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ABSTRACT 
Use of the combination model to predict evapotranspirtion (ET) 

from a crop has been limited by uncertainty in the value and be-
havior of the bulk surface resistance (rb). The purpose of tnis study 
was to characterize rb for irrigated wheat (Triticum a3t1ivum L.) and 
evaluate its use for predictive purposes. Ilouily Bowen ratio mea-
surements were made over a field of irrigated 'Anahuac' wheat dur-
ing the entire growing season of 1983. Data from 4 d were used to 
calculate rb using both tht energy balance and residual methods, 
Crop surface temperatures predicted from measurement of wind 
speed and air temperature at one !ci-,t abov. the canopy were with-
in 0.4 °C of infrared measured canopy temperatures. Both the en-
ergy balance and residual methods gave similar values for rb. From 
0830 h to 1430 h the day before irrigation, values for rb ranged from 

-50 to 100 s m whereas after irrigation, rb for the same period 
ranged from 15 to 50 s m--. In both cases, rb rapidly increased after 
1430 h to values above 200 s m-1by !630 h. At the same time, latent 
heat loss in proportion to net radiation increased and canopy tem-
perature decreased more rapidly than air temperature, suggesting 
that the increase in rb at this time is not due to a lag in the supply 
of water to the canopy. The combin-adon model was used to predict 
ET on both an hourly and daily basis for several pe- ds during 
another crop growing season. Mean predicted values vere within 
6% of Bowen ratio ,: suremtnents and were highly correlated with 
hourly and daily measured rates of ET, suggesting that the combi-
nation model can be used for predictive purposes when rb is well 
characterized. 

IN THE COMBINATION MODEL to predict evapotran
spiration (ET) from a crop canopy (Monteith et al., 

1965), one term, the bulk surface resistance, incor-
porates the resistance to the diffusion of water vapor 
within the evaporating surface. Despite being simple
in formulation and requiring measurements at only 
one height above the canopy (Stewart, 1983), the prac-
tical application of the combination model has been 
liited byito theo cyofobtintion vues aer-limited by the difficulty of obtaining values for aero-
dynamic (rj)and bulk surface (rb) resistances (Szeicz
and Long, 1969). Its use has been restricted to that of 
a diagnostic tool for estimating rb when the latent heat 
of evaporation (LE) is known (Bailey and Davies, 
1981; Munre, 1987), rather than as a prognostic tool 
for estimating LE when rb is assumed (Monteith, 
1985). Difficulty in using rb to predict ET from cropsgrowing in the field arises because rb .s a complex func-growng
tion of several environmental and biological factors 
(Monteith, 1985) whose effects on rb are not easily
isolated (Munro, 1987). However, for an irigated crop 
grown in a relatively stable and predictable environ-
ment, determining the relative effects of soil, plant,
and atmosphere on rb may be possible since stomatal 
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control of the flux of water from well-watered crops 
is not the main factor influencing ET (Van Bavel, 
1966, 1967; Van Bavel and Ehrler, 1968; Johns et al.,
1983), Hatfield (1985), studying wheat, showed that rb 
variei linearly as a function of available soil water. 
Therefore, for an irrigated crop rb presumably will 
vary within limits dictated by irrigation timing.

In this paper, the energy balance method and the 
residual methud (Szeicz and Long, 1969) for estimat
ing rb are compared. In both cases, to estimate rb, r, 
must be known. Therefore, the importance of cor
recting for atmospheric stability is evaluated. For the 
residual method, canopy temperature must be known. 
It can be measured or estimated using an aerodynamic
approach. The aerodynamic temperature predicted 
from similarity theory is compared to crop radiative 
temperatures. Implications of using measured or es
timated values of surface temperature in determining 

rb are discussed. The behavior of rb over the course of 
a day and between irrigation events is analyzed. Last
ly, the use of rb to predict ET is evaluated. 

THEORY 
According to Monteith (1965), the combination model for 

estimating ET is given by 

- G) + p C (e, - e.)/r [LE = s(Rn 
+ ++(s 

where LE is latent heat of vaporization (W m-2), Rn is net 
radiation (W m-1), G is soil heat flux density (W m-2), p is 
air density (1.2 kg m-1), C. is the specific heat capacity of 
the air at constant pressure (1010 J kg-' *C-1), e, is the sat
urated vapor pressure of the surface (Pa), e, is the vapor 
pressure at reference height z, s is the slope of the saturation 
vapor pressure - temperature curve (Pa *C-1), and -yis the 
psychrometric constant (66 Pa *C-'). In this study, Rn, G,
and e. were measured directly, LE was obtained using theBowen ratio method, and sand e, were obtained using the 
relations proposed by Murray (1967). Therefore, rb and r. 
were the only unknowns in Eq. [1]. In this paper, r. is the 
aerodynamic resistance to heat or vapor transfer from d + 
z. to z, where d is the zero plane displacement, z. is a rough
ness parameter, and z is the height of measurement above 
the ground. Bulk surface resistance, rb, is the resistance to
the diffusion of water vapor within the evaporating surface(Monteith et al., 1965).

The combination model (Eq. [1]) combines the Ohm's 
Law analogy for heat and vapor transfer and the energy bud
get equation to solve for latent heat loss when surface tem
perature (T,) is not known. if T, is known or can be 
estimated, then LE can be obtained directly from the Ohm's 
Law analogy: 

LE - [eT,) - e[] 
r + r[2] 

To calculate r. (Eq. [1] and [2]) and T, (Eq. [2]), we make 

Abbreviations: ET, evapotranspiration; rb, bulk surface resistance; 
r., aerodynamic resistance; Rn, net radiation; T,, crop surface tem
perature; G, soil heat flux density; H, sensible heat flux; and LAI,
leaf area index. 
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use of boundary-layer theory. Within the surface layer (Bus-inger, 1973) and under neutral stratification, wind speed in-creases as a function of the logarithm of height (z) above alevel d + z., where d is the zero plane displacement (m) andz. is the momentum roughness parameter (m). The log-windprofile is given by 

= U. InZ - dk z,o 

where u(z) is the windspeed (s m-') at height z, u. is thefriction velocity (in s-') and k is von Karman's constant (0.4).We assume d =- 0.63 crop height and z. = 0.13 crop height(Campbell, 1977) and solve for u. with wind velocity meas-
ured at one height. Knowing u., the wind profile over thecrop can be calculated. However, the log-wind profile canbe altered by thermal stratification and consequently we con-
sider correcting for non-neutral conditions before using Eq.[3] to predict windspeed as a finction of height. The Monin-
Obukhov stability palameter (t) expresses the ratio of con-vective (buoyant) to mechanical production of turbulent kinetic energy. This stability parameter is calculated accordingto Campbell (1977) as: 

kzgH 
-

PCpTu4 
where H is the sensible heat flux (W m-2) determined fromBowen ratio measurements, and g is the acceleration due togravity (9.8 m s-).

A correction factor for momentum transport (tm) relatedto t is given in an integral form for wind by Businger (1973)for stable (t < 0) and unstable ( > 0) conditions. Includingi/i,, in Eq. [3], it becomesta 

u.{z du(z) = ±[n ) + 0m] [5]
k' 

Under unstable conditions, 0,, is negative and thereforethe wind velocity is lower than that predicted by Eq. [3].Uhnd stableoditionsis tivapower thateprediteUner stablein e 
wind velocity is higher than that calculated by the log windprofile. An iterative appro'ch was used to obtain values for 
proe., An iU., t and ym. e wFour 

The aerodynamic resistance (r.), from d +now be calculated according to Heilman z Ito z, canand Kanemasu 

(1976) as 


-

[In + h/mu 
ra = k2u [6] 

It is clear from Eq. [6] that r. will decrease under unstableconditions and increase under stable conditions when con-
pared to neutral conditions. 

Equation [2] requires T, be known in order to calculate e,(saturated vapor pressure at T,). Surface temperature can beestimated based on the similarity of the surface layer, wherefluxes are assumed constant with height. According to Camp-bell (1977) and Brutsaert (1982), an expression for T, is givenby 

- dtheT.-- T_+ ;C-- (z-- d) + ] 7]
hured 

where zh is the heat roughness parameter (0.2 zo) (Campbell,1977) and 'Ph is a correction factor for heat transport relatedto "(Businger, 1973). Brutsaert (1982) suggests that when " > 1, 4,,, and 'Ph in Eq. [5] and [7], respectively, can be setequal to a constant of 5 for practical computations,Using the above approach and having measured LE, Rn, 

G, e,, u., T., and crop height, the only unknown in Eq. [11
and [21 is rb. When the value of rb in Eq. [1] is taken as zero
and assuming that all other parameters in this :quation remain unchanged, an upper limit of evapotranspiration rate
(LEm) is defined. Dividing Eq. [1] with rb set equal to zero,
by Eq. [1] with all other terms identical, and solving for rb,
 
we obtain
 

rb r( LEm 1) 8 
y LE 

This is referred to as the energy balance method for calculating rb (Szeicz and Long, 1969).

Solving Eq. [2] for rb, we obtain
 

rb= pC, [e,(T,) - e.]
LE [9] 

This is referred to as the residual method for calculating rb(Szeicz and Long, 1969). 

EXPERIMENTAL PROCEDURE
The data used in this study were collected during the dry
 

seasons of 1982 and 1983, 
over a sprinkler irrigated wheat
field at the Centro de Pesquisa Agropecuaria dos Cerrados
in Planaltina, DF, Brazil, located at 150 35' S and 47' 42'
 
The soil of the xperimental field is 
a Dark Red Latosol(Brazilian Soil Taxonomy) or a isohyperthermic, fine, kaolinitic Typic Haplustox (U.S. Soil Taxonomy) with a 2%
slope in the SW-NE direction. The size of the experimental
field differed for the 2 yr. During 1982, it was a I-ha rectangular plot, in which sensors were mounted in.such a waygl rp o ,i wh hse s r w re m u ed nu h a w y
as to give a maximum fetch of 75 m in the SE-NE direction


(the predominant wind dir..ction), 50 m in the SW-SE direction and 25 m in the W direction. During 1983, the ex
perimental area was augmented to 4 ha, in such a way as to
give a minimum fetch of 100 in in all directions, with 250
m in the predominant wind direction (SE-NE). The area was
planted -with a low stature (80-cm maximum height) Mexwheat on 6 June en ted on 6 1 1982 and on 16 June 1983, in rows98a nd on 82 se e per in r .oniented SE-NW 17 cm apart with 82 seeds per linear meter.
 

sets oftensiometers were installed at various sites within the plot and at various depths (to a maximum of I m) in
 
t esi 
 r fl .I rg to ae a p le na o n ss fthe soil profile. Irrigation water was applied in amounts suf
ficient to bring the whole soil profile (0-1 m) to a water
potential ofapproximately - 10 J kg-I whenever the average
(four sampling sites) soil water potential at the 5-cm layer

reached -6G to -70 J kg-1.
Evapotranspiration rates were measured using the Bowen
ratio method. Wet and dry bulb temperatures were made at
two levels, 10 and 170 cm above the canopy, by shielded,ventilated platinum resistance thermometers (Model I11,
Chino Works, Tokyo, Japan). A mechanism for reversing
sensors was not available at the research station. The thermometers were calibrated prior to field installation in a covered polystyrene box using a standard mercury thermometer
located in the middle of the box. Dry and wet bulb thermometers were adjusted in order to give temperature differences of less than 0.2 'C. During the experiment,calibrations of the thermometers were checked weekly usingsame procedure. Calibrations were not found to changeover the course of the experiment. Net radiation was meas

at 2 m above the canopy by a net radiometer (ModelH21 I, Eko Instruments Trading Co., Tokyo, Japan). Soilheat flux density was measured at a depth of 3 cm with threesoil heat flux plates (Eko Instruments Trading Co., Tokyo,Japan) placed at different locations. After field installation,the sensors were continually monitored. The output fromthese sensors were recorded at I-min intervals during theentire period of measurement using electronic analog chari 

9. 
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recorders. These values were then averaged hourly in order
to calculate ET rates as well as other energy balance corn-ponents. 

In 1983, T, of the crop was measured from 10 to 20 August(56-66 d after planting). During this period the crop was atthe yield formation stage, with a leaf area index (LAI) ofapproximately 5 and height varying from 45 to 56 cm. Twomethods were used for measuring surface temperature. Thetip of six copper-constantan (Cu-Cn) thermocouples (0.1
in diameter and 15 cm 

mm 
n length) were attached to the abaxialsurface of leaves by porous medical adhesive tape. The firstthree upper leaves selected had different orientations inorder

to give good spatial representation of the upper canopy. The
Cu-Cn thermocouples (0.1 mm in diameter) were connected 
to Cu-Cn wires (0.65 mm in diameter). From the Cn wire, aCu-Cn junction was made and placed in a thermos bottle filled 
with crushed ice in order to define a cold junction. The Culeads of the cold and hot junctions were connected to a digital
data-logger (Model PROCOS VII, Chino Works, Tokyo, Ja-pan) and temperature was recorded every 30 min.The ice inthe bottle was replaced twice a day (0800 h and 1800 h). The 
reproducibility of the thermocouples was within 0.2 *C. Can-opy temperature was also measured with an infrared ther-mometer (National-Matsushita IndustriaJ Communication
Co., Yokohama City, Japan) with a field view angle of 50 and a spectral range of 8 to 14 gm. Longwave emissivity of the crop was assumed to be 0.98. Averaged values were obtainedfrom six measurements made manually every 30 min at anangle ofabout 300 from the horizontal. The sensitivity of theinfrared thermometer was ± 0.1 C.

Wind speed was measured at a height of 7 m with a pro-
pel!,-r anemometer (Nakassa Trading Co., Tokyo, Japan) lo-
cited in an agrometeorological station immediately adjacentto the experimental field. The signal of this anemometer wasrecorded in a data logger programmed to produce hourlyaveraged values. The values obtained were reduced to ref-erence height above ground level (z - 1.8 + crop height)
using Eq. [3]. 
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From the period of canopy temperature measurements, 4d were selected for a detailed analysis: I1 and 18 August (Id before irrigation events) and 12 and 19 August (days fol
lowing nighttime irrigations). All 4 d had clear skies exceptfor 19 August, which had some clouds after 1400 h (Fig. I).In discussing our results, emphasis will be placed on theperiod beginning at 0830 h and ending at 1630 h local time.Although shown in some figures, the period between 0700h and 0800 h is a transition period from night to daytime
for our conditions (150 30' S). The fluxes of latent and sensible heat may assume values of the same magnitude, butin different directions. The Bowen ratio method can fail under these conditions. Also Rn and G may assume negative 
or positive values. 

RESULTS AND DISCUSSION 

Estimated and Measured Values 
of Canopy Temperature

In order to soive Eq. [6] for r,and Eq. [7] for T,,c 
correction factors for stability (om and 0h) must be

determined. These correction factors are related to '
 the stability parameter (Eq. [4]). Hourly values of "
 ranged from -0.2 (18 August) to 0.05 (12 and 19 August), indicating conditions close to neutrality. This can be attributed to the high wind velocities predom

-
inant in the region (from 2-5 m s1at reference height),which will produce a high value of u.. Since H underconditions reportcd here was small (usually -30-60
W M 2,Fig. I), the net effect was a low value of ,indicating the predominance of mechanical over con

vective forces. Although correction factors for stabilitywere used to calculate T, (Eq. [7]), analysis showedthat ignoring these corrections would have changed
predicted To at most by 0.4 °C (T,co,,ud -0.65 +
1.02 To uncof-ected, R 1.00). 

12 Aug. 

19 Aug. 

~ 
073 0930 113 1330 153
 

Fig. 1. Hourly measured LOCAL TIME (h)net radiation (Rn), latent heat of vaporization (LE), sensible heat flux (B) anti soil heat flux (6) before (11 and 18
August) and after (12 and 19 Ai,gust) irrigation. 
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Hourly values for Ts estimated from Eq. [7] andmeasured using au array of thermocouples in-or anfrared thermometer are presented in Fig. 2. There is

good agreement between predicted and infrared meas-ured temperatures (T,P,,.,=d 1.04 + 0.96 T,infrd,R 0.99) both under clear skies (most of the mea-surements) and under cloudy conditions (Fig. 2, 19August-1300 h). Predicted temperatures were lessthan measured temperatures around midday on 11and 12 August. The cause of this discrepancy is notknown. The value of T,in Eq. [7] is not necessarilythe actual surface temperature, since it is in theory the 
temperature at d + Zh. A study by Hubaid and Monteith (1986) over a wheat crop showed that values ofT,were consistently J K hotter than the values ob-tained with an infrared thermometer. Choudhury e 
al. 	 (1986) found T, to be lower than infrared thermometric observations under stable atmospheric con-ditions and higher under unstable condit'ons. Theyattributed these results to variation in the location ofsink/source height of heat within the canopy. Our re-
suits appear to be consistent with their observation.The period during which T, values were lower than 

infrared measurements 
 in our study coincided withperiods of greatest atmospheric stability during the 4dstudied. 

Agreement between predicted and thermocouplemeasured temperature was not as good as that ob-tained between predicted and infrared measured tem-perature. On 12 August (Fig. 2) good agreement wasobtained, except during midday when thermocouplevalues were high. On 18 and 19 August (Fig. 2) ther-
mocouple temperature was lower than both predictedand infrared measured temperature after 1530 h. This may have been due to heating of the ice jar whichcould cause ice to melt and thereby alter the reference 
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junction temperature. Also, due to spatial variabilityof radiation and wind speed, six thermocouples mayhave been insufficient to obtain a representative av
erage temperature of the canopy.

The crop surface was cooler the day following irrigation than the day before (Fig. 2). Daily average temperature at the reference height was similar on days11 and 12 August (22.4 and 22.0 °C), and was 1.20cooler on 19 August (26.0 °C) in relation to 18 August(27.2 *C). However, canopy temperature was about 3to 4' lower from l100 h to 1400 h on 12 and 19 August,in comparison to the corresponding previous days. 

Aerodynamic and Bilk Surface Resistance
Hourly values of r.were calculated using Eq. [6] without correcting for stability (Fig. [31). Aerodynamic re. 
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Fig. 3.Hourly values of aerodynamic resist,.' (rd. 
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Fig. 2.Hourly estimated and measured crop surface temperature before (II and 18 August) and after (12 and 19 August) irrigation. 
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sistance varied between 15 to 25 s in-' on 11 and 12August and between 25 to 75 s in-' on 18 and 19 August.As previously mentioned, wind velocities were higheron 11 and 12 August than on 18 and 19 August. SinceZ. and d were assumed to be a function of crop height,which did not change much over the period of mea-surements, r. was highly dependent on wind velocity
and decreased as the wind velocity increased.

The energy balance (Eq. [8]) and the residual (Eq.
[9]) methods were used to determine rb. Values forsurface temperature used in the residual method were
obtained from estimation (Eq. [7]) and from infrared
measurements. There was good agreement betweenthe values obtained using these two methods when theestimated surface temperature was used to determinesaturation vapor pressure at the surface in the residual
method (Fig. 4). In calculating r., the equality ofrough-
ness of the surface to momentum and heat transfer is
assumed (Eq. [6]). If we had assumed roughness toheat transfer is only 20% that to momentum transfer(Campbell, 1977), values for rb at low windspeedswould have been approximately 20 s in-' greater thanthose reported here. This difference decreases with in-creasing windspeed. 

In general, rb is small and stays relatively constantfrom 0800 until 1330 h. Afer this, rb tends to increasegradually on days before irrigation and sharply in-
crease after 1530 h on all days (Fig. 4). This phenom-ena has been observed previously in studies of thisnature conducted over different kinds ofvegetated sur-faces (Monteith et al., 1965, Szeicz and Long, 1969;DeHeer-Amissah et al., 1981; Munro, 1987). It hasbeen attributed to the ability of the plant to supplywater to the evaporative surface at a rate sufficient to 
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meet evaporative demand. When rb remains relativelyconstant, it is presumed that supply and demand arein equilibrium. The increase in rb in the afternoonsuggests a lag between supply and demand. However,in this study there is no indication of a decrease insupply ofwater to the surface in the afternoon. Despitean increase in rb, latent heat loss relative to net radiation is not decreasing, but rather increasing after midday (Fig. 1). Interestingly, this increase in rb occurs
after canopy temperatures have peaked and have actually begun decreasing relative to air temperature(Fig. 5). Clearly, the increase in resistance does notcause the temperature of the canop,; to increase. Infact, an increase in rb at this time appears to limit thecooling of the canopy below air temperature. Thecause ofthis increase in rb is not clear. Hatfield (1985),in studies with wheat, showed that rb increased exponentially with decreasing solar radiation, with a rapid increase (from 100-225 s in-') below values of 200W in-2 . Bailey and Davies (1981), in studies with soybean, also noticed the same effect below these valuesof solar radiation flux. In this study, after 1530 h thesun rays are impinging on the canopy at low elevationangles prevailing at this time of the year at this latitude. Consequently, less solar radiation may penetrateinto the lower part of the canopy, leading to an increasein stomatal resistance of these leaves and thereby

increase in rb. 
an
 

As is clear from Fig. 4, rb is influenced by irrigation.
It is higher (around 70 s in-') on days before irrigation
and it is smaller (around 30-40 s in-') on days following nighttime irrigation. This change in rb could notbe attributed solely to stomatal behavior, since thecrop was irrigated when soil water potential at 10 cm 
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Fig. 4. Bulk canopy resistance as a function of time of day using the energy balance (Eq. [8])and residual (Eq. [91) methods. With the residualmethod, estimated and infrared measured temperaturcs were used to calculate rb. 
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was -70 J kg-' and soil water status was not consid- mum of 70 s in-' (1 d before irrigation). On all days,ered limiting plant growth and yield (EMBRAPA/ rb was assumed to equal 100 s m-
CPAC, 1987). Norman and Campbell ('983) and 

after 1530 h. Values
for r. were obtained from the log-wind profile (Eq. [6])Fuchs et al. (1987) showed that following crop irri- assuming neutral conditions.gation up to 50% of total evapotranspiration could bewater evaporated 	 Hourly estimates of LE are presented for 3 d duringfrom the soil. The hydraulic con- three different crop growth periods (Fig. 6). Mean preductivity of the soil used in this study decreases rapidly dicted and measured values are similar (Xmodeiwith decreasing water content (Luchiari Jr., 1988). The 	 = 0.39 mm h-', SE = 0.03, xmud = 0.38 mm h-', SE =rate of soil evaporation could have declined rapidly

after irrigatior if energy transfer to the soil surface was 
0.04, ETm ,, = 0.08 + 0.81 ETmnu, R = 0.94). The 

greater than that estimated from simple radiation pen-	
greatest discrepancy occurred during midday of 25July, when predicted values were approximately 30%etration models which assume no sensible heat trans- less than measured values. When this 3-h period wasfer to the soil surface (Luchiari Jr., 1988). This would not considered, both the corrclationresult in an increase in rb 	 and the correwith time after irrigation spondence between predicted and measuredeven if there were 	 valueslittle change in crop stomatal re- improved (ETmnCI = 0.04 + 0.94 ETmcd, R =sponse. It is in agreement with the suggestion of Johns 0.97). Daily total values of LE obtained by summinget al. (1983) that in well-irrigated crops, factors exter- up hourly values are shown in Fig. 7 for all days usednal to crops are controlling the flux of water vapor to for this purpose. The combination model slightly overa greater extent than plant physiological factors (sto-	 predicted LE (xmodej 3.77=matal resistance). 	 mm d-, SEmde1 0.13,
xmurd = 3.55 mm day-', SEmur = 0.15). There 

Use of the Combination Modelfor Predictive P'arposes 	 were 3 d when measured values were considerablyhigher than model values, possibly due to advection.When these 3 d were excluded from analysis, both theThe combination model (Eq. [ 11) was used to predict correlation and the correspondence between predictedhourly ET rates, which were then compared to Bowen 	 and measured values improved (ETmod, 0.65 +ratio measurements during three crop growth stages 0.90 ETmu,,, R = 0.97, n = 15; ETmow 0.78 +in 1982. In the first stage (9-13 July), the average crop 	 0.84 ETm R = 0.93, n = 18). Most of the pre,,,height was 0.3 m and green LAI ranged from 2 to 2.5. dictions (hourly or daily) areIn the second stage (23-29 July) 	 within the limits of unthe average crop certainty in LE determined using 	 the Bowenheight was 0.5 m 	 ratioand green LAI averaged 5.0. In the method. This suggests that the values of rb ranged bethird stage (23-29 August) the average crop height was tween fixed limits as dictated by the soil water content0.74 m and green LAI ranged from 4.0 to 3.0. Bulk andsurface resistance was assumed to vary between a min-
time of day. Although the assumption that rbequalled 100 s m-' afterimum of 40 s 	 1530 h was somewhat arbiin-' (I d after irrigation) with a daily trary, it produced reasonable estimates of LE. 	The regradual increase (45, 50, 55, 60, 65 s m') to a maxi- suits also indicate that neutral conditions can be 
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Fig. 5. Hourly calculated surface and air temperatures before (I I and 18 August) and after (12 and 19 August) irrigation. 
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Fig. 7. Daily predicted (model) and measured (Bowen ratio) latentbeat loss for three crop growth periods during 1982. 

assumed without appreciable error in estimates of LE,
due to the relatively high wind velocities prevailing in 
the region during this time of the year.

Using the same data and a coefficient of 1.26, thePriestley-Taylor model (Priestley and Taylor, 1972) 
was used to predict daily latent heat loss. The Pries-
tley-Taylor model did not overpredict latent heat loss 

_-=3.51 mm d, SEme = 0. 15,(X~o~ld , .51mm~mol 0.5, meaunxl-- .55 
mm d ', SEmeu,, d = 0.15). However, both the cor-
relation and the correspondence between measured 

and predicted values (ETmode I - 1.61 + 0.56 ETm.j , 

R = 0.69, n = 15, ETmo&I = 1.81 + 0.58 ETmc..und,
R = 0.58, n = 18) were much poorer in comparison 
to the combination model. 

CONCLUSIONS 

In this study ofwell-:rrigated wheat, the bulk surface 
resistance varied as a function of time of day and be

irTigation events. The increase in rb between 
irrigation events strongly suggests that the major evap
orating surface controlling rb throughout much of the 
day is the soil rather than the crop canopy, despite the 
presence of a closed canopy. A sharp increase in rb 
after 1430 h does not appear to be caused by a lag in 
supply of water to the canopy compared to demand. 
Latent heat loss in proportion to net radiation actually
increased as rb increased. Increase in rb after this time 

not retard the cooling of the canopy, which was 
more rapidly than air temperature Without 

this increase in rb during this time, advective transport
ofheat to the crop surface would have increased, there
by increasing the energy load on the crop surface. 

The combination model overpredicted measured 
values of ET by about 6%. The combination model 
had a fairly uniform bias and was very highly corre
lated with hourly and daily measured rates of ET. It 
was found to be a better daily predictor of ET than 

Priestley-Taylor model. However, to apply the 
combination model to other soil types may require 
accounting for variable effects on rb of the soil prop
erties controlling evaporation from the soil surface un
der crop canopies. 
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Effect of Maize Maturity on Radiation-Use Efficiency 
D. J. Majnr,* B.W. Beasley, and RI. Hamilton 

ABSTRACT 
Maize (Zea mays L) production has expanded Into short-season 

regions but It Is not known whether the radiation-use effidency
(RUE, g MJ-')' of new early hybrids differs from those grown In 
traditional maize-growing regions. In this study, spectrol reflectance 
measurements were used to derive estimates of photosynthetically
active radiation (PAR) absorbed to compare the RUE of 10 maize
hybrids that varied In adaptation frord Iowa 110-d relative maturity
to the earliest 60-d relative maturity hybrids commercially available.
Reflectance measurements were made radlometrically In the visible
and uear-infrared regions of the electromagnetic spectrum at ap-
proximately weekly Intervals In1985, 1986, and 198S. The 10 maize
hybrids were grown at three densities -'cLethbridge, Alberta, on an 
Irrigated silty clay loam soil (Typic Haploboroll). The Scattering byArbitrarily Inclined Leaves (SAIL) model of canopy reflectance was
Inverted to produce daily estimates of the fraction of absorbed PAR, 
p. Multiplying p by daily PAR irradlance gave daily estimates ofabsorbed PAR (APAR, MJ m-1), which were summed for the sea-
son. Radiation use efficiency was obtained by dividing whole-plant
yield at harvest by seasonal (emergence to harvest) APAB. Averaged 
over years, hybrids, and densities, RUE was 2.3 g MJ-'. Radiation-
use efficiency Increased with population density across hybrids re-
gardless of maturity. Seasonal RUE was lower than reported in the
literature but there Is evidence that chilling injury due to low night
temperatures at the high elevation and semi-arid location of the 
study reduced photosynthesis. The results suggest that spectral re-
flectance can be used effectively by brc-eders to identify hybrids that 
are more efficient users of PAR and that maize hybrids resistant to
chilling Injury may be needed at high latitudes. 

DADIATION-USE EF'FICIENCY (RUE, grams per me-R ( ,et
IX gajoule) is the aboveground dry matter produc-
tion (grams) per megajoatje of photosynthetically
active radiation (PAR) absorbed by the crop. Thus itis an estimate that bears some similarity to net pho-
tosynthesis or net assimilation. Kanemasu and Arkin
(1974) found a linear relationship between the square
root of absorbed PAR and net photosynthesis defined as carbon exchange rate (CER). Seasonal estimates of 
D.J. Major and B.W. Beasley, Agric. Can. Res. -tn., P 0. Box 3000,Main, Lethbridge, AB TIJ 4BI; and R.I. Hai.ton, Plant Res.Centre, Ottawa, ON KIA OC6. Lethbridge Res. Stn. Contributionno. 3878939. Received 23 Jan. 1990. *Corresponding author. 

Published in Agron. J. 83:895-903 (1991). 

absorbed PAR have been monitored by measuring in
coming, transmitted, and PAR reflected from the can
opy and soil throughout the growing season (Hipps etal., 1983; Gal'o and Daughtry, 1986) but more automated methods, namely remote sensing, are now pos
sible (Daughtry et al., 1983; Asrar et al., 1984).Several approaches may be used for measuringRUE remotely, such as relating a spectrally based vegetation index to leaf area index (LAI) and then theLAI to the fraction of absoibed PAR (W). The vegetation index can also be related directly to p (Wief md
and Richardson 1984, 1987; Wiegand et al., 1989). Athird method is to invert a canopy reflectance model 
to estimate p.

Remote measurements of canopy reflectancethroughout the growing season can be used to estimate 

p because, as LAI increase- and soil is gradually coy
ered by the canopy, reflectance in the red region of
the spectrum decreases while near-infrared reflactance
increases. Observations in these two spectral regions
are used to determine a vegetation index (VI), such asthe normalized difference vegetation index (NDVI,
Rouse et al., 1974) or the ratio vegetation index (RVI,Jordan, 1969). Both are highly correlated with LAI(Hipps et al., 1983; Asrar et al., 1984; Gallo et al.,1985) and reach limiting values asymptotically vs.LAI (Wiegand and Richardson, 1984; Sellers, 1985).Saturation of the vegetation index occurs from LAI 2 
to 6 depending on the vegetation index used, the cropstudied, and the experimental conditions (Daughtry

al., 1980; Ahlrichs and Bau:. r, 1983; Wanjura andHatfield, 1987).
Asrar et al . (1989) defined the various components 

of the PAR budget as follows: 

APAR = (PAR° + PAR) - (PARr + PARt) [1]
Where APAR is PAR absorbed by the crop, and the
subscripts refer to portions that are incoming, o; refleted by the soil, s; reflected by the canopy, ; and 

Abbreviations: RUE, radiation-use efficiency; PAR, photosnthetically active radiation; SAIL, Scattering by Arbitrarily inclinedLeaves; p, estimate of fraction of absorbed PAR; APAR, estimateofabsorbed PAR; CER, carbon exchange rate;V, vegetative index; NDVI, normalized difference vegetation in-I, leaf area index;dex; RVI, ratio vegetation index; LAD, leaf angle distribution,; NI, 

near infrared; and SAVI, soil-adjusted ratio vegetation index. 


