 31.3 0.3
162 512.7 1454.6 307.9 3.3 30.8 2.0
195 523.2 1472.0 308.7 2.2 28.5 4.8
229 479.2 1294.6 307.3 25 27.8 3.2

every 30 min, and recorded on Trimelogger (IMKO GmbH, with each level representing the 25% of the canopy. For
Ettlingen, Germany). In addition, the measured canopyeach level, the leaves with orientations of east, west, north
temperature by PS12AF1 surface Pyrometer (Keller HCMand south were selected. Plant height, leaf position and area
GmbH, Ibbenfiren-Laggenbeck, Germany) is in agreementwere regularly measured throughout the maize growing sea-
with the actual canopy temperature when the canopy coverson. The green leaf area index of maize was measured with
fully soil surface. Howeuver, it is found that there are some a LI-3100 area meter (LI-COR Inc., Lincoln, NE, USA).
distortions when the canopy is sparse during the early stage

of maize growing season. In order to resolve the problem,

the regression relationship was established between canogy Results and discussion

temperature and air temperature for the site and period when ) o ) )

the canopy covers fully the soil surface. Then, the resulting®-1 Diurnal variations in stomatal conductance during
equations were used to fill in the canopy temperature during (e Maize growing season

the period of sparse canopy. . . .
P P Py Diurnal variations in stomatal conductance were measured

The stomatal conductance was measured hourly at fouon selected days of the growing season, as presented in
levels in the canopy by a LI-COR 6400 (LI-COR Inc., Lin- Fig. 1. The mean values of net radiati®p, photosyntheti-
coln, NE, USA) in the maize field for 4 days over the 2008 cally active radiation PAR, air temperature at crop height
growing season. The canopy was divided into four levelsvapour pressure deficid, soil water contentvo and green

www.hydrol-earth-syst-sci.net/14/1353/2010/ Hydrol. Earth Syst. Sci., 14, 13632010
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Fig. 1. Diurnal variation in stomatal conductance in the maize canopy. The days are DQ4)18%), DOY 162(c),(d), DOY 195(e), (f)

and DOY 229(q), (h). L1, L2, L3 and L4 refer to the levels at the top layer, above middle layer, below middle layer and bottom layer of the
canopy. a, ¢, e and g of the left column have the leaf orientation east-west, and b, d, f, and h of the right column have the leaf orientation
south-north.

leaf area index LAI during the daytime hours (from 08:00 to photosynthetically active radiation and air temperature is, re-
18:00LT) of the observation days in the different stages ofspectively shown in Figs. 2—4. The responses reflect a com-
crop growing season are listed in Table 2. mon characteristic in conductance for water exchange be-
tween the plant and atmosphere at both the leaf and canopy
scales. The diurnal variation in leaf stomatal conductance of
maize in this study field has higher values in the morning than
€n the afternoon, and lower values at midday (13:00 LT) than
©before and after about 13:00 LT. The lower stomatal conduc-
ance during the afternoon and midday can be attributed to

Diurnal variation in stomatal conductance has common
patterns for the different stages of maize growing season,
The stomatal conductance varies with a lower value in the
morning and afternoon, and a higher value in the midday, de
pending on solar radiation and vapour pressure deficit. Th
response of stomatal conductance to vapour pressure deficit,

Hydrol. Earth Syst. Sci., 14, 1353364 2010 www.hydrol-earth-syst-sci.net/14/1353/2010/
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Fig. 2. Response of stomatal conductance to vapour pressure deficlt
at the four levels in the maize canopy on DOY 1(&), DOY 162
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Fig. 5. Comparison between measured bulk canopy resistance de-
ived from P-M model and predicted values obtained by the(a)D
and the N-Rb) approach.

the higher water vapour deficit (midday depression of photo-
synthesis). A lower stomatal conductance at midday can be
explained by a limitation of photosynthesis due to the stom-
atal closure to prevent the water loss from the most intensive
solar radiation and higher temperatures. However, the lower
values of stomatal conductance occur at varies times depend-
ing on the physiological adaptation (stomatal control) of leaf
to changes in their environment, such as absorbed PAR by
leaf, air temperature, vapour pressure deficit, soil water con-
tent, and so on.

Stomatal conductance increases from the beginning to the
middle of the maize growing season, and then decreases as
the season progresses. The daytime mean values of stom-
atal conductance were measured to be 5.90 mnos day
of year (DOY)130, 7.21 mmgon DOY 162, 9.26 mmst

3. Response of stomatal conductance to photosynthetically achn DOY 195 and 4.29 mntd on DOY 229. This indicates

radiation at the four levels in the maize canopy on DOY 130
DOY 162(b), DOY 195(c), and DOY 229d), respectively.
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that the stomatal conductance increases with increasing PAR
and with decreases vapour pressure deficit.

4.2 Test of the J-D and N-P approaches in the
determination of the canopy resistance

To test the J-D and N-P approaches for determining the bulk
canopy resistance, the half-hourly bulk canopy resistance
values derived from the P-M model based on the measured
ET from the eddy covariance system was compared with
those simulated using the J-D and N-P approaches. Using
the P-M model-derived bulk canopy resistance as the mea-
sured value, three statistical tests were performed: model
efficiency (ME), root mean square deviation (RMSD), and
mean bias error (MBE) (Ji et al., 2009).

A comparison of the J-D bulk canopy resistance esti-
mates to the measured values yielded ME, RMSD, and MBE

Fig. 4. Response of stomatal conductance to air temperature at thgalues of 0.89smt, 136.3sn1!, and 12.4sm, respec-

four levels in the maize canopy on DOY 138), DOY 162 (b),

DOY 195(c), and DOY 229(d), respectively.

www.hydrol-earth-syst-sci.net/14/1353/2010/

tively (Fig. 5a). The N-P approach better in simulating bulk
canopy resistance yielding ME, RMSD, and MBE values

Hydrol. Earth Syst. Sci., 14, 13622010
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Canopy resistance (s m™)

Fig. 6. Comparison of the measured and the simulated half-hourly bulk canopy resistance on the days before and after irrigation during the

maize growing season.

of 0.92sm1, 103.1sm?, and —9.1sn7!, respectively
(Fig. 5b). From the MBE values given in Fig. 5, it can be
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4.3 Diurnal variation in the bulk canopy resistance

seen that the J-D approach overestimated the bulk canopy re- : ) L
sistance. Therefore, the N-P approach is more suitable thalf! Order to investigate the effect of irvigation, days were se-

the J-D approach in the simulation of bulk canopy resistanc
of the irrigated maize field under the arid climatic conditions

of the study.

Hydrol. Earth Syst. Sci., 14, 1353364 2010

éected before and after irrigation. The daily variation of the

bulk canopy resistance was then simulated for the selected
days using the two approaches as shown in Fig. 6. During the
entire maize growing season in 2008, surface irrigation (i.e.,
small level-basin irrigation) occurred eight times for a total
water depth of 960 mm. Each irrigation used 120 mm over
approximately two weeks. The diurnal variation in the bulk

www.hydrol-earth-syst-sci.net/14/1353/2010/
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Table 3. Mean daytime meteorological and ecological elements on selected days before and after irrigation.

DOY R, PAR T, Dy wp LAI Cs u
Wm2) @molm?2sl (K) (kPa) Mm3) Mm 2 (mmolm3) (ms?
156  187.7 561.2 2948 16 264 1.6 12.1 3.1
158 3822 1220.1 3000 22 316 1.6 10.5 1.3
200  480.0 1410.5 301.7 25 262 4.8 12.4 1.3
202 2916 896.3 2995 1.7  30.9 4.8 12.4 1.2
233 464.0 1265.0 2953 1.8 262 3.1 12.8 1.4
235 4155 1028.1 2971 22 322 3.1 12.7 1.5
253 428.1 1087.7 2952 2.0 265 2.2 10.6 1.1
255  404.3 955.6 2984 24 313 2.2 13.5 1.0

canopy resistance on days before and after irrigation were 700

simulated on DOY 157, DOY 201, DOY 234 and DOY 254, 04 a 1:1 line o 00d
respectively. Table 3 shows the mean values of the meteoro- ¢ jgg o 9@9 ©
logical and ecological elements in the daytime (from 08:00 2 ;] o 2 °
to 18:00LT) on the selected days during the different stages :—? 200 O ME-067
of the maize growing season. 8 igg 6 MBE=40.3 |
Half-hourly values of bulk canopy resistance exhibited a 5 s00] b | o ‘ ‘ R
reverse parabolic pattern, reaching the minimum value near § 500 o
mid-day (13:00 LT) during the different stages of the maize & 1
growing season. The values were higher in the morning and £ 200 ME080 ]
afternoon, and lower at the midday, depending on solar radi- 100+ MBE=152 |
ation. The daily variation of resistance indicates that ET in- O S e L
creases with net radiation. It was found that, except in a con- Measured latent heat flux (W m™)

dition of low soil water content, the bulk canopy resistance

was larger in the morning than that in the afternoon (Fig. 6).Fig. 7. Comparison between the measured and the simulated half-
This is due to the decrease of the water vapour deficit and th&ourly evapotranspiration by P-M model using the Japand the
more intensive solar radiation (or PAR) in the afternoon. ~ N-P (b) bulk canopy resistance approach.

Figure 6 indicates that both the J-D and N-P approaches
overestimated the bulk canopy resistance in the morning ang 80 W -2
afternoon of the sunny day. Under dry soil conditions be-_
fore irrigation, the J-D approach slightly overestimated the
bulk canopy resistance during midday except during the late
stages of the maize growing season, while the N-P approacd,, \wheres is the rate of change of heat storage (air and
underestimated it. When soil was wet after irrigation, both biorhass) between the soil surface and level of the eddy co-
approaches got the overestimated the val_ues for bulk canol¥ariance instrumentation. The energy imbalance may also
resistance. However, the bulk canopy resistance of the MAIZE hiribute to the difference in the latent heat fluxes derived

field simulated by the N-P approach was a better fit with thefrom the simulated and measured results. As a whole, the

de_lta denyed from P-M model, as compared to the results Ob'half-hourly latent heat fluxes simulated by the P-M model
tained using the J-D approach.

using both bulk canopy resistance approaches generally cor-
responded well to results obtained using the measured fluxes;
overall, the N-P approach performed better than the J-D ap-

) proach.
Figure 7 compares the measured half-hourly latent heat flux

obtained by the eddy covariance system to those simulated.5 Diurnal variation of latent heat flux

by the P-M model using the J-D (Fig. 7a) and the N-P

(Fig. 7b) approaches during the maize growing season irFigure 8 shows the diurnal variation in the half-hourly mea-
2008. In Fig. 7, all the measured and simulated latent heasured and simulated latent heat flux corresponding to the data
fluxes are distributed around the one-to-one line. The valpresented in Fig. 6. The latent heat fluxes reach the maxi-
ues of ME, RMSD, and MBE were 0.67 WTA, 78.1 W n12 mum value near mid-day. The simulated and the measured
and —40.3W nt?2, respectively, for the J-D approach, and daily variations of latent heat fluxes correspond well for both

, 60.8Wn12, and 15.2 W m?, respectively, for

the N-P approach. In addition, the energy balance ration
'(Z(AE+H)/Z(RnG —8)) of flux measured by the eddy
ﬁovariance system was 0.86 during the maize growing sea-

4.4 Simulation of evapotranspiration

www.hydrol-earth-syst-sci.net/14/1353/2010/ Hydrol. Earth Syst. Sci., 14, 13632010
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Fig. 8. Measured and modeled courses of half-hourly latent heat flux on days before and after irrigation during the maize growing season.

bulk canopy resistance approaches. Nevertheless, the P-M The maize field for this study was sufficiently supplied
model using J-D bulk canopy resistance approach slightlywith water, and the soil water contents were generally above
underestimated the latent heat flux during the maize grow0.27 n? m—3(based on the field measurements by the au-
ing season. The P-M model using the N-P bulk canopy re-thors), below which transpiration is restricted by soil mois-
sistance approach tended to overestimate the latent heat flugre. This indicates that the P-M model using the J-D and
under the dry soil conditions (on DOY 156, DOY 200, DOY the N-P approaches can be applied to relatively homogenous
233 and DOY 253), and to underestimate slightly the latentand irrigated agricultural fields, such as those in this paper.
heat flux under the wet soil conditions. Those may be mainlyOn the other hand, Fig. 8 also indicates the P-M model per-
attributed to the differences in the values of the bulk canopyformed better using the J-D bulk canopy approach than using
resistance by the two approaches. However, the differencéhe N-P approach when the soil was dry (before irrigation).
between the values obtained with the J-D and the N-P apUnder wet conditions after irrigation, the P-M model using
proaches were generally small for both dry and wet soil con-the N-P approach yielded better results.
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The P-M model using the J-D and the N-P bulk canopythe adequate fetch above canopy measurements, regarding
resistance approaches seems to provide realistic diurnal patanopy as a big leaf assumption. Further investigations and
terns for the half-hourly latent heat flux under well-watered studies are needed to address some of these issues.
and slightly stressed conditions. Overall, the performance
of the P-M model using the N-P bulk canopy resistance ap-

h to simulate latent heat i half-hourly ti int AcknowledgementsThis research was supported by the National
proach to simulate latent heat fiux on hall-hourly Ume INter- \ .., -5| science Foundation of China (No. 40930634; 40801014),
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maize growing season in the oases at the middle reaches @fm the Chinese Academy of Sciences (N0.828981001), the
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. Project (No. 2007CB714400).
5 Conclusions

Edited by: X. W. Li

The present study indicates that the J-D and the N-P ap-

proaches can provide realistic estimations of bulk canopy re-

sistance under well-watered and slightly stressed soil mois-

ture conditions at a half-hourly time step during the maize geferences

growing season. However, the N-P approach seems to

slightly underestimate the bulk canopy resistance, while theics, F.: A coupled soil-vegetation scheme: description, parameters,

J-D approach tends to overestimate these values. Overall, the validation, and sensitivity studies, J. Appl. Meteor., 33, 268—284,

performance of the N-P approach was better than that of the 1994,

J-D approach in this study. Allen, R. G., Pruitt, W. O., Wright, J. L., Howell, T. A., Ventura,
The P-M model simulation indicates that the P-M model F.. Snyder, R., Itenfisu, D., Steduto, P., Berengena, J., Yrisarry,

using the J-D approach slightly underestimated the latent J- B Smith, M., Pereira, L. S., Raes, D, Perrier, A., Alves, |,

heat flux during the maize growing season. In contrast, the \S’\l/fr‘;;ecr'e 'r"e;;‘?afc”;o%r Eé)l:”@ ::Z‘l:é’l:?arggEdo"’;tg‘e?:ni;agg‘i‘;‘i'ze‘j
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. . 2. 006.
derestimated the latent heat flux under wet soil CondltlonSBaldocchi, D. and Meyers, T.. On using eco-physiological, mi-
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