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I 

ABSTRACT 

The development of improved methods for estimating 

evapotranspiration (ET) rates is important to efficient 

utilization of declining water supplies. This study was 

conducted to evaluate commonly used procedures for 

determining crop aerodynamic and canopy resistances used 

to calculate ET. It also assessed how changes in these 

resistances and in the crop microclimate during and 

after a sprinkler irrigation event could reduce 

transpiration and thus partially offset net irrigation 

application losses. 

Corn {Zea mays L.) was grown at Bushland, TX, in 1990 

in a 10-ha field in which two 3x3x2.3-m weighing 

lysimeters containing Pullman clay loam are located. 

Relevant micrometeorological measurements were made at 

each lysimeter. Transpiration (T) was measured on 

individual plants in the lysimeters using heat balance 

sap flow gauges, which allowed a separate calculation of 

plant surface resistance. Aerodynamic and canopy 

surface resistances were measured using energy balance 

techniques. 

Aerodynamic resistance calculation methods with very 

limited to no stability corrections produced the best 

linear fit when comparing calculated sensible heat flux 
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with sensible heat flux determined as a residual of the 

energy balance equation. 

Differences between surface resistances to vapor loss 

based on both soil and plant vapor loss (ET) and on 

plant vapor loss alone (T), especially early in the 

morning and late in the evening, indicated that soil 

surface resistance should not be ignored when estimating 

canopy surface resistance of a well-irrigated crop. 

Both plant (r ) and canopy surface (r^) resistances had 

seasonal trends, with daily minimum values increasing 

from 30-45 s/m for r and 40-55 s/m for r at mid-
c p 

vegetative growth stage to 70-80 s/m for r̂ , and 100-110 

s/m for r at full dent growth stage. 

Sharply reduced transpiration rate and changes in the 

crop energy balance during sprinkler irrigation limited 

net irrigation application losses due to evaporation of 

canopy-intercepted water to <10% for most situations. 

Irrigation water applied only on the soil surface did 

not alter the microclimate or suppress transpiration. 

During a sprinkler irrigation event, vapor pressure 

deficit declined as much as 2 kPa, air temperature 5 °C, 

and canopy temperature 8.1 °C, with pre-irrigation 

levels conditions returning within two hours. 
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CHAPTER I 

INTRODUCTION 

The hydrologic balance of a region controls its 

agricultural productivity by determining the amount of 

water available for crop growth. Net storage of soil 

water from an irrigation or precipitation event is a 

function of losses by runoff, deep soil drainage, and 

evapotranspiration (ET), which is the combined losses of 

evaporation (E) from plant and soil surfaces and plant 

transpiration (T) (Rosenberg et al., 1983). Generally, 

a linear relationship has been found between crop dry 

matter yield and the transpiration from the crop 

(Rosenberg et al., 1983; Tanner and Sinclair, 1983). 

Hence, only the fraction of the applied irrigation water 

or the precipitation that is actually partitioned into 

the crop transpiration component of water use can 

realistically be expected to improve crop yields. The 

method of irrigation, as well as irrigation management, 

may impact the partitioning of irrigation water into the 

transpiration component of crop water use. Direct 

losses of water to E during the irrigation process 

(droplet evaporation in the air or evaporation from 

plant and soil surfaces) or to drift (Kraus, 1966) 

affect the irrigation application efficiency and the 

amount of water actually stored in the soil (Hansen, 
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1960). Since ground water supplies in the Texas High 

Plains have declined more than 30% since irrigation 

development began in the 1950's (Musick et al., 1990), 

better management of ground water resources by 

development of improved methods for estimating ET rates 

is imperative. 

The rate of ET losses due to evaporation of water at 

the soil surface, plant-intercepted water, and 

transpiration is a function of the energy balance of the 

immediate environment, which balances the net supply of 

heat by radiation with convective transfers of sensible 

and latent heat from the soil and crop and conductive 

transfer of sensible heat to or from the soil. The one-

dimensional energy balance following Rosenberg et al. 

(1983), neglecting photosynthesis and heat storage, is 

given as: 

Rjj+LE+H+G = 0 (1.1) 

where R_ is net radiation, LE is latent heat flux, H is 

sensible heat flux, and G is soil heat flux, all in 

W/m , and each term is positive toward the crop. The 

vertical gradients of vapor pressure and temperature as 

well as plant and aerodynamic resistances control the 

water vapor flux from the plant and the energy exchange 

between the crop surface and the surrounding air. 



Latent heat flux can thus be defined by these gradients 

as (Choudhury, 1989): 

LE = P[_f__^_] (12) 

A (r^v+r^) 

where R is the density of air (kg/m^) at constant 

pressure, Cp is the specific heat of air (1004.8 

J kg" °K"M at constant pressure (Jensen et al . , 1990), 

Cĝ  is ambient vapor pressure (kPa), e^* is saturated 

vapor pressure (kPa) at canopy temperature, T̂ , (°C), A 

is the psychrometric constant (kPa/°C), r̂ ,, is the 
a V 

aerodynamic resistance (s/m) to vapor exchange, and r„ 

is canopy surface resistance (s/m). Sensible heat flux 

is given as (Choudhury, 1989): 

H = R-Cp[ 1 (1.3) 

^ah 

where Tg^^i ^^ aerodynamic resistance (s/m) to heat 

exchange. 

Calculation of these fluxes requires careful 

characterization of the aerodynamic and canopy surface 

resistances to vapor and heat exchanges (Monteith, 

1973). The rapid changes in microclimatic conditions 

and crop response during and after irrigations present 

additional challenges in estimating resistances, which 

could serve to enhance or reduce the expected irrigation 

application efficiency. 



Since Penman's 1948 formulation for ET, many methods 

for calculating aerodynamic resistance to vapor and heat 

exchange have been developed (e.g., Monteith, 1964; 

Choudhury, 1989; Jackson, 1988) which compute 

aerodynamic resistance to heat exchange (r̂ ĵ ) from 

aerodynamic resistance to momentum exchange (r̂ ĵ ) (Thom, 

1975) based on stability corrections (Monteith, 19^3). 

Integral components of these calculations are 

aerodynamic parameters which deal with the interaction 

of the wind and the plant canopy. These parameters are 

zero plane displacement (d, in m), the extrapolated 

point within the canopy at which momentum is absorbed by 

the canopy, and roughness length (Z^^, in m), the 

aerodynamic roughness of the crop surface. Linear 

relationships between d and crop height (CH, in m) and 

between Z and (CH-d) have been reported, with values 

ranging from 0.49*CH (Lemon and Wright, 1969) to 0.75*CH 

(Jacobs and van Boxel, 1988) for d and 0.10*(CH-d) 

(Lemon and Wright, 1969) to 0.35*(CH-d) (Monteith, 1973) 

Canopy resistance has been estimated by equations 

containing exclusively plant-based parameters, such as 

stomatal conductance or leaf resistance, that must be 

extrapolated to the canopy level using leaf area index 

(LAI) (Monteith, 1973), or plant and environmental 



parameters such as leaf water potential, LAI, and 

radiation (Choudhury et al., 1986). Others, such as 

Hatfield (1985), calculated r^ as a residual of equation 

1.2 when r̂ ŷ  is known, with the assumption that r^y=r^j^ 

(Monteith, 1973). 

Reduced transpiration during an irrigation event 

partially offsets irrigation water losses due to 

evaporation of plant-intercepted water (McNaughton, 

1981). The combined process, known as net interception 

loss, is rarely more than 10% of the applied water 

(McNaughton, 1981). However, Rutter (1975) and Walker 

(1984) noted that the wetting of the plant canopy and 

soil surface would cool those surfaces, causing 

increased sensible heat flux downward from the air 

resulting in more rapid evaporation rates. Monteith 

(1964) suggested the controlling factor for net 

interception losses could be the ratio of canopy to 

aerodynamic resistances. He noted crops with high 

canopy resistance and low aerodynamic resistance could 

evaporate canopy-intercepted water at three to five 

times the potential transpiration rate. Until recently, 

measuring transpiration before, during, and after an 

irrigation event has been difficult in a field 

environment. 



The considerable variations in the calculation of 

aerodynamic and canopy resistances and the differences 

of opinion in their importance to ET losses, especially 

during and after an irrigation, suggest that these 

parameters may be not only crop but site specific (Thom 

et al., 1975) . 

The Texas High Plains is a semi-arid region known for 

its high winds (often exceeding 10 m/s at 10 m), high 

solar radiation, low humidity (often less than 30%), and 

high summer daytime temperatures (often exceeding 30 °C) 

along with low barometric pressure (about 89 kPa) due to 

its high elevation (1170 m MSL). The average summertime 

dew point temperature is approximately 16 °C. Daily ET, 

which is affected by the above climatic parameters, can 

exceed 12 mm/d. Measurement of ET in the Texas High 

Plains has been facilitated by the installation of large 

weighing lysimeters with a 9-m surface area and 2.3-m 

depth, each containing a monolithic soil core. These 

lysimeters, located at the U.S.D.A. Agricultural 

Research Service, Conservation and Production 

Laboratory, Bushland, TX, are weighed to an accuracy 

exceeding 0.05 mm of water (Howell et al., 1987). 

Weighing lysimeters permit the direct measurement of 

ET which can be multiplied by the latent heat of 

vaporization (L, in J/kg) to determine the evaporation 



flux component of the energy balance (equation 1.1). 

Following measurement of net radiation (Rj, ) by net 

radiometers, soil heat flux (G) by plates and soil 

surface calorimetry, and LE by the lysimeters, only the 

sensible heat exchange component (H) of the energy 

balance remains unmeasured. The sensible heat component 

can be determined as a residual of the energy balance 

equation permitting a direct estimation of the 

aerodynamic resistance to heat and, combined with the 

measurement of LE, the direct estimation of canopy 

surface resistance to ET. In addition, recently 

developed heat balance sap flow gauges, which have been 

shown to give accurate measurement of plant 

transpiration (Sakuratani, 1981, 1984; Baker and Van 

Bave1, 1987), allow direct measurement of transpiration 

before, during, and after an irrigation event. The 

gauges also permit calculation of a separate plant 

surface resistance based on transpiration flux 

integrated to a canopy level, for comparison to canopy 

surface resistance based on latent heat flux (equation 

1.2) . 

Ob iect ives 

The objectives of this research, for a corn crop 

grown at Bushland, TX, were to: 



(1) determine the crop aerodynamic characteristics 

(zero plane displacement, friction velocity, and 

roughness length parameters) through analysis of near-

stable condition, logarithmic wind speed profiles; 

(2) examine commonly used equations and methods for 

estimating the aerodynamic resistance to heat and 

sensible heat flux and determine the best method for 

application to irrigated corn at Bushland, TX, as 

characterized by the measured residual sensible heat 

flux; 

(3) determine canopy surface resistance for irrigated 

corn at Bushland, TX, utilizing the above canopy 

aerodynamic characteristics (objective 1) and estimated 

sensible heat flux (objective 2) as well as plant 

surface resistance as determined using direct 

measurements of plant transpiration; 

(4) characterize diurnal and seasonal trends in 

canopy surface and plant surface resistances (objective 

3) and correlate with meteorological and crop 

parameters; 

(5) determine the extent and duration of 

microclimatic changes within, and transpiration 

suppression of, a corn canopy due to different sprinkler 

irrigation methods; and 
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(6) calculate net interception losses based on 

changes in the energy balance, microclimate, aerodynamic 

and canopy resistances, and transpiration suppression to 

determine the extent in which net interception losses 

affect sprinkler irrigation efficiency. 



CHAPTER I I 

MATERIALS and METHODS 

Agronomic Aspects and Measurements 

Corn (Zea mays L., cv. Pioneer 3124 ) was grown in 

1990 at the U.S.D.A., Agricultural Research Service, 

Conservation and Production Research Laboratory, at 

Bushland, TX. (35°11' N, 102°06' W, 1170 m elevation 

MSL). The corn was irrigated using a lateral move 

sprinkler system. The experimental area (10 ha) was 

fertilized with 22.5 g(N)/m^ on Day of Year (DOY) 86. 

The crop was sown on DOY 129 in 0.76-m east-west rows on 

listed beds at 6 g/m^, and sprayed with Lorsban on DOY 

213 and 230 for insect control. Biweekly measurements 

of crop height and LAI were made by sampling three 

ground areas of 1.5 m from the two fields. Measured 

values of LAI and crop height were extrapolated to daily 

values using a cubic spline curve-fitting routine. 

Lysimeters 

Two large weighing lysimeters (Marek et al., 1988) 

are located in two adjacent 5-ha fields with 

unobstructed fetch around each lysimeter, with 150 m to 

300 m of uniform crop production in the "normal" summer 

1. Citation of product names does not imply endorsement 
by U.S.D.A. 
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upwind direction, and a minimum fetch with any wind 

direction of 100 m (Fig. 2.1). The lysimeters have a 9-

m'̂  surface area, a 2.3-m depth, and contain monolithic 

soil cores of Pullman clay loam (fine, mixed, thermic 

Torrertic Paleustoll). Mass changes due to water loss 

were measured with a lever scale with a mechanical 

advantage of 100:1 and counterbalanced so that about 10% 

of the lysimeter mass was measured by a 22.7-kg load 

cell. The loss or gain of water from the lysimeter was 

measured with a nominal resolution equivalent to 0.01 mm 

of water and an accuracy exceeding 0.05 mm of water 

(Howell et al., 1987). Latent heat flux (W/m^) was 

calculated by multiplying the lysimeter evaporation rate 

— 9 — 1 

(mm/s) [ l k g m s = l mm/s] by t he l a t e n t h e a t of 
v a p o r i z a t i o n (L) ( J / k g ) , g i v e n as ( H a r r i s o n , 1963) : 

L = 2 . 5 0 1 - 2 . 3 6 1 x l 0 " ^ ( T a ) ( 2 . 1 ) 

where T^ is ambient air temperature (°C). During an a 

irrigation event or a rainfall event, latent heat flux 

could not be calculated since the lysimeter was 

measuring net water catch. The net irrigation 

application was determined as the difference in the 5-

minute load cell output prior to and immediately 

following irrigation of the lysimeter. 
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Micrometeorological Measurements 

Each lysimeter was instrumented with an array of 

micrometeorological equipment (Fig. 2.2) from planting 

through harvest. A Radiation Energy Balance Systems 

(REBS) Q5.5 net radiometer calibrated at the factory was 

mounted 0.5- to 1-m above the crop over each lysimeter 

to measure R̂ .̂ Soil temperature (Tg, in *̂ C) was 

measured with copper-constantan thermocouples (Omega 

Scientific, Inc. subminiature thermocouple probe) at 

depths of 0.01 and 0.04 m wired in parallel (allowing 

output of the average of the two depths) at four 

locations (two in furrows and two in beds). Four soil 

heat flux plates (REBS, Inc. heat flow transducer Model 

HFT-1) were located adjacent to the soil temperature 

measurement sites at a depth of 0.05 m. The heat flux 

plates performance and calibration had previously been 

evaluated (Howell and Tolk, 1990). The soil heat flux 

(G) measured at the 0.05 m depth was corrected for the 

heat storage in the 0-0.05 m soil layer as determined 

from the heat capacities (C, in J m""̂  °C"M of the 

different soil constituents, according to (de Vries, 

1963): 

^ = m̂̂ s"*'̂ ô o'''̂ ŵ w''"̂ â a ( ̂  • 2 ) 

where Xĵ ,, X Q , X^, and X^ represent the volume fractions 

of soil minerals, organic matter, water content, and 
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air, respectively, and C^, C^, C^, and C^ the associated 

heat capacities. C^ is usually neglected because the 

heat capacity of air is very low compared to the other 

factors. For Bushland, X̂ ^ was assumed to be 0.525 and 

XQ 0.03. X^ was estimated as a daily value from 

biweekly top 0.2-m neutron probe measurements (CPN 

hydroprobe Model 503) assuming linear decline between 

probe measurements, with X^ ranging from 0.28 to 0.40. 

The probe field calibration yielded a regression of 

volumetric water content on count ratio with an r of 

0.96. When the field received an irrigation or rainfall 

greater than 20 mm, X-„ returned to approximate surface 

layer saturation water content (0.40). With C^ as 

2.0x10^, CQ 2.5x10^, and C^ 4.2x10^, all in J m"^ °C"^ 

(Hillel, 1982), C was then estimated according to 

equation 2.2 as: 

C = (0.525)(2.0xl0^)+(0.03)(2.5xl0^) 

+(X^)(4.2xlO^). (2.3) 

The soil heat flux output was then corrected, 

following Fritschen and Gay (1979), using: 
dTg 

G = GQ 05+C(Z)( ) (2.4) 
dt 

where GQ QS ^^ the mean heat flux (W/m̂ -) measured by 

four soil heat flux transducers at a 0.05 m depth, z is 

the soil layer thickness above the transducers (0.05 m) , 
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and dTg/dt is the mean soil temperature (Tg) change 

through time (°C/s) in the 0-z layer. 

After equation 2.3 is solved for C, equation 2.4 can 

be rewritten as: 

G = GQ Q5+(1.125x10^+4.2X10^X^)( ). (2.5) 
dt 

Wind speed, air temperature, and vapor pressure 

profiles were measured in close proximity to each 

lysimeter (Fig. 2.3). Cup anemometers (Met One, Inc. 

Model 014A) calibrated at the factory were placed at 

heights of l.O, 1.3, 1.8, and 2.8 m above the crop 

surface. Temperature and vapor pressure profiles were 

determined by aspirated wet-bulb and dry-bulb 

psychrometers (similar to those described by Lourence 

and Pruitt, 1969) located at the same heights as the 

anemometers. All masts were adjusted two to three times 

weekly to allow for changes in crop height. Vapor 

pressure was computed (List, 1971) as: 

* 

* 

e^ = e/-[A'(Ta-T„)] (2.6) 

where e„ is the saturation vapor pressure (kPa) at the w 

wet-bulb temperature T^ (°C), and A' is the 

psychrometer constant (kPa/°C). Saturation vapor 

pressure as a function of temperature was calculated 

according to equation 7.1 in Jensen et al. (1990). 

The psychrometer constant is given by (List, 1971): 

16 
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Fig. 2.3. Profile measurements of wind speed, wet- and 
dry-bulb temperatures located at each lysimeter. 
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A' = 0.00066(P)[1+0.00115(T^)] (2.7) 

where P was assumed to be a constant barometric pressure 

of 88.5 kPa. Individual psychrometer performance was 

evaluated by comparison of the vapor pressure 

calculation (equation 2.6) (VPp) to that made from wet-

and dry-bulb measurements from an Assmann-type 

psychrometer (VP^) (Sato Keiroki Mftg. Co., LTD, Japan) 

over VPĝ  values ranging from 1.5 to 2.1 kPa. A 

regression of VP on VP^ of all psychrometers yielded an 

r^ of 0.99, a slope of 0.94, an intercept of 0.07 kPa, 

and a RMSE of 0.02 kPa. 

Crop canopy temperature was obtained from a 15° field 

of view infrared thermometer (IRT) (Everest Model 4003, 

with a nominal precision of 0.1 °C) that was calibrated 

at the factory and mounted obliquely at 0.5 to 1 m above 

the crop viewing 30° from horizontal, a view similar to 

that recommended by Huband and Monteith (1986) and 45° 

azimuth from north. Before placement in the field, the 

performance of the IRTs was checked against an Everest 

Interscience black-body calibration source as well as a 

laboratory-standard IRT at temperatures ranging from -15 

to 55 °C (r2=0.95, slope=0.93, intercept=2.9 °C for all 

IRTs). 
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Data Acquisition and Recording 

The micrometeorological and lysimeter data were 

recorded at each lysimeter with separate CR-7X 

dataloggers (Model CR-7X, Campbell Scientific, Inc.). 

The lysimeter load cell data were measured at 1-hz 

sampling frequency, with 5-min. means and standard 

deviations recorded. The micrometeorological sensors 

were measured at 0.17-hz frequency and recorded as 30-

min. means. The 5-min. lysimeter data were composited 

into 30-min. mean values. 

Transpiration Measurements 

Corn transpiration measurements were made using heat 

balance sap flow gauges (Model SGB-19, Dynamax, Inc.). 

Baker and Van Bavel (1987) modified designs proposed by 

Sakuratani (1981, 1984) for a sap flow gauge which uses 

a constant heat method for measuring sap movement in the 

stem. While continuously applying a fixed amount of 

heat with a heater encircling the stem, the vertical and 

radial thermal gradients are measured by thermocouples 

to determine the heat transport by the sap flow. 

Steinberg et al. (1989) described the heat balance as 

qf = qi-^u-^r-^d ^--^^ 

where q^ is the heat flux carried by the moving sap, q̂  

the heater input, q^ is the vertical conductive heat 

flux above the heater, qj. is the radial conductive heat 
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flux, and qj is the vertical conductive heat flux below 

the heater, all in W. An additional heat storage term 

is typically neglected. The mass flux rate from the sap 

heat transport is then calculated from the temperature 

difference between the water entering and leaving the 

heated portion of the stem. Steinberg et al. (1989) 

presented the equation used in this study for 

calculating mass flow from actual power input and from 

measured values of temperature gradients, given as 

{Po-Kgt(Aj.)(dt^j+dtu)/dxl-Kgh(Ej.)} 
F = (2.9) 

Cp^^^ud) 

where F is the sap flow rate (g/s); PQ is the power to 

the heater (W); Kg^ is the thermal conductivity of the 

stem [taken as 0.54 W m~^ °C"^, an average value for 

herbaceous stems (Sakuratani, 1984)1; Aj. is the cross 

section of the stem (m^); dt̂ j is the temperature 

difference between thermojunction pairs below the heater 

(°C); dt̂ j is the temperature difference between the 

thermojunction pairs above the heater (°C); dx is the 

distance between upper and lower thermojunction in each 

pair (m); Kgĵ  is the sheath conductance (W/mV), a "zero 

set" for the gauge based on its design and determined by 

procedures described later in the text: Ê . is the 

voltage output of the radial thermopile (mV); dt^^ is 

the temperature difference between the upper and lower 
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Br»-

junctions nearest the heater (°C), and C the heat 

capacity of water (J g~^ °C~M. Ham and Heilman (1990), 

Heilman and Ham (1990), Baker and Van Bavel (1987), 

Sakuratani (1981), and Dugas (1990) found that the sap 

flow measurements of shrubs {Ligustrum japonicum) and 

herbaceous species (sunflowers, soybeans, cotton) 

compared favorably (± 10%) to transpiration measured 

gravimetrically from sealed pots for short time periods 

(5-15 min). 

A greenhouse trial was performed in 1989 using corn 

plants to evaluate the gauge performance on 

monocotyledon species. In 13 tests, a corn plant in a 

sealed pot and instrumented with a sap flow gauge 

(Dynamax, Inc. models SGA-16 or SGB-19) was placed on a 

scale (Mettler Instrument Corp. model PC24). Pot mass 

change was compared to measured sap flow for 15-minute 

periods for flows ranging from 4-160 g/h. The 

regression of measured sap flow on pot mass change 

yielded an r^ of 0.95, a slope of 0.99, and a standard 

error of 0.02 kg. The intercept was not significantly 

different from zero at a probability level of 0.41. 

In 1990, two to four gauges (four-wire gauges with 

wiring design as described by Steinberg et al., 1989) 

were placed on corn plants located on the lysimeters to 

measure transpiration (T, in kg/h) beginning at mid-
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vegetative (DOY 180) through early dent (DOY 250) growth 

stages (Table 2.1). The replicate number changed as 

gauges were moved or removed for repair. The gauge 

sensors were protected from corrosion by an electrical 

insulating compound (electrical insulating compound #4. 

Dow Corning, Inc.) placed between the gauge interior and 

the plant stem, and the exterior of the gauge was 

covered with additional foam insulation, plastic wrap, 

and aluminum foil for thermal insulation. The gauges 

were checked weekly to remove moisture build-up and to 

assess damage to plant stems and/or gauges. A 4.5 V-

d.c. was applied to the gauge heaters with a power 

supply (Model GP-103, GoldStar Precision Co., LTD). The 

daily zero set of the gauge output used in the sap flow 

calculations was a mean of pre-dawn values (usually from 

2:00-4:00 AM) representing a period of little 

fluctuation in output. Mean mass sap flux was converted 

to a transpiration flux (kg h"^ m"^) on an areal basis 

by multiplying the plant (p) density (p/m^) by the mean 

mass sap flux (kg h"^ P~M. This approach assumes that 

individual plants selected for sap flow measurement are 

representative of the entire population (Ham et al., 

1990). Transpiration flux was converted to plant latent 

heat flux (LEp, in W/m^) by multiplying it by the latent 

heat of vaporization. Gauge microvolt output was 
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Table 2.1. Number of sap flow gauges on lysimeters 
for 1990. 

North South 

DOY Gauges DOY Gauges 

180-182 3 180-181 

183-186 4 183-186 

194-196 3 194 

197-200 4 195-196 

205-213 4 198-250 

214-240 2 
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measured on a separate CR-7X datalogger, with a 0.2 hz 

frequency and recorded as a 15-min. mean. 

Irrigation Methods 

The lateral move irrigation system (Lindsay Mftg. 

Co.) was equipped for three irrigation methods: 

overhead impact sprinklers, spray nozzles, and low-

energy precision applicators (LEPA) (Lyle and Bordovsky, 

1981, 1983). The 6-degree, low-angle impact sprinklers 

(Senninger Model 4006B-1, 6.7 mm nozzle diameter) were 

located at 6.1-m intervals along the mainline and about 

4.3 m above ground level. The 360° spray nozzles 

(Senninger Superspray, 3.2 mm nozzle diameter) were 

spaced 1.5 m apart and 1.5 m above the ground surface. 

The LEPA applicators (Rainbird LEPA Bird) were attached 

to the spray nozzles, and discharged about 0.3 m above 

the ground into alternate furrows without wetting the 

canopy (LEPA used the same nozzles as the spray system). 

The impact sprinkler application rate was approximately 

6.0 L min"^ m~^, and the spray and LEPA system 

application rates were 6.4 L min~l m~^. Combinations of 

two irrigation methods per irrigation event (Table 2.2) 

could be used compare plant transpiration response (for 

example, LEPA vs. sprinkler, sprinkler vs. dry). The 

amount of water needed to maintain the soil profile at 

or near field capacity determined the frequency and 
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Table 
field 

DOY 

130 
131 
144 
157 
159 
164 
171 
173 
176 
177 
178 
180 
183 
184 
186 
187 
190 
191 
193 
194 
198 
207 
212 
214 
215 
218 
220 
221 
222 
234 
236 
240 
242 
247 
250 
253 

2.2. Irrigation dates and amounts on lysimeter 
» 

DATE 

5/10/90 
5/11/90 
5/24/90 
6/06/90 
6/08/90 
6/13/90 
6/20/90 
6/22/90 
6/25/90 
6/26/90 
6/27/90 
6/29/90 
7/02/90 
7/03/90 
7/05/90 
7/06/90 
7/09/90 
7/10/90 
7/12/90 
7/13/90 
7/17/90 
7/26/90 
7/31/90 
8/02/90 
8/03/90 
8/06/90 
8/08/90 
8/09/90 
8/10/90 
8/22/90 
8/24/90 
8/28/90 
8/30/90 
9/04/90 
9/07/90 
9/10/90 

METHOD 
north 

spray 
spray 
spray 
none 
spray 
spray 
spray 
spray 
spray 
none 
spray 
spray 
impact 
impact 
impact 
impact 
impact 
impact 
impact 
impact 
LEPA 
none 
impact 
impact 
none 
LEPA 
none 
LEPA 
none 
none 
impact 
impact 
impact 
impact 
impact 
impact 

south 

spray 
spray 
spray 
spray 
spray 
spray 
spray 
spray 
spray 
spray 
spray 
spray 
impact 
impact 
impact 
impact 
impact 
impact 
LEPA 
LEPA 
LEPA 
LEPA 
LEPA 
none 
LEPA 
none 
LEPA 
none 
impact 
impact 
none 
LEPA 
LEPA 
LEPA 
impact 
impact 

TOTAL 

LYSIMETER 
north 

mm 

15.4 
20.5 
19.6 
— 

21.7 
22." 
20.6 
23.6 
24.3 
— 

21.7 
20.8 
11 .0 
15. 1 
12.9 
1". 7 
19.2 
17.8 
24.5 
12.5 
24.2 
— 

20.5 
n.4 
— 

21 .0 
— 

18.0 
— — 

— 

14.8 
20.9 
43.9* 
17. 1 
18.7 
20.0 

5^8. 1 

CATCH 
south 

14. 1 
18.8 
20.5 
24.3 
18.3 
22.6 
17.0 
22. 1 
21. ~ 
27.9 
21.9 
21 .9 
10.9 
18.8 
14.5 
18.6 
21.5 
18.8 
27.3 
12.2 
21 . 1 
20.4 
20.9 
— 

14.9 
— — 

21 .5 
^ ^ 

17 . ~ 
^« *J • aJ 

— — 

26.0 
21 .4 
21.6 
19.0 
19.9 

641 .6 

•Irrigation drop broke over lysimeter. 
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amount of irrigation. Transpiration response to the 

changes in micrometeorological conditions (temperature 

profile, vapor pressure profile, soil temperature) and 

to canopy wetting as created by the different irrigation 

methods during and after an irrigation event was 

monitored, as well as changes in the partitioning 

between components of the energy balance (equation 1.1). 
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CHAPTER III 

AERODYNAMIC CHARACTERISTICS OF CORN 

AS DETERMINED BY ENERGY BALANCE TECHNIQUES 

The exchange of matter and energy between plant 

communities and the air can be described by the analogy 

to Ohm's law (Monteith, 1963) as 

potential difference 
Flux = (3.1) 

resistance 

where the potentials of the system are the 

concentrations of diffusing gases and temperature. The 

resistance can be external, governed by the aerodynamic 

properties of the system, or internal, governed by 

physiological properties. 

Energy balance modeling of crops and soils requires 

estimation of the aerodynamic resistances to heat, water 

vapor, and momentum exchanges between the surface and 

the atmosphere. The aerodynamic resistance to heat and 
water vapor fluxes are particularly important in 

estimating evapotranspiration rates based on the Penman-

Monteith model (Monteith, 1964) and the resistance-type 

energy balance ET model (Brown and Rosenberg, 1973). 

With the advent of infrared thermometer measurements 

permitting more accurate measurement of the surface 

temperature (Jackson, 1982), the latter method has 

become more widely used. The aerodynamic resistance for 
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heat and water vapor exchanges is routinely estimated 

from the momentum aerodynamic resistance based on wind 

profile characteristics with corrections for atmospheric 

stability (Monteith, 1973). The aerodynamic resistances 

to momentum (r^j^), heat (TOI^), and water vapor exchange 

i^a,y)i all in s/m, can be defined in terms of the energy 

balance fluxes for those properties, with the energy 

balance of a surface described according to equation 

1.1. The purpose of this study was to evaluate 

different methods for estimating aerodynamic resistance 

to heat and vapor transfer for use in the calculation of 

the sensible heat component (equation 1.3) of the energy 

balance equation (equation 1.1). 

Literature Review 

Vertical fluxes of mass and heat are driven by 

turbulence, much of which is produced by the frictional 

retardation by the surface of wind blowing horizontally 

over it that leads to a continuous downward flux of 

momentum (Thom, 1975). As suggested by the analogy to 

Ohm's law, the turbulent fluxes can be derived from the 

known relationships between fluxes and potential 

differences in mean quantities, such as temperature, 

wind speed, or humidity (Dyer and Hicks, 1970; Businger 

et al., 1971). Thus, when a flux of heat is considered, 

the potential difference refers to temperature 
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difference, for water vapor a water vapor pressure or 

absolute humidity difference, and for momentum a wind 

speed difference (Berkowicz and Prahm, 1982). Equation 

3.1 can be rewritten in terms of aerodynamic resistances 

to these fluxes, given by Thom (1975) as follows, for 

momentum (r ) as: 

(Z-d) 
^am = [̂ " ]2/(k2u2) (3.2) 

^om 

and the aerodynamic resistance to heat transfer, r^^, 

as : 

(Ta-Tc) 
^ah = R'°p ^^-3) 

H 

and the aerodynamic resistance to vapor transfer, r^^, 

as: 

^*°o ^^a"®c*) 
^av = t ^ ^ ^ ] (3.4) 

A LE 

where U^ is wind speed (m/s) at reference height Z (m), 

and k is von Karman's constant taken as 0.41 (Wierenga, 

1980) (other variables are previously defined and are in 

the List of Symbols). 

These equations are based on a one-layer model for 

ET, whose working assumptions include: no energy 

coupling between soil and crop, the source locations for 

latent and sensible heat are at the same height and are 
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at T^, and T^ is the surface aerodynamic temperature 

measured by the infrared thermometer (Choudhury. 1989). 

In 1948, Penman, in recognizing both the energy 

balance and aerodynamic nature of evaporation, combined 

equation 1.3 with equation 1.1 by defining the slope of 

the saturated vapor pressure-temperature curve (kPa/°C) 

as 

^a-^c 
s = (3.5) 

T -T ^a ^ c 

and placing it into the well-known combination equation 

for evaporation from a free water surface given as: 

S A 

-LE = (Rn+G) + ( )f(Uz)(ea*-ea) (3.6) 
s+A s+A 

where s is the slope of the saturated vapor pressure-

temperature curve (kPa/°C), f(U2) in W m"^ kPa"^ is 

derived from Penman's original aerodynamic equation for 

evaporation, and ê ^ is vapor pressure (kPa) at 

reference height air temperature, T^ (°C). While this 

equation was created for wet surfaces (open water, 

grass, and bare soil), its applicability to evaporation 

from other cropped surfaces was soon realized. A major 

advantage of Penman's equation is that it requires 

measurement (or estimation) of only net radiation (G is 

typically small for a day), air temperature, relative 

humidity, and wind speed at a single elevation. 
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The similarity hypothesis states that the three 

aerodynamic resistances to momentum, vapor, and heat 

transfer are equivalent, with transfer independent of 

the property, related only to the eddy structure created 

by turbulent flow (Thom, 19"5), with all three 

resistances described by equation 3.6. Businger (1956), 

building on the similarity of the exchanges of heat, 

water vapor, and momentum, suggested replacing the wind 

function in equation 3.2 with log-linear aerodynamic 

relationship. This relationship dealt with the 

interaction of the wind with the geometry of the plant 

canopy that affected the roughness and stability of the 

air layer, thus increasing turbulent transfer. These 

aerodynamic parameters were zero plane displacement (d), 

the extrapolated point within the canopy at which 

momentum is absorbed by the canopy, and roughness length 

(Z ), the aerodynamic roughness of the crop surface for 

the equivalent flux properties. The size of ZQ^ 

indicates the canopy's effectiveness as a momentum 

absorber, while d indicates the mean level of momentum 

absorption (Thom, 1975). In the form (d+Ẑ ^̂ ) , the two 

parameters represent the effective crop surface 

(Monteith, 1963) at which all flux exchanges take place, 

with the restrictions that ZQj^<d<crop height. A 

corollary to the similarity hypothesis (Thom, 1972) is 
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that profiles of all flux properties must be similar, 

and therefore logarithmic with identical values of d. 

The adiabatic log-linear wind profile (Monteith, 1973) 

recognizes that wind speed as a function of height is 

determined by these parameters, and is given as: 

U* Z-d 
U2 = ( —)ln( ) (3.-) 

^ ^om 

where U* is the friction velocity (m/s). Fig. 3.1 

illustrates wind profiles over tall, medium, and short 

crops for a 3 m/s wind speed at a 4-m elevation. Van 

Bavel (1966) and Monteith (1964) demonstrated the 

application of this method to determine potential ET. 

Calculation of the three parameters (U*,d,Z ) in 

equation 3.7 requires wind speed measurements at three 

elevations for an exact solution or more than three 

elevations to minimize the error of a curve fit (such as 

least squares). The classic approach for estimating 

these aerodynamic parameters is to fit the mean wind 

speed profile data to equation 3.7 using the bi-section 

method (Robinson, 1962). Rosenberg et al. (1983) 

described an iterative solution method. In this 

procedure, the values of d and Ẑ ĵ  shown in Fig. 3.1 

would be determined from a trial and error selection of 

d such that a plot of wind speed (on a linear scale) 

versus (Z-d) on a logarithmic scale becomes a straight 
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line whose intercept on the (Z-d) axis is Z . Non

linear regression methods can be used but solutions are 

normally slow. Howell (1990) used a mathematics 

software program which achieved solutions for the wind 

profile parameters rapidly and accurately. All of these 

solution methods assume that U*, d, and Z are 
om 

independent. However, these parameters (especially d 

and ZQJJJ) are strongly correlated preventing a unique 

mathematical solution for both parameters (Legg and 

Long, 1975; Jacobs and van Boxel, 1988) and are also 

related to wind speed (Jacobs and van Boxel, 1988; 

Azevedo and Verma, 1986). Several reports have 

established that a linear relationship exists between d 

and crop height (CH) and between Z^^ and (CH-d). These 

relationships, when forced through the origin, have 

slopes that vary from 0.63*CH for d and 0.35*(CH-d) for 

ZQ^ (Monteith, 1973), 0.72*CH for d and 0.13*(CH-d) for 

ZQJ„ (Abtew et al., 1986), 0.49*CH for d and 0.10*(CH-d) 

for ZQJ^ (Lemon and Wright, 1969) and 0.75*CH for d and 

0.25*(CH-d) for ZQJ^ (Jacobs and van Boxel, 1988). 

However, in 1973, Monteith criticized the similarity 

hypothesis, pointing out that frictional retardation, or 

drag, is the dominant mechanism for the momentum 

absorption so that resistance to momentum exchange is 

smaller than the corresponding resistance to exchange of 
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heat and vapor which depends on molecular diffusion 

alone. He continued that it followed that the apparent 

sources of heat and water vapor will, in general, be 

found at a lower level in the canopy (d+ZQ^' where Z^^ 

is the roughness length for heat, or d+Z^^, where Z^^ is 

the roughness length for vapor) than the apparent sink 

of momentum (d+Z^^) where ZQJ^<ZQ^ or 1Q^<Z^^. This 

conclusion has also been supported by Thom (1971), 

Garratt (1978), and Guerra et al. (1990). Additionally, 

the profiles of concentration and flux of temperature 

and water vapor differ markedly from those for momentum 

(Cowan, 1968). Bluff body forces which act on 

individual leaves and stems enhance momentum transfer to 

the surface and have no analog in the transfer of mass 

or heat (Thom, 1972). The result is that greater 

differences are maintained in temperature, humidity, and 

carbon dioxide within-canopy profiles than in wind 

speed. However, the size of the momentum flux in 

relation to measured wind speed should affect the 

transport of the other properties. It has been argued 

(Penman and Long, 1960) that differences in source-sink 

distributions of mass, heat, and momentum in a 

vegetative canopy can result in, and be accounted for. 

by different values of d for these properties, but, in 

fact, it is ZQJ^ or Z^^ that varies (Thom, 19^2) . 
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Estimates place Ẑ jj at one-fifth (Thom, 19^5) and one-

seventh to one-tenth of Ẑ^̂j (Choudhury, 1989). The 

equivalency of Ẑ ĵ  and Z^^, and as well as Tg^^i and r^^, 

is widely accepted (Choudhury, 1989; Hatfield, 1990). 

Mahrt and Ek (1984) showed that atmospheric stability 

was a primary factor in the rate of potential ET, with 

instability enhancing evaporative loss due to reductions 

in aerodynamic resistance. Thom et al, (1975) noted the 

manner in which stability modifies convective exchanges 

and the degree to which this occurs has been closely 

scrutinized, but with no consistent conclusion. 

Businger (1956) incorporated a stability correction in 

his modification of the Penman equation as did Fuchs et 

al. (1969), who utilized a Richardson number (Ri). The 

stability correction computes r̂ ĵ  from r̂ ^̂ ,̂ increasing 

Tg^^ in stable conditions (T^>T^) and decreasing it in 

unstable conditions (T^,>T^) as compared to r̂ ^̂ . 

Variations in this approach have been used by Monteith 

(1973), Choudhury (1989), and Jackson (1988). 

Flux gradient or flux profile equations for 

predicting LE bypass some of the difficulties in 

estimating aerodynamic resistances by utilizing 

aerodynamic theory to estimate exchange fluxes of 

momentum, water vapor, and sensible heat in terms of 

turbulent exchange coefficients (Rosenberg et al., 1983; 
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Dyer and Hicks, 1970; Dyer, 1974; Verma et al., 19^6). 

These methods, through the calculation of friction 

velocity, or the wind speed as affected by the drag of 

the surface elements, typically do not require 

calculation of Ẑ ^̂  or d, or measurement of T^, but do 

require accurate measurement of wind speed and vapor 

pressure at several elevations for the estimation of the 

exchange coefficients. 

Object ives 

Aerodynamic resistance is an important component in 

the estimation of latent and sensible heat fluxes of a 

cropped surface. The considerable variation in the 

approaches and in the results of not only calculating 

aerodynamic parameters of d and Ẑ ĵ  as well as 

aerodynamic resistance itself suggests that the results 

may not only be crop- but site-specific, such that 

research must evaluate these approaches for estimating 

ET for the Texas High Plains. 

The objectives of this research were: 

(1) to determine momentum aerodynamic characteristics 

Z _., U*, and d for a corn crop from mid-vegetative 

through physiological maturity growth stages; 

(2) to test and evaluate the performance of 

aerodynamic resistance equations used by Monteith 
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(1973), Jackson (1988), Verma et al. (19"6), Choudhury 

(1989) and Thom (19"5) 

(a) first by comparison of calculated rah with 

residual r^^^ (equation 3.3, with H determined as a 

residual of equation 1.1), and 

(b) secondly by comparison of calculated sensible 

heat flux values (equation 1.3) with H determined 

as a residual of equation (1.1). 

Materials and Methods 

Refer to Chapter II for detailed information 

concerning the measurement of the energy balance 

components Rj^, G, and LE (equation 1.1); air 

temperature; canopy temperature; and wind 

speed. 

Calculation of d, ZQ^^, U* . For the growing season 

from mid-vegetative (DOY 172, LAI=2.2) through 

physiological maturity growth stages (DOY 260, LAI=3.3), 

290 cases of neutral to near neutral condition 

(-0.008<Ri>0.008) wind speed profiles were selected for 

aerodynamic parameter analysis by MathCAD (version 2.5) 

(MathSoft, Inc.) following a procedure suggested by 

Howell (1990). The profile parameters (d, Z^^, U*) for 

the log-law profiles were determined that minimized the 
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sum of squares between the measured wind speeds and the 

estimated wind speeds given as: 

N 
2 {Ui-(U*/k)ln[(Z.-d)/ZQ^]}^ 
i = l 

SSE = (3.8) 
N-1 

subject to the N constraints (one for each measurement 

level i) as 

U* Z^-d 
Ui = ( —)ln( ). (3.9) 

^ ^om 

Because of the difference in aerodynamic regime of a 

sparse, or incomplete cover, crop (Hatfield et al., 

1985; Kustas et al., 1989a; Shuttleworth and Wallace, 

1985), only periods of full cover were used in the 

analysis. 

Testing of Aerodynamic Resistance Equations. A 10-

day period (DOY 200-209) used for testing represented a 

period of maximum ground cover just prior to anthesis, 

with an LAI=5.7 and CH of 2.0-2.5 m. The environmental 

conditions were moderate, with afternoon air 

temperatures ranging from 22 to 27 °C, daytime wind 

speeds from 2-4.5 m/s, and vapor pressure deficits (VPD, 

in kPa) of 1.2-2.4 kPa. During this period, the 

experimental area received nighttime precipitation of 43 

mm on DOY 201 and 14 mm on DOY 202, and a day-time 

irrigation of 40 mm on DOY 20^. 
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The five equations used in the analysis include that 

given by Thom (1975), which follows the similarity 

theory that states that ^am'^&h'^av ^i^h no adjustment 

for stability. The equation of Monteith (1973) 

incorporates a simple use of the Richardson number in 

Thorn's (1975) equation, while Jackson (1988) gives a 

more complex version of the same adjustment. Choudhury 

(1989) not only incorporates use of the Richardson 

number but also the use of a separate roughness length 

for heat (Z^y^). The equation of Verma et al. (1976) 

bypasses the need for calculation of ZQ^. 

Procedures for Testing Aerodynamic Equations. The 

first step was to compare r^^ as predicted by the five 

equations with lysimetrical ly determined r̂ ^̂  as 

determined as a residual of the energy balance (equation 

1.1) (see Appendix A for processing program). For this 

step, sensible heat flux was calculated as a residual of 

equation 1.1, with LE, Rj^, and G measured (see Chapter 

II). A residual r̂ ^̂  ̂ as then calculated according to 

equation 3.3. The limitations in the accuracy in 

instrumentation measurement of LE, T^, and wind speed 

eliminated residual r̂ ĵ  or H values used in the analysis 

for the following conditions: H values of -40 W/m2<H<40 

W/m^, ET rates less than 0.06 mm/h, H and Ta-T^ not 

being the same sign (+ or - ) , and wind speeds less than 
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0.5 m/s. Time periods during irrigation or rainfall 

events or when canopy and air temperature measurement 

instrumentation was within the canopy were also 

eliminated. The residual rah ^as statistically compared 

(SAS Procedure General Linear Models, SAS Institute, 

Inc.) to r̂ ĵ  or r̂ ^̂  as presented by Thom (1975), 

Monteith (1973), Choudhury (1989), Jackson (1988), and 

Verma et al. (1976) to determine the best least squares 

linear fit with residual r̂ ^̂ . The d and Z^^ parameters 

derived by MathCAD were used in all r ^ and r 
an am 

calculations, which included stable, unstable, and 

neutral conditions in both day- and night-time hours. 

Finally, predicted H as determined by equation 1.3 using 

the different r̂ ĵ̂  or r̂ ^̂  calculation methods was then 

compared to residual H. An evaluation of residual 

versus predicted H was then performed on all data for 

BOY>179 (50 days after planting). 

Equations Used in the Analysis. If LE, R̂ ,̂ and G are 

measured, H can be determined as the residual of 

equat ion 1.1 as: 

H = -(LE+Rjj+G) (3. 10) 

The simplified Richardson number (Kustas et al., 

1989b) used as the stability correction is given as: 

g(Ta-T^)(Z-d) 
Ri = (3.11) 

Tav(Uz2) 
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where g is the acceleration of gravity (9.8 m/s^) and 

Tĝ ^ is the average temperature taken as [ (T̂ +̂T̂ .)/21 in 

°K. 

Monteith (1973) defined r^h' with ram calculated 

according to equation 3.2, as: 

^ah = (^am)<l+5Ri). (3.12) 

Choudhury (1989) defined r^^ under stable conditions as 

Tg^^ = {ln[(Z-d)/Zo^J-Y*}{ln[(Z-d)/Zohl-Y*} 
/(k^U^) (3.13) 

where ZQh=Zom/^^' ^"^ '̂* ^^ ^ stability function defined 

as: 

Y* = [b-(b^+4ac)^/^]/2a 

a = 1-n 

(3.14) 

(Z-d) (Z-d) 
b = ln[ l-2n{ln[ ]} 

'oh 

(Z-d) 

om 

c = n{ln[ ]} 

'om 

n = 5*Ri 

and for neutral and unstable conditions as: 

(Z-d) (Z-d) 

ah ln[ ]ln[ ]/[k2u7(l-n)3/4]. (3.15) 

^om ^oh 

Jackson's (1988) equation for Tah (after Mahrt and 

Ek, 1984) for the stable case is 

(Z-d+Zo^) 

^ah = ^l"t 
]/k}^(l+15Ri)(l+5Ri)^/'/U2 (3.16) 

om 
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and for the unstable case is 

(Z-d+Z^^) 
^ah = ^l"t l/k}-{l-15Ri 

/[l+C?^Ri)l/2]}-l/U2 (3.1-) 

where 

0 ^2-^+Z ) (Z-d+Zo_.) 
C = 75k2[ 2!L.]l/2{i„f ^^l}-2. (3.18) 

^om ZQJ^ 

The flux gradient r̂ jj was calculated by Verma et al. 

(1976) as 

Uz 
^ah = ^ (3.19) 

(WK^)U*2 

where the ratio of the exchange coefficient for heat 

(Kĵ ) and for momentum (K̂ )̂ equals 1 in stable conditions 

and ( l-16Ri^j)^-2^ for unstable conditions. The bulk 

Richardson number, Ri^j, is given as (Brutsaert, 1982) 

g(Z2-Zl)[(Tai-Ta2)+0-61Tr(qi-q2)] 
Rib = -. (3.20) 

T^(U2-Ui)2 

where the subscripts represent measurements at two 

profile levels, T̂ . is air temperature (°K) measured at 

reference profile level 0, and q is specific humidity 

(kg/kg) estimated by methods from Jensen et al. (1990). 

The friction velocity, U*, is 

U* = Cj.Uj. (3.21) 

where Uj. is wind speed (m/s) at reference profile level 

0, and Cj. is the drag coefficient given as 
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k(U2-Uj) 
Cf = . (3.22) 

Z2-d 
Uj.[ln( )] 

Zj-d 

Results and Discussion 

The MathCAD analysis reached solutions for d, Ẑ ^̂ , 

and U* in 90 cases (Appendix B). A regression of d on 

CH (Fig. 3.2) yielded a slope of 0.71 (r2=0.59), a 

result similar to reported slopes of 0.75 (Jacobs and 

van Boxel, 1988) and of 0.72 (Abtew et al., 1986), but 

13% higher than the slope of 0.63 reported by Monteith 

(1973) and 45% higher than the slope of 0.49 reported by 

Lemon and Wright (1969). According to Thom et al. 

(1975), low ratios of d/CH may be the result of 

atmospheric instability, with a slope of 0.75 being "a 

possibly more realistic value." 

The regression of Ẑ ^̂  on (CH-d) (Fig. 3.3) yielded a 

slope of 0.41 (or 0.12*CH), which was very similar to 

the 0.13*CH value reported by Monteith (1973) but almost 

twice that given by Jacobs and van Boxel (1988) for corn 

and three times that estimated by Abtew et al. (1986) 

for various crops. The dependence of d and ZQ^ on 

friction velocity is shown in Figs. 3.4 and 3.5, 

respectively. A decrease in d/CH was observed with 

increasing friction velocity, as reported by Azevedo and 
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Fig. 3.2. The regression of zero plane displacement on 
crop height (CH) (n=90) yielded the relationship of 
d=0.71(CH), a slope standard error of 0.02, intercept 
insignificant at P>0.77, and an r2=0.59. 
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Fig. 3.3. The regression of roughness length (Z ) on 
crop height-zero plane displacement (CH-d) (n=90T 
yielded the relationship of ZQ^=0.41(CH-d), a slope 
standard error of 0.01, an intercept insignificant at 
P>0.29, and an T^=0.85. 
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Fig. 3.4. The regression of zero plane displacement/ 
crop height (d/CH) on friction velocity (U*) (n=90) 
yielded the relationship of d/CH=l.0-0.40(U*) with 
standard errors of the slope of 0.07 and of the 
intercept 0.05, and an r2=0.28. 
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Fig. 3.5. The regression of roughness length/crop 
height (Zon,/CH) on friction velocity (U*) (n=90) yielded 

'pm the relationship Zoni/CH=0. 14(U*) , a slope standard error 
of 0.01, an intercept insignificant at P>0.43, and an 
r^=0.16. 
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Verma (1986) for sorghum and Rauner (19"6) for deciduous 

trees. Unlike data reported by Azevedo and Verma (1986) 

for sorghum, however, Z^^ increased, rather than 

decreased, with increasing friction velocity. This 

behavior follows that predicted by Monteith (1973) for 

larger and more rigid leaves over a wide range of wind 

speeds, which he ascribed to a substantial lowering of 

the canopy due to turbulent eddies. Similar behavior in 

corn (lowered d, increased Ẑ ĵ̂ ) was summarized by 

Uchijima (1976). The low r^ and high standard error may 

reflect additional interactions between friction 

velocity and canopy structure due to the changes in LAI. 

Theory (Monteith, 1964; Szeicz and Long, 1969) 

predicts the rapid increase of aerodynamic resistance as 

wind speed decreases. The relationship between Tah and 

wind speed at 1.8 m above the crop is shown in Fig. 3.6. 

The residual r^h (equation 3.3, symbols and solid line) 

shows considerable scatter, and remains limited to lower 

values of r ĵ  (<25 s/m) at <2 m/s wind speeds. Low wind 

speed Tĝ h values as calculated by Monteith's (1973) 

equation 3.12 (represented by the dashed line only) are 

almost twice that of the residual r̂ ŷ  at the same wind 

speed, suggesting that turbulent transfer was still a 

dominant factor. Table 3.1 summarizes the regression 

analyses of residual versus predicted r^^ and H (n=230-
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Table 3.1. Regression analyses summary with standard 
errors comparing aerodynamic resistance (r y.) and 
sensible heat flux (H) as predicted by five equations to 
aerodynamic resistance and sensible heat flux as 
determined by the residual method for DOY 200-209. 

^ah Analysis H Analysis 

r2 a b r-

Momentum ram (Thom, 1975) (Equation 3.2) 

0.23** 5.2** 0.47** 0.88** 16.5** 0.97** 

S.E. 0.6 0.05 2.9 0.02 

Monteith rah (Monteith, 1973) (Equation 3.12) 

0.12** 6.2** 0.37** 0.88** 10.3** 0.98** 
S.E. 0.7 0.06 3.0 0.03 

Choudhury rah (Choudhury, 1989) (Equation 3.13-15) 

0.18** 11.5** 0.86** 0.88** 6.2** 0.48** 

S.E. 1.1 0.11 1.4 0.01 

Jackson Tah (Jackson, 1988) (Equation 3.16-17) 

0.25** 5.4** 0.64** 0.89** + 0.88** 

S.E. 0.7 0.07 0.02 

Flux gradient rah (Verma et al., 1976) (Equation 3.19) 

0.01 7.5** 0.09 0.77** 16.5** 1.12** 
S.E. 0.5 0.05 4.9 0.04 
+ Insignificant at P>0.08 

* Significant at 0.05 level 

** Significant at 0.01 level 

The regression equation takes the form of y=a+bx, where 
x is the independent variable and y is the dependent 
variable. 
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250). No equation performed well in predicting residual 

rah' most likely due to the considerable scatter in 

residual rah as well as its limited range at lower wind 

speeds. Corrections for atmospheric stability (Verma et 

al., 1976; Jackson, 1988; Choudhury, 1989; and Monteith, 

1973) or for differences in ZQ for momentum and heat 

(Choudhury, 1989) did little to improve predicted rah as 

compared to residual rah- Thom and Oliver (1977) 

suggested that the error incurred by assuming Zoh=Zoni 

may not be significant, due to wake diffusion effects 

described by Thom et al. (1975) which may augment 

effective ZQh. They emphasized that it was more 

important not to overestimate Zom-

In predicting H, equations 3.2 and 3.12 performed 

best with slopes near 1 and intercepts within the error 

term set out for H (-40 W/m2<H<40 W/m^). The flux 

gradient equation of Verma et al. (1976) overestimated H 

(slope>l.l) due to underestimating rah' while equations 

of Jackson (1988) and Choudhury (1989) underestimated H 

(slopes<0.90) , due to the overestimation of rah at low 

wind speeds. Fig. 3.7 shows a seasonal analysis (DOY 

180-DOY 269) over a wide range of wind speeds and air 

and crop temperatures of predicted H using equation 1.3 

with rah equation 3.12 (Monteith, 19~3) versus measured 

H (equation 3.10). The gap between the positive and 
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negative values represents the restriction -40 W/m2<H<-

40 W/m2 (see Procedures for Testing Aerodynamic 

Equations). The regression analysis yielded the follow

ing results: y=34.9+1.05X, r2=0.83, RMSE=63.6 W/m2. 

Possibly due to the conditions set for the analysis, the 

RMSE is at least 20% less than that of 82 W/m^ reported 

by Kustas et al. (1990) and similar to the range of 55-

94 W/m2 reported by Kustas et al. (1989a), both for 

partial canopies. Huband and Monteith (1986) reported 

that aerodynamic temperature needed for the calculation 

of H was approximately 1 °K lower than radiative 

temperature measured with a radiometer. This resulted 

in an underestimation of as much as 70 W/m2 in H [as 

compared to H as measured by Bowen ratio method (Bowen. 

1926)] at low fluxes with the error increasing at higher 

rates. Adjustments to crop emissivity and reflectivity 

decreased the error, although H remained underestimated 

(slope of 0.85) with a fair amount of scatter (r^=0.6"). 

Fig. 3.7 shows an overestimation of H, especially at 

high flux rates, which may reflect possible errors in 

the measurement of TQ. 

Conelus ions 

This analysis was performed to identify a method for 

calculating aerodynamic resistance with locally derived 
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aerodynamic parameters that could be used in the 

estimation of sensible heat flux (equation 1.3), an 

important component of the energy balance equation 

(equation 1.1). The results of the analysis suggest 

that turbulent flow almost completely dominated flux 

exchange between the plant canopy and the atmosphere, as 

discussed by Thom (1975). No rah equation performed 

well. As was shown by the slopes of all equations in 

Table 3.1, calculated rah as compared to the residual 

Tah of equation 3.3 was overestimated. Stability 

corrections to ram' shown to be important by Mahrt and 

Ek (1984), or a separate roughness length for heat, did 

little to improve the equations' performance, even at 

lower wind speeds (Fig. 3.6). This supports Thom et 

al.'s (1975) suggestion that turbulence due to wake 

diffusion effects would result in an augmented Zoh-

This is also supported by the magnitude of ZQ^^ (0.12*CH) 

as compared that given for corn by Jacobs and van Boxel 

(1988) of 0.06*CH, as well as the increase in Zom with 

increasing wind speed (Fig. 3.3). The site-specific 

conditions of high winds, high temperatures, and east-

west row orientation with a southwest prevailing wind 

may have influenced the results. 
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CHAPTER IV 

SURFACE, CANOPY, AND PLANT RESISTANCES 

OF CORN 

The Penman (1948) formula for potential evaporation 

recognized that both the energy balance of a surface and 

its aerodynamic characteristics controlled water loss. 

When water was not limited, physiological control by 

plants was considered negligible, with evaporation 

controlled by prevailing weather (Szeicz et al., 1969). 

This assumption was criticized, however, leading Penman 

and Schofield (1951) to introduce a surface resistance 

(Tg) to water vapor loss. This surface resistance has 

often been characterized by bulk stomatal resistance 

(Tg^), calculated from the mean stomatal resistance of 

component leaves treated in parallel that has been 

adjusted to canopy level by leaf area index (LAI) 

(Monteith, 1981). The equivalency of rg and rg^ in full 

cover canopies (Szeicz et al., 1973; Monteith, 1981) 

indicates that vapor loss per unit land area is 

controlled almost exclusively by the plant stomata. 

Canopy surface resistance (r^) has become analogous to 

surface resistance in single-layer ET models. However, 

characterization of canopy resistance for use in Penman-

Monteith (Monteith, 1964) type ET equations has been 

difficult (Hatfield, 1990), requiring detailed 
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measurements of stomatal resistance or environmental 

parameters governing stomatal activity that must be 

synthesized into an accurate model. 

Literature Review 

The single-layer model for ET assumes the canopy is 

"a big leaf," with vapor, momentum, and temperature 

source- or sink-strengths at the same "effective" 

surface level (Chen, 1984). This model is represented 

by equation 1.2, when aerodynamic resistances to 

momentum, heat, and vapor are equivalent. As previously 

noted, the canopy resistance, r^, used in this model is 

thought to be primarily stomatally controlled, 

incorporating physical and physiological factors that 

control the movement of water into, through, and out of 

the plant (Monteith, 1981; Szeicz et al., 1973). Early 

critics of this concept, however, were Philip (1966), 

Cowan (1968), and Thom (1972, 1975), who argued that the 

equivalency of effective surface levels for the flux 

exchanges was unrealistic. Philip additionally 

commented that further analysis would show that rg was 

weakly linked to r^^ and its physiological significance 

was questionable. Thom (1972) also predicted more 

marked diurnal and seasonal changes in rg^ than r^. 

Monteith (1981) noted that it was not evident a 

priori whether r̂ , depended mainly on stomatal components 
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or whether it contained other factors, such as an 

aerodynamic element. Black et al. (1970) argued that, 

since surface evaporation occurs from both soil and at the 

stomatal opening, r̂ , should be a combination of soil, 

plant, and canopy air space resistances. However, they 

did find a close association between r ^ and r for 
St c 

beans when soil evaporation was separately modeled. 

Berkowicz and Prahm (1982) pointed out that surface 

resistance depended on both the degree of stomatal 

opening (stomatal resistance) and the water content of 

the soil. They stated that effective r_ should be 

treated as a combined resistance of all the leaves and 

the soil surface in parallel, with the resistance of the 

soil surface depending on its moisture content. Chen 

(1984) concurred with these observations, stating that 

r̂ , of a dense canopy can only be approximated by rg^ if 

the soil surface is dry. The independence of r^ from 

wind speed (Monteith et al., 1965), its diurnal and 

seasonal trends (Hatfield, 1985), and its close 

association to bulk stomatal resistance (rg^) (Szeicz et 

al., 1973; Brown and Rosenberg, 1973) suggest a strong 

physiological significance, however. 

Van'Bavel et al. (1965) admitted that it was not 

clear how stomatal resistance of a leaf related to r^^ 

of a canopy. Berkowicz and Prahm (1982) pointed out the 
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difficulty of building a r^ value representative of a 

crop canopy from measurements of stomatal resistance on 

individual leaves. Szeicz and Long (1969) presented 

^c = ^st = ^sta/LAIe (4.1) 

where rĝ ^̂  is the mean stomatal resistance (s/m) of the 

crop and LAIg is leaf area index effective in 

transpiration. Mean stomatal resistance is the average 

of total leaf resistance calculated from individual 

abaxial and adaxial stomatal resistance measurements 

acting in parallel. LAI^ recognizes that, in a fully-

developed canopy, the lower leaves may not be 

illuminated well enough for the stomata to fully open. 

Szeicz and Long (1969) proposed that all leaf area was 

effective until it reached 1/2 its maximum value (LAIjjj) , 

from which time the relationship would remain 

LAIg = 0. 5LAIj^. They advised caution in the use of this 

approach. Choudhury and Idso (1985), using equation 4.1 

in the form 

LAIe=rgt/rc (4.2) 

presented a constant LAIg value of 1.6, Campbell (1977) 

determined an LAIg of 1-1.5, and Ben-Asher et al. (1989) 

1.7. An equation presented by Tanner and Sinclair 

(1983) calculated the amount of LAI exposed directly to 

radiation (LAIĵ ) as 1.4 for LAI>3. The difficulty in 

determining rg^ according to equation 4.1 can also be 
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seen in the considerable variation in reported r̂ -̂ o-
s I a 

For well-watered corn just prior to tasseling, Bennett 

et al. (1986) reported an approximate rg^^ value of 100 

s/m (LAI = 3, LAIj^=4.1), Lorens et al. (1987) a value of 

40-50 s/m, and Ritchie (1973) a value of 200-250 s/m 

(LAI = 2.6, LAIj^=3.1), all determined from individual 

abaxial and adaxial measurements of top sunlit leaves 

acting in parallel. Using the LAI. calculation 

described by Szeicz and Long (1969), r^ could range from 

25-167 s/m. 

Brun et al. (1973) evaluated three stomatal 

resistance sampling strategies for use in equation 4.1, 

which included: (i) the harmonic averaging of the 

stomatal resistance of all the leaves, (ii) summing the 

mean resistances determined from dividing the canopy 

into layers, and (iii) harmonically averaging the 

stomatal resistance of the upper three leaves, with 

methods one and three adjusted by LAIg = 0.5 (LAI^^) and 

method 2 by LAI =LAI for the particular layer. Based on 

predicted ET using the Penman-Monteith equation versus 

measured ET, they concluded that the most accurate 

method was method one, with method two underestimating 

r„ by an average of 2% and method three by 15%. 

Canopy resistance has also been calculated as a 

function of stomatal conductance or leaf water potential 
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r^ = (4.4) 

in relation to leaf area index, or as a function of 

governing environmental factors controlling stomatal 

activity as summarized by Phene et al. (1990). 

Monteith (1973) calculated r̂ , as 

^c~^ = Sc = 2:ig^i(LAIi) (4.3) 

where g^ is the stomatal conductance (m/s), with both 

variables (g^, LAI) for canopy layer i. Choudhury et 

al. (1986) calculated r^ for wheat using the empirical 

equat ion 

10001l+(-LWP/230.8)^-^h 

LAI(0.986)+0.025Rfj(l-Rtj.) 

where LWP is leaf water potential (-m) and R^j. is the 

ratio of transmitted to net radiation (other variables 

are previously defined and are in the List of Symbols). 

Avissar et al. (1985) developed a model to simulate 

stomatal response based on the threshold concept, which 

allowed controlling environmental parameters such as 

solar radiation, leaf temperature, soil water potential, 

and carbon dioxide concentration to variously limit 

stomatal aperture as their critical level is reached. 

The model results were in agreement with previously 

published data on stomatal activity. 

Brown and Rosenberg (1973), Van Bavel et al. (1965) 

Van Bavel (1967), Szeicz et al. (1973) and Hatfield 

(1985) calculated r^ as a residual of equations based on 
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the energy balance (equation 1.1). Szeicz et al. (19"3) 

and Hatfield (1985) used forms similar to equation 1.2, 

recommending that this method should only be used when 

^ah ®̂ known (Chapter III). In each case, latent heat 

flux used in the equation was estimated. Lysimeters 

provide a direct measurement of ET from a cropped 

surface (Rosenberg et al., 1983) with many having 

accuracies better than 0.05 mm (Howell et al., 1991) 

(see Chapter II). Recently developed sap flow gauges 

have been shown to give continuous, accurate whole plant 

transpiration measurements on corn (see Chapter II). 

Direct measurements of both ET and T, converted into 

latent heat flux for that component, should increase the 

accuracy of the calculation of r from ET and a plant 

resistance (r-, in s/m) from T, both as a residual of 

equation 1.2. Additionally, measurement of whole plant 

transpiration eliminates the difficulty in extrapolating 

individual leaf measurements to a canopy basis, 

permitting a new method of calculating rg^ that 

integrates both stomatal resistance and LAI adjustments 

(equation 4.1) needed for the calculation of r̂ ,. 

Ob iect ives 

The objectives of this chapter were to 

(1) compare r (as a substitute for Tg^) with r^ 

determined as a residual of equation 1.2 on a diurnal 
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and seasonal basis, and 

(2) develop equations for the calculation of r̂. and 

Tp relative to air temperature, canopy temperature, 

solar radiation, and leaf area index. 

Methods and Materials 

Equation 1.2 can be rearranged to solve for r 

as : 

R-Cp(e^*-eJ 
^c = [ - — iTah (4.5) 

A'LE 

where Tah is calculated according to equation 3.12. 

Equation 3.12 was found to be a reliable indicator of 

Tah t>y Monteith (1973) and Hatfield et al. (1983). An 

evaluation made in Chapter III found that equation 3.12 

performed well in the estimation of sensible heat flux. 

Canopy resistance used in the analysis was calculated 

(see Appendix C for processing program) for 24-hour 

periods with values eliminated due to limitations in 

instrumentation measurement accuracy for the following 

conditions: ET rates less than 0.06 mm/h, wind speeds 

less than 0.5 m/s, and periods of irrigation or 

rainfal1. 

Two to four sap flow gauges were placed on plants 

located on the lysimeter for DOY 180-181, 183-186, 194-

196, 198-250, with periodic removal for two hours for 

maintenance (see Chapter II). The sap flow gauges have 
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been shown to give accurate transpiration measurements 

on a variety of crops (Baker and Van Bavel, 1987; 

Sakuratani, 1981; Chapter II). The measured sap flux 

was converted to an area basis by procedures described 

in Chapter II. Equation 4.5 was adapted to represent 

plant resistance (rp) to transpiration latent heat flux 

(LEp, W/m ) as measured by the sap flow gauges by 

substituting LEp for LE and rp for r̂ ,, respectively, and 

assuming the same r̂ ĵ . Transpiration (T, in kg/h) was 

converted to LEp (W/m^) by multiplying T by the latent 

heat of vaporization (J/kg). The two resistances, r 

and r^, were compared on a diurnal and seasonal basis to 

evaluate their equivalency as suggested by Szeicz et al. 

(1973), Brown and Rosenberg (1973), and Monteith (1981). 

Ten days during pre-anthesis (DOY 181,182,189.195, 

196,197,203,204,208,209) and post-anthesis (DOY 213,21", 

224,228,231,235,241,249,252,258) were used to develop an 

equation to predict r^. The Stepwise Procedure (SAS 

Institute, Inc.) selected a model from the environmental 

and plant parameters given (solar radiation, T^, T^, and 

LAI) that returned the largest r^. An initial analysis 

also included vapor pressure deficit (VPD, in kPa), 

wind, and T„-T^. Calculated r^ versus modeled r was 

evaluated beginning DOY 180 (LAI=2.8, mid-vegetative 

growth stage) through DOY 259 (LAI=3.3, dent growth 
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stage). A similar procedure (excluding DOY 182.189,197. 

252,258) was used to develop and test a plant resistance 

(r ) equation. 

Results and Discussion 

Plant resistance (rp) to whole plant transpiration 

flux based on sap flux measurements integrates plant 

stomatal, LAI, and possibly aerodynamic elements to the 

whole canopy level, and represents an alternative method 

for determining Tg^. The relationship between r and r 

and solar radiation for a 10-day period (DOY 200-209) is 

shown in Fig. 4.1. The maximum and minimum resistance 

for r during that period was 227 and 29 s/m, 

respectively, and for r was 589 and 36 s/m, 

respectively, with an average mid-day value (1200-1500 

CST) of 41 s/m for r̂ , and 54 s/m for r . While rp 

remained higher than r^ at all solar radiation levels, 

r-3 was more sensitive to lower radiation levels, 

increasing rapidly at solar irradiance levels less than 

200 W/m^. The r^ range for corn was similar to that for 

sunlit wheat (approximate maximum of 95 s/m and minimum 

of 25 s/m) reported by Hatfield (1985) and for sorghum 

(approximate maximum of 350 s/m and minimum of 50 s/m) 

given by Szeicz et al. (1973) calculated from equations 

similar to equation 1.2. However, using a 

simplification of Brun et al.'s (1973) method two with 
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Fig. 4.1. A comparison of whole plant surface 
resistance (r^) as estimated from heat balance sap flow 
gauges with canopy surface resistance (r̂ ,) as measured 
from equation 4.5 for DOY 200-209 from approximately 
0600-2200 CST. 
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LAIg=LAI, Dwyer and Stewart (1984) determined a minimum 

well-watered r̂ , for corn more than twice as large 

(approximately 100 s/m) and Impens et al. (1967) three 

times as large (162 s/m). For snap beans. Black et al. 

(1970) found a minimum r^ of approximately 40-50 s/m 

using Brun et al.'s method three and an LAIg of 2(LAI), 

as did Szeicz et al. (1973) for sorghum, for average 

early morning values of 100-150 s/m (LAI=1.8), again 

more than twice as large. Monteith (1964) stated that 

minimum rg for many crops was between 30-50 s/m, with rg 

values roughly 25-33% of rg^. 

As noted previously, r^ can only be approximated by 

Tg^ if there is minimal soil evaporation. However, in 

well-watered conditions, the soil is wetted frequently, 

with both stomatal resistance and soil evaporation 

resistance contributing to rg as described by Berkowitz 

and Prahm (1982). A detailed model of fluxes in corn 

canopies (Norman and Campbell, 1983) indicated that soil 

evaporation can be more than 35% of total corn ET three 

days after an irrigation, even at LAIs>3. Walker (1984) 

stated that this model and measurements made by Brown 

and Covey (1966) suggested a significant net flux of 

sensible heat to the soil surface, permitting a 

relatively large latent heat flux from a wet soil 

surface beneath a closed canopy. In this case, r 
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calculated exclusively from plant stomatal resistance 

(e.g., equation 4.1) would be overestimated. 

Total latent heat flux (LE) is the sum of losses from 

the plant (LEp) and the soil (LEg). The difference 

between the resistance values (r and r_) calculated 
c p 

from LE and LE represents the resistance to vapor loss 

contributed by the soil. Figs. 4.2-5 suggest soil 

evaporation was occurring. Mid-day (1000-1600) r„ and 

rp are similar in trends, but r remained consistently 

higher as was also indicated in Fig. 4.1. During 

morning (0800-1000) and afternoon (1600-1800) hours, rp 

rose much more sharply than r , indicating a greater 

sensitivity to lower light levels as predicted by Thom 

(1972). Table 4.1 summarizes the partitioning between 

ET and T during these periods. Except for Day 199, T 

was equal or a higher proportion of ET in the morning 

than in the afternoon. Although the LAI was greater 

than three, the ratio of transmitted solar radiation 

(R^) to incoming solar radiation (Rg) at the soil 

surface was at least 9%, allowing soil temperature (Tg) 

and soil evaporation to increase. Although r̂ , and rp 

increased during the afternoon hours, the resulting 

contribution of that time period to total ET (0800-1800) 

ranged from 14-22% as compared to 7-13% for the morning 

period. The T/ET ratios for all time periods are 
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Fig. 4.2. Diurnal patterns of plant surface resistance 
(r ) and canopy surface resistance (r ) for DOY 182 
(07/01/90) two days after an irrigation. 

69 



400 

300 -

E 
\ 

CO 

0) 

^ 200 
o 
CO 

*co 

100 -

800 1000 1200 1400 1600 1800 

Time of Day 

Fig. 4.3. Diurnal patterns of plant surface resistance 
(rp) and canopy surface resistance (r^) for DOY 199 
(07/18/90) one day after an irrigation. 
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Fig. 4.5. Diurnal patterns of plant surface resistance 
(rp) and canopy surface resistance (r^) on DOY 244 
(09/01/90) two days after an irrigation. 
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Table 4.1. Summary of ET and transpiration (T) 
components by time of day, the ratio of 
transmitted solar radiation (R^) at the soil 
surface and solar radiation (Rg)« and soil 
temperature (Tg). The number in brackets 
represents total daily ET. 

Time ET T T/ET Rt/^s '̂ s 

mm -oc -

DAY 182 LAI=3.1 Days after irrigation: 2 

0800-1000 0.92 0.64 0.70 0.38 21.1 
1000-1600 5.47 4.14 0.76 0.32 26.1 
1600-1800 1.28 0.90 0.70 0.27 27.5 

total 7.67 5.68 
[9.30] 

DAY 199 LAI=5.6 Days after irrigation: 1 

0800-1000 0.50 0.27 0.54 0.15 20.^ 
1000-1600 4.79 3.81 0.80 0.13 22.8 
1600-1800 1.50 1.05 0.70 0.18 23.8 

total 6.79 5.13 
[8.10] 

DAY 224 LAI=5.2 Days after irrigation: 2 

0800-1000 0.74 0.52 0.70 0.13 19.0 
1000-1600 4.06 3.13 0.77 0.12 22.2 
1600-1800 0.95 0.59 0.62 0.12 23.4 

total 5.65 4.24 
[7.10] 

DAY 244 LAI=4.5 Days after irrigation: 2 

0800-1000 0.69 0.58 0.84 0.11 20.0 
1000-1600 4.68 3.68 0.79 0.14 23.3 
1600-1800 0.84 0.64 0.76 0.09 24.4 

total 6.21 4.90 
[7.20] 
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similar to modeled T/ET corn ratios of 65% predicted by 

Norman and Campbell (1983) after a recent irrigation (<3 

days). Villalobos and Fereres (1990) estimated soil 

evaporation of 20-27% of a corn crop ET for the period 

of rapid LAI development through full cover, with a soil 

wetting frequency of 7 to 8 d. 

Daily minimum TQ and rp increased through the season 

following anthesis (DOY 213) (Fig. 4.6), possibly due to 

leaf aging and senescence. The field was well-watered 

through DOY 253. A rapid increase in late season re was 

similar to results reported for sorghum (Szeicz et al., 

1973) and wheat (Hatfield, 1985). A corn crop 

coefficient (Howell et al., 1990; Wright, 1982), which 

references crop ET to potential ET for alfalfa, 

indicated a decline in crop ET rate after anthesis. 

This trend can also been seen in Fig. 4.7 where, at 

similar LAIs, a seasonal effect on minimum r̂ , is 

evident, as was indicated for barley (Monteith et al., 

1965). Fritschen and Van Bavel (1964), however, found 

that well-watered growing and mature sudangrass 

transpired at the same rate after the mature grass 

inflorescences had been cut off. They suggested that 

the inflorescences served as a sink for sensible heat 

flux. Once the inflorescences were removed, the 

sensible heat could reach the green canopy, which could 
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transpire more freely. Figs. 4.8 and 4.9 show the daily 

relationship between re and solar radiation as divided 

into pre- and post-anthesis stages. The daily curves 

are similar in magnitude during pre-anthesis, but show a 

sharp increase during post-anthesis, especially 

beginning on DOY 235, when the crop growth stage was 

approaching soft dough. The detailed measurements 

needed to use equations such as 4.3 and 4.4 on a diurnal 

basis can be tedious to make. A multiple linear 

regression procedure (Stepwise Procedure, SAS Institute, 

Inc.) developed two r^ predictive equations for pre- and 

post-anthesis stages from the parameters given [LAI, Ta^ 

Tc, and solar radiation (Rgi in W/m^)]. For pre-

anthesis, the equation was rc=62+2.84*Tc-0.112*Rs 

(r2=0.53), and for post-anthesis rc=281-7.19*Tc+9.0l*Ta-

34.3*LAI-0.133*Rs (r2=0.70). To test these equations, a 

seasonal analysis to predict LE (equation 1.2) using the 

Tc equations and equation 3.12 for rah ^as performed 

(Figs. 4.10 and 4.11). The regression of predicted LE 

on lysimetrically measured LE yielded reasonable results 

(pre-anthesis: y=0.98(LE), r2=0.78, RMSE=106.7 W/m^, 

intercept insignificant at P>0.51; post-anthesis: 

y=0.96(LE), r2=0.72, RMSE=106.5 W/m^, intercept 

insignificant at P>0.31). The scatter increased 

77 



E 
oo 

o 
O 

500 

400 

i^ 300 

O 
c 
Q 
00 

"S 200 
Cd 

o 

Pre-anthesis 0181 'IQ? 
*182 *203 
n189 -204 
'195 '208 
«196 »209 

A 
3 

f>7 A 

A 
D 

100 A A 1^ . 

• • • ! • • • ' I I 
O o 

• * • ' ' ' ' • 

200 400 600 800 1000 

Solar Radiation [ R j (W/m^) 

1200 

Fig. 4.8. The relationship between canopy surface 
resistance (re) and solar radiation (Rs) for selected 
days prior to anthesis (DOY 213). 

78 



E 
CO 

o 

0) 

u 

(0 
'lO 
Q) 

Cd 

a. o 
c 
a 
o 

500 

. Post—anthesis 

400 

300 

0213 

*217 

= 224 

'228 

•231 

•235 

-241 

•249 

'252 

•258 

200 

100 
L %i 

o A ^ • _ • • V * • ' • 

D D - UAAqf-iy A ^ a ^ g ^ n o 

Q ' j . • ' • ' l—J 1 1 1 1 1—I 1 L. I I I ' • • 

0 200 400 600 800 1000 1200 

Solar Radiation [Rg] (W/m^) 

Fig. 4.9. The relationship between canopy surface 
resistance (TQ) and solar radiation (Rg) for selected 
days after anthesis (DOY 213). 

79 



0 

CM 

E 
\ 

Ld 

X 

-*-J 

o 
0) 

c 
0) 

0) 

-250 -

-500 -

tJ -750 h 

-1000 
-1000 -750 -500 -250 0 

Measured Latent Heat Flux [LE] (W/m^) 

Fig. 4.10. Predicted versus measured latent heat flux 
(LE) for DOY 180-212, just prior to anthesis (DOY 213). 
Regression and 1:1 lines overlap. 

80 



• Post—anthesis 

CM 

S -250 -

LJ 

X 

D 

O 
_ l 

Q) 
•4-1 

O 
•o 
0) 
V -

Q-

-500 

-750 

-1000 k 

/ 

/ 

/ 

O 
o 

o o 
• « • ' O . . ^ • ' I I I 

-1000 -750 -500 -250 0 

Measured Latent Heat Flux [LE] (W/m^) 

Fig. 4.11. Predicted versus measured latent heat flux 
(LE) for DOY 213-249 following anthesis (DOY 213). 
Regression and 1:1 lines overlap. 

81 



considerably at high latent heat flux values, when other 

environmental factors such as wind or reduced soil water 

supply may have been involved. 

Similar predictive equations were developed for rp. 

For pre-anthesis, the equation was rp=462-9.75*Ta-

0.21*Rs (r2=0.51), and for post-anthesis rp=813-8.34*Tc-

59.9*LAI-0.27*Rg (r2=o.59). An analysis of predicted rp 

on measured rp (y=50.7+0.52*rp, r2=0.47, RMSE=41.4 s/m) 

showed the equations were limited in success (Fig. 

4.12). The regression analysis could not incorporate 

the diurnal patterns noted earlier, especially the high 

early morning values. 

Conelus ions 

Calculation of rp from whole plant transpiration 

represents a viable alternative to the calculation of 

rst from LAI and individual stomatal measurements 

because it bypasses the need to create a strategy to 

integrate point measurements to the canopy level. 

Additionally, calculation of rp can clearly separate the 

soil and plant contributions to TQ. However, while the 

plant physiological component appears to dominate r^. 

soil evaporation can not be ignored. The ease in 

continuously monitoring rp also allows detailed analysis 

of its diurnal and seasonal trends. Plant surface 
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resistance approximates canopy surface resistance during 

midday hours. However, during morning and afternoon 

when 30% of ET can occur, plant surface resistance can 

be more than twice that of canopy surface resistance. 

By ignoring soil evaporation or the marked diurnal 

differences in r^ and rp, re could be overestimated, 

leading to an underprediction of ET. At equivalent 

LAIs, late season r^ may be double that of r^ prior to 

anthesis, limiting the usefulness of r^ equations 

incorporating adjustments made by LAI. The diurnal and 

seasonal patterns also limit the development of simple 

equations to adequately predict r^ and rp based on 

environmental patterns alone. More complex models, such 

as that developed by Avissar et al. (1985), are 

necessary to represent physiological resistance to vapor 

loss . 
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CHAPTER V 

TRANSPIRATION SUPPRESSION EFFECTS OX 

SPRINKLER IRRIGATION EFFICIENCY 

Irrigation increases and stabilizes crop yields in 

the semi-arid Great Plains. Irrigation efficiency can 

be defined as the ratio of total water made available to 

the plant to the total amount of water applied. As 

water supplies decline and pumping costs increase, 

irrigation efficiency is becoming increasingly 

important. Since sprinkler irrigation efficiency can 

range from 65 to 95% (Pair et al., 1975), a better 

understanding of the factors influencing irrigation 

efficiency is necessary. Most sprinkler irrigation 

water losses are due to evaporation of droplets in the 

air and evaporation of intercepted water held on the 

foliage, as well as the water drift outside the 

application area. However, the effect of these losses 

on the crop microclimate and on transpiration may impact 

irrigation efficiency. 

Literature Review 

Sprinkler Irrigation Application Losses. Methods of 

irrigation application using sprinklers vary 

considerably from high-angle, high-pressure impact 

sprinklers, to low-angle medium to low-pressure impact 
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sprinklers, medium- to low-pressure spray nozzles, 

medium- to low-pressure rotary nozzles, ground-level Low 

Energy Precision Application (LEPA) bubblers, and multi-

mode (chemigation, spray, etc.) LEPA devices. Also, the 

application rate of the various methods can vary 

considerably from less than 6 mm/h to rates of over 200 

mm/h which controls the amount of canopy-intercepted 

water available for evaporation (Fig. 5.1). The 

pressure, nozzle diameter, and stream breakup all affect 

the water droplet size distribution which can 

dramatically alter droplet evaporation rate. 

Kraus (1966) described several components of water 

losses associated with sprinkler applications in the 

following equation: 

Qs = Qae+Qfi-^Qad+Qgi ^^'^^ 

where Qg is the discharge of the sprinkler, Qae is the 

droplet evaporation into the atmosphere, Q^^ is the 

intercepted water held on the foliage during and after 

an irrigation, Qad is the water drift outside of the 

application area, and Qg^ is the water reaching (or 

intercepting) the ground surface. Equation 5.1 can be 

expressed on a rate, mass or volume basis. Q^^ 

represents the sum of water evaporated from the wet 

foliage during the irrigation application (Qfg) and the 
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amount of water remaining on the foliage (Qf^) when the 

application is completed as: 

Qfi = Qfe+Qfs (5.2) 

Wet Foliage Evapotranspiration. Water intercepted by 

the crop evaporates during irrigation and continues 

evaporating following irrigation until the foliage is 

dry. During irrigation, the plant canopy will 

accumulate water until its storage capacity is reached, 

when drip-off occurs. According to values compiled by 

Rutter (1975), interception storage capacities range 

from 1.2 mm for Douglas fir to 0.4 mm for oak coppice in 

winter. Smajstrla and Hanson (1979) modeled water 

interception by soybean as a linear function of leaf 

area, with a maximum of 2.5 mm for LAIs>^6. Measured 

values for corn include 0.4-0.7 mm (Stoltenberg and 

Wilson, 1950) and 2.7 mm (Steiner et al., 1983a), while 

Thompson et al. (1988b) predicted 3.2 mm. Generally, 

evaporation of stored canopy water is discussed in terms 

of the net interception loss, which accounts for reduced 

transpiration during the same time period, which can be 

included in the Q^- term [Qfi (net )=Qf i ( gross )+'̂ wet ted" 

^unwetted' where T represents transpiration of the 

wetted and unwetted crop]. McNaughton (1981), in his 

evaluation of net interception losses, considered three 

zones: upwind zone, with dry foliage and unaffected 
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microclimate; wetted foliage zone with changed 

microclimate; and downwind zone, with dry foliage but 

changed microclimate due to decreased air temperature 

and increased humidity from air passing over the wetted 

zone. The equation for net interception loss for the 

wet foliage zone was given as: 

N^ = (52-Ta)(10-^)(rc)(U*)(ET^^)/Ap (5.3) 

where Nĵ  is the fraction of applied water (Ap, in mm/h) 

lost through net interception with all other variables 

(T^, r^, U*, ET) measured in the upwind area (e.g. ET̂ )̂ 

(other variables are previously defined and are also in 

the List of Symbols). McNaughton predicted an upper 

limit of net interception loss to be about 10% of the 

applied water for any but the most unfavorable 

conditions. The microclimate modification in the area 

downwind from the wetted zone would also reduce 

transpiration, thus reducing net ET losses. 

Rutter (1975) noted that wetting the canopy and 

Walker (1984) noted that wetting the soil would cool the 

surfaces, causing a rapid sensible heat flux downward 

from the air, resulting in more rapid evaporation rates. 

McNaughton (1981) stated that such changes in the energy 

balance would contribute a "negligible" amount to 

interception losses for irrigated cropping. 
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Net interception loss also depends on crop canopy 

resistance and canopy aerodynamic characteristics. 

Monteith (1964), Szeicz et al. (1969), and Rutter (19''5) 

discussed the importance of aerodynamic resistance (and 

subsequently plant height) in limiting ET rates from 

wetted foliage. Rutter suggested that Q̂ .. could be 

calculated by a latent heat loss equation similar to 

equation 1.2 where r^=0. Monteith pointed out that 

relative transpiration rate, T/Q̂ --, is a function of 

^c/^av When r^ and r^^ are similar in size, the rate 

of Qi"̂  will not much exceed the rate of T. However, 

when r^ is an order of magnitude greater than r^^, the 

Qfj rate will be 3 to 5 times the potential T rate. 

Typical ratios of T/Qf^ for field crops, according to 

Monteith (1964), were from 0.62 to 0."6 at 20 *̂ C. 

Burgy and Pomeroy (1958), Frost and Schwalen (1960), 

McMillan and Burgy (1960), Frost (1963), Mcllroy and 

Angus (1964), and Seginer (1967) found similar ET rates 

for wetted and dry crops (with non-limiting soil water). 

However, for taller crops, like orchards or forests, 

wetted foliage has been reported to have much greater ET 

rates that dry foliage (Stewart, 1977; McNaughton and 

Black, 1973; and Singh and Szeicz, 1979). Waggoner et 

al. (1969) reported short-term evaporation rates of 

wetted corn (LAI was 5.3) over 2.5 times that of a dry 
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canopy both being measured by weighing lysimeters. 

Differences greater than 500% were noted when the dry 

canopy was slightly water stressed (stomata partially 

closed). They showed that the effect lasted only a 

short time (less than 20 min) during typical summertime 

conditions in Connecticut until the canopy dried and the 

ET rates became the same. Thorud (1967) applied a 

measured amount of water directly to ponderosa pine 

foliage (preventing drip off to the soil), and found 

that transpiration was reduced by only about 9% of the 

applied water, with 91% of applied water lost through 

foliage evaporation. 

Pearce et al. (1980) concluded that evaporation from 

a wet evergreen mixed forest canopy was driven by 

advected, not radiative, energy. They reported 

nighttime evaporation rates (due to advected energy 

only) of 0.37 mm/h, which were similar to their daytime 

rates. 

Microclimate Modification. Sprinkler irrigation 

modifies the crop microclimate. Through the evaporation 

of airborne water droplets, canopy-intercepted water, 

surface free water, and/or soil water evaporation, the 

ambient air is humidified and the crop and soil surfaces 

cooled. The resulting decline in vapor pressure deficit 

gradient between the plant and the air can lead to a 
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decline in transpiration, which may benefit the plant 

through a reduction in heat stress and lower demand for 

transpiration. Such microclimatic alterations due to 

irrigation have been reported, although the extent and 

importance of these changes differed. 

Mather (1950) indicated that downwind ET could be 

reduced due to the microclimatic modification induced by 

sprinkling. Robinson (1970) reported major microclimate 

differences for two alfalfa fields, one that was 

sprinkler irrigated and the other flood irrigated, with 

consistent reductions in air temperature and increases 

in vapor pressure of 1.16 kPa in the sprinkled field and 

0.49 kPa in the flooded field, both at the 0.3 m height. 

Steiner et al. (1983b) reported significant declines of 

2 °C for both daily maximum and minimum leaf 

temperatures and 3 and 1.5 °C for maximum and minimum 

canopy air temperatures, respectively, but no 

significant increases in seasonal mean canopy vapor 

pressure when comparing sprinkler versus surface 

irrigation. The differences were attributed to more 

frequent irrigation, and therefore wetter soil surface, 

with the sprinkler system. Kohl and Wright (1974). 

while predicting substantial alterations, detected only 

small changes in temperature (<1 °C) and vapor pressure 

(0.08 kPa) downwind from a sprinkler, and did not 
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consider them to be significant. Kraus (1966), however, 

found an increase in relative humidity as much as 38% in 

the drift area downwind from a sprinkler and a 

substantial decline in non-sprinkled lysimeter ET under 

low wind speed conditions. However, he did note an 

increased ET in drift areas in high wind speeds, 

crediting the drift for relieving plants from water 

stress . 

Howell et al. (19'71) reported that misting cooled 

leaf temperatures to levels optimal for plant functions 

and decreased transpiration compared to surface 

irrigation alone. A study by Gerakis and Carolus (19'̂ 0) 

showed the beneficial aspects of humidifying and cooling 

that misting had on crop microclimate, but questioned 

its use in humid environments. Longley et al. (1983) 

measured reductions in ET downwind from a spray lateral 

in Idaho for four crops grown in pots and moved to the 

field. They stated that the ET reductions appeared to 

be directly related to large reductions in air 

temperature (4 °C) and the resultant decrease in vapor 

pressure deficit. In verifying a simulation model of 

the energy balance of a partially wetted leaf, Westerman 

et al. (1976a) showed leaf temperature decreases of 4 to 

5 °C within 5 to 30 minutes after leaf wetting. They 

determined that air temperature and humidity had as 
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large an effect in the model results as many other 

parameters tested for sensitivity (Westerman et al., 

1976b). Certain crop models demonstrate how irrigation 

methods modify the ET rate of a crop. Norman and 

Campbell (1983), using a plant-environment model 

(CUPID), presented three scenarios that examined the 

different partitioning of ET into its evaporation and 

transpiration components that can occur from different 

irrigation methods. The scenarios were (1) dry soil 

surface with no irrigation, (2) wet soil surface from a 

previous evening rainfall (no canopy wetting and 

therefore comparable to LEPA and surface irrigation), 

and (3) daytime irrigation with canopy wetting 

(comparable to impact sprinkler irrigation). Their 

model predicted that, with dry soil and plant surfaces, 

the primary component in ET was transpiration. When the 

soil was wet and the canopy dry, transpiration and 

evaporation were comparable and the total ET was greater 

than that of the dry soil case. Finally, during the 

daytime irrigation event with canopy wetting, 

transpiration became a minor component with canopy 

evaporation the most significant component. Over the 

course of the day, however, transpiration was the 

dominant process. When the canopy was wet, they 

predicted the evaporation of intercepted water 

94 



humidified the canopy, thus reducing the vapor pressure 

gradient that drives transpiration and soil evaporation 

losses. However, total ET was greater than in the dry 

soil/dry canopy case. Thompson et al. (1988b), using a 

model based on CUPID, concurred with these predictions, 

and additionally predicted that transpiration rate in 

the wet soil/wet canopy scenario would not fully recover 

to levels predicted in the no irrigation case (but well-

supplied with water), even after canopy dry-off. 

Object ives 

The objectives of this chapter were to: 

(1) determine the extent and duration of 

microclimatic changes within, and transpiration 

suppression of, a corn canopy due to sprinkler 

irrigation methods, and 

(2) calculate net interception losses based on 

changes in the energy balance, microclimate, aerodynamic 

and canopy resistances, and transpiration suppression to 

determine the extent in which net interception losses 

can enhance sprinkler irrigation efficiency. 

Materials and Methods 

For agronomic aspects and instrumentation, see 

Chapter II. The wet- and dry-bulb psychrometer mast was 

lowered into the canopy prior to the irrigation, and 
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remained within the canopy until the following day. 

When lowered into the canopy, the psychrometers were at 

0.36 m, 0.66 m, 1.16, and 2.16 m above the ground 

surface. Following anthesis, the top psychrometer was 

approximately 0.1-0.2 m below the crop canopy top during 

these periods. The radiation and anemometer masts were 

lowered only to allow clearance of the irrigation 

system, and returned to normal elevations above the crop 

as soon as possible (5-10 minutes after system 

crossover). 

Net interception losses were calculated based on 

equation 5.3 (Qfim) and equation 1.1 or equation 1.2 

(Q^^j.). Equation 5.3 estimates the fraction (Nĵ ) of 

applied water lost as net interception during an 

irrigation including the compensation through savings in 

transpiration. Qfim is then calculated as the fraction 

of the applied water (Ap). Additional interception 

losses following irrigation are limited by the 

interception storage capacity of the crop. Equations 

1.1 and 1.2 provide a potential ET rate (Qfij.̂  

calculated in two ways. Equation 1.1 estimates the 

maximum evaporation rate possible if all the energy 

supplied to the canopy by net radiation, sensible heat 

flux, and soil heat flux went into evaporation 

(-LE = Rj^+H+G) . For the calculation of potential ET based 
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equation 1.2, r^ was considered to equal 0 during the 

period of maximum irrigation application rate and for 

the 30-minute period following irrigation cessation 

(when applicable), during which the canopy-stored water 

would be considered to evaporate. Aerodynamic 

resistance was calculated according to equation 3.12. 

The rationale was that during and immediately following 

the irrigation event, total evaporation (canopy-

intercepted water+transpiration) would proceed at the 

smaller of the two potential rates thus representing the 

net interception loss (Qfij.). For the days that all 

profile measurements were within the crop canopy, the 

wind speed was estimated based on regression of wind 

speed at 1.8 m above the crop on 2-m wind speed (over 

grass) at the adjacent weather station for that day, and 

air temperature was measured at the 2.16-m height (when 

the instrumentation was within the crop canopy). 

Results and Discussion 

Figs. 5.2 and 5.3 show the transpiration and 

microclimatic responses to a drop spray irrigation 

(crossover time of 1305-1345 PM CST) on DOY 180 

(6/29/90). The crop height was 0.66 m and the LAI was 

2.2. Before the irrigation system arrived, there is 

some indication (Fig. 5.3a, 12:30-13:00 PM) of a drop of 

vapor pressure deficit of 0.3 kPa as well as a slight 
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drop in air temperature (Fig. 5.3b) of 0.9 °C at the 

0.36 m and 0.66 m profile levels, which were within the 

crop canopy. During that period, the wind speed was 

high (5-7 m/s) from a south-southwest direction, as the 

irrigation system approached from the east. The 

turbulent mixing of the air within and above the canopy 

as the irrigation water approached may have influenced 

those measurements. Once the irrigation water reached 

the canopy, vapor pressure and air temperature at those 

profile levels declined rapidly (1.7 kPa and 5.2 °C, 

respectively) followed by a gradual, though fairly 

complete recovery, by about 45 minutes after irrigation 

completion. The above crop canopy instrumentation (1.16 

m and 2.16 m profile levels) show depressions and 

recoveries as well, and are similar to the depression of 

1.8 °C predicted by the plant-environment model Cupid 

(Thompson et al., 1988a). Canopy temperature fell 

rapidly only upon the arrival of the spray, with an 8.1 

°C average drop of the oblique and nadir views. It 

should be noted that the radiation instrumentation was 

not within the canopy at this point. Recovery of the 

canopy temperature was equally as rapid as its decline, 

but pre-irrigation temperature levels were not regained. 

Although not noticeable in the bottom graph of Fig. 5.2, 

soil heat flux increased (less negative) 50 W/m" and did 
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not return to previous levels, and soil temperature 

declined 1 °C, indicative of the soil cooling through 

evaporation. Transpiration did not noticeably respond 

to the approach of the irrigation water, but declined 

rapidly by 0.14 mm/h in the first 30 minutes (as 

compared to the previous reading), an additional 0.44 

mm/h in the second 30 minutes which included the 

completion of the irrigation, and a initial recovery of 

0.34 mm/h in the third 30 minute period. The recovery 

period paralleled that of vapor pressure, air 

temperature and leaf temperature. However, the canopy 

dried typically within 30 minutes after the irrigation 

application ceased, suggesting microclimatic suppression 

of transpiration. 

Transpiration and microclimatic responses to impact 

sprinkler irrigation are shown in Figs. 5.4 and 5.5. 

The irrigation occurred on DOY 222 (8/10/90) from 11:35 

AM to 13:10 PM on a crop with a height of 2.8 m and a 

LAI of 5.3. The initial slow drop in transpiration rate 

shows the effect of the gradual increase in water 

application rate and consequently canopy wetting (see 

Fig. 5.1) that occurs during an impact sprinkler 

irrigation. The gradual decline in application rate 

occurs at the end of the irrigation as well but, by that 

time, the canopy has been thoroughly wetted and 

101 



1.0 

0.8 

0.6 

o o ET 
• • Transpiration 

DOY 222 
impact 

\ 
-o—o^ 

0.4 

0.0 

CN 

E 

1400 

1000 

600 

200 

-200 

-600 

-1000 

\ . 

Irrigation a 
_. I I 1 1 u • 

I- O -

• -

A-

A-

- D-

-o Solar Radiation 
-• Net Radiation 

-^ Latent Heat Flux 
-A Soil Heat Flux 
-o Sensible Heat Flux 

ENERGY BALANCE 

, 0—0—0—0—0^0-^0^ 

A—A~A—Ap-A—A—A—A—A—S^^gy-B'^S--
g^D—D—I 

%^m%i. -A—A—A—A-

^—A , A - A - A - ^ - ^ ' 

b 
_i I •_ _i L 

900 1100 1300 1500 1700 
Time of Day 

1900 2100 

Fig. 5.4. ET and transpiration (error bars are ± 
standard deviations) rates (a) and energy balance (b) 
for impact sprinkler irrigation, DOY 222 (08/10/90). 

102 



o 
0. 

Q 
Q-
> 

6 

5 

4 

3 

2 

1 

o 
o 

o 
V -

a. 
E 

o o 0.36 m 
• • 0.66 m 
A A 1.16 m 
A A 2 . 1 6 m 

SE 
Day 222 
Impact 

Irr igation 
, A ^ A - A - ^ A - ^ - ^ _ ^ 

A ~ \ 
A - ^ . ^ \ ^A 

^ A - A - ^ . ^ 

/ Mast Lowered § \ .-̂ '̂̂  • - ^8^o ' 

^ -"^^ e ^ \ A ""A 

a 
* * 

35 

30 -

25 

20 

O 
o 

q> 

"o 
L. 
a> 
Q. 

E 
t— 
> . 
Q. 
O 
o 
o 

30 -

25 

20 

15 

o o 0.36 m 
• • 0.66 m 
A A 1.16 m 
A A 2 . 1 6 m 

I' 
y 

Mast Lowered 
^ ^ - A - ^ ^ ^ A - A ^ 

A *'^T-'^-'^^A—A—A A ^ ^ 

/ . § ' 
"^•=•=^4^ 

•=8^::-A^ 

Irr igation 

\ 

i 
_i I 1 i _ 

. o o Oblique 
• • Nadir 

- o •1 
0- -0—o^ ^ o ^ 

^o—o> 
' O ^ ^ 

- ^ . - • x . 

Mast Raised 

\ o 

Mast Lowered 

Irr igation 
J 1- J 1 L. _1 1- * ' ' ' 

900 1100 1300 1500 1700 
Time of Day 

1900 2100 

Fig. 5.5. Profiles of vapor pressure deficit (a), air 
temperature (b), and canopy temperature (c) for impact 
sprinkler irrigation, DOY 222 (08/10/90). 

103 



microclimatic modification has already occurred. During 

the primary wetting period (12:00-12:30 PM), vapor 

pressure deficit (Fig. 5.5a) declined approximately 2 

kPa and air temperature (Fig. 5.5b) 4 °C in the lower 

three profile levels. Canopy temperature fell 3 °C as 

an average of the oblique and nadir views. Canopy 

drying was completed within 45 minutes after the 

irrigation had ceased. Transpiration rate recovery may 

have taken up to 90 minutes (Fig. 5.4a), similar to that 

of air temperature. Canopy temperature returned to pre-

irrigation levels within 60 minutes (Fig. 5.5c), while 

VPD suppression continued for more 150 minutes (Fig. 

5.5a). As indicated with the drop spray irrigation, 

transpiration remained suppressed independently of 

canopy wetting. However, in this case, transpiration 

rate recovered before complete VPD recovery suggesting 

that pre-irrigation transpiration rate could be 

maintained in elevated humidities. 

Figures 5.2 and 5.4 also show an increase in H 

following irrigation. Table 5.1 provides paired 

irrigations (no irrigation versus spray irrigation on 

DOY 178, no irrigation versus impact irrigation on DOY 

222) that indicate periods of sensible heat flux 

advected after an irrigation that are almost double that 

of the non-irrigated field. This is due to -LE greatly 
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Table 5.1. Examples of increased sensible heat flux (H) 
to the canopy following an irrigation. The columns 
represent paired comparisons (on the same day) of post-
irrigation fluxes following no irrigation (N), spray 
irrigation (S), and impact irrigation (I). 

N 

Time W/m 
H -• 

2 

1545 -73.39 39.88 
1615 37.26 14.37 
1645 51.47 70.21 
1715 93.35 88.57 
1745 186.52 217.94 
1815 189.53 244.23 
1845 72.43 146.79 
1915 62.33 112.47 
1945 45.11 70.72 
2015 31.59 68.98 
2045 41.49 54.33 
2115 108.94 130.47 
2145 113.97 145.32 
2215 107.02 103.22 
2245 88.95 132.63 
2315 114.37 145.17 
2345 103.93 128.73 

Irrigation Type 

Time 

1345 
1415 
1445 
1515 
1545 
1615 
1645 
1715 
1745 
1815 
1845 
1915 
1945 
2015 
2045 
2115 
2145 

N 

-21, 
-25. 
-1, 
6. 

101. 
25. 
79. 
154. 
103. 
152. 
155. 
139. 
97. 
76. 
75. 
87. 
89. 

H 
I 

-- W/m^ --

.92 

.50 

.07 

.68 

. 13 

.62 

.35 

.34 

.82 

.59 

.46 

.93 

.44 

. 13 

.50 

.25 

.67 

65, 
-52, 
15, 
65. 
173, 
114. 
153. 
251. 
180. 
215. 
177. 
182. 
115. 
125. 
122. 
92. 
106. 

.31 

.35 

.25 

.36 

.27 

.29 

.09 

.65 

.82 

.68 

.30 

.02 

.55 

.95 

.63 

.27 

.51 
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exceeding R̂ ^ following the irrigation, and the apparent 

increase in soil evaporation. 

The microclimatic effects of the irrigation types are 

summarized in Table 5.2. The table also presents 

paired irrigations occurring on the same day. In 

general, all irrigation methods increased soil heat flux 

during the irrigation event, but did not always affect 

soil temperature. Overall, LEPA had a minimal effect on 

the microclimate. The decline of T_ during a LEPA 

irrigation is primarily attributable to the reduction in 

the nadir T^. Impact sprinkler irrigation had a rapid 

and substantial effect on both air temperature and VPD. 

Table 5.3 summarizes typical interception losses for 

impact sprinklers as calculated by equation 5.3 for Qfj^, 

and equation 1.1 (ET2) or 1.2 (ET^) for Qfjr? and shows 

the changes in some components of the energy balance 

during the irrigation event. Pre-irrigation air 

temperature (T^), friction velocity (U*), canopy 

resistance (r^), and ET were used to calculate net 

interception losses according to equation 5.3 for each 

application rate (Ap) during the irrigation. ET^ 

(equation 1.2) is sometimes smaller than ET2 (equation 

1.1) because it reflects not only the increase in r^^ 

that occurs during the irrigation, but also the sharp 

decline in saturated vapor pressure (e„*) due to canopy 

106 



Table 5.2. Summary of microclimatic effects of 
different irrigation methods. The signs indicate the 
maximum suppression (-) or increase (+) of the 
measurement from pre-irrigation levels. The time 
indicates irrigation application length. 

T^* Tg^ VPD G T5 

0.36 0.66 1.16 2.16 0.36 0.66 1.16 2.16 
m 

oc kPa W/m2 ©c 

Day 193** 11:35-13:40 CST 
I -3.6 -3.1 -3.1 -2.9 -0.4 -0.9 -0.9 -0.9 -0.2 +48 +1.5 
L -0.4 -0.7 -0.7 -0.5 -0.3 0.0 0.0 0.0 +0.1 +39 -0.1 

Day 242 12:40-14:00 CST 
I -7.5 -5.8 -5.7 -6.4 -4.5 -1.3 -1.4 -1.6 -1.2 +99 -0.8 
L -0.3 -0.4 -0.4 -0.2 +0.2 -0.1 -0.1 0.0 +0.1 +33 +0.1 

Day 207 12:10-12:25 CST 
L -0.5 +0.2 +0.3 +0.5 +0.5 -0.1 -0.1 0.0 +0.1 -7 +0.4 
N -0.1 +0.6 +0.4 +0.4 +0.6 +0.2 +0.1 +0.1 +0.2 -15 +0.7 

Day 221 11:30-ll:45 CST 
L -0.2 +0.6 +0.5 +0.5 +0.7 +0.1 +0.2 +0.2 +0.3 +94 -0.6 
N +0.4 +0.9 +0.7 +0.8 +0.8 +0.2 +0.2 +0.2 +0.3 +5 +0.3 

Day 222 11:35-13: 10 CST 
I -2.8 -4.1 -4.1 -3.9 -2.6 -2.0 -2.0 -1.9 -1.1 +4 +1.2 
N +1.0 -0.3 -0.2 +0.5 -0.7 -0.6 -0.4 -0.2 -0.1 0 +0.9 

Day 236 10:55-12:10 CST 
I -3.9 -1.8 -2.2 -1.8 -0.4 -0.8 -0.9 -1.0 -0.6 +29 +0.9 
N +0.8 +2.2 +1.6 +1.3 +1.6 +0.6 +0.5 +).5 +0.6 -4 +1.1 

*Canopy temperature (TQ) represents the average of the 
nadir and oblique views. 

**Values are from paired irrigations, with I=impact 
irrigation, L=LEPA irrigation, and N=no irrigation. 
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Table 5.3. Summary of energy balance components and net 
interception losses based on equations 5.3 (Qfim) and 
1.1 or 1.2 (Qfir)- Ta, U*, re, and ET represent pre-
irrigation values used in the calculation of Qfim-

Day 180. Ta=33 ^C U*=0.48 m/s rc=72 s/m Spray Irr 

rah AE Ap ET ETi ET2 T Qfi^ N^ Qfir Nj. 

s/m 

19 
25 
23 
21 

Day 

10 
17 
24 
22 
18 

Day 

22 
28 
28 
19 
11 

Day 

19 
22 
17 
22 
22 
19 
13 

Day 

W/m2 

674 
1007 
1062 
730 

0.0 0. 
35.3 
0. 1 
0.0 0. 

183. Ta=31 Oc 

500 
800 
911 
909 
486 

0.0 0. 
4.6 
10.8 
4.0 
0.0 0. 

184. Ta=30 ̂ C-

688 
702 
874 
744 
582 

0.0 1. 
11.2 
11.5 
8.6 
0.0 0. 

193. Ta=23 ^C 

394 
716 
725 
812 
799 
555 
354 

0.0 0. 
6.2 
11.9 
11.7 
11.0 
0.3 
0.0 0. 

194. Ta=15 Oc 

.96 0.99 
0.86 1.45 
2.32 1.56 

96 1.07 

U*=0.70 m/s 

,74 0.74 
3.28 1. 18 
1.20 1.34 
1.48 1.34 

,72 0.72 

U*=0.73 m/s 

.00 1.01 
3.28 1.03 
1.20 1.28 
1.48 1.09 

.86 0.86 

U*=0.33 m/s 

,58 0.58 
0.88 1.05 
1.12 1.07 
0.28 1. 19 
0.62 1. 17 
1.28 0.82 

,52 0.52 

U*=0.27 m/s 

0.76 
0.28 0. 
0.38 
0.88 

rc = 75 

0.80 
0.70 0. 
0.12 0. 
0.06 0. 
0.32 

rc = 50 

0.80 
0.50 0. 
0.20 0. 
0.18 0. 
0.26 

rc = 38 

0.40 
0.36 0, 
0.22 0, 
0.20 0, 
0.26 0, 
0.24 0, 
0.24 

rc = 80 

,64 0. 

s/m 

,94 0. 
,94 0. 
,94 0. 

s/m 

,74 0. 
,73 0. 
.73 0. 

s/m 

. 20 0, 

. 20 0, 

.20 0, 

.20 0, 

. 20 0 

s/m 

mm/h 

,02 0.86 
1 .56 

Impact 

,20 1. 18 
,09 1.20 
,24 1.34 

Impact 

.07 1.02 

.06 1.04 

.08 1.09 

Impact 

.03 0.88 

.02 1.07 

.02 0.28 

.02 0.62 

.68 0.82 

Impact 

0.02 

I rr. 

0.26 
0. 11 
0.34 

I rr . 

0.26 
0. 11 
0.34 

Irr . 

0. 14 
0.09 
0.02 
0.06 

Irr. 

17 110 0.0 0.16 0.16 0.16 
18 294 11.5 0.80 0.43 0.08 0.15 0.01 0.43 0.04 
38 405 10.2 0.30 0.60 0.06 0.15 0.01 0.30 0.03 
24 245 0.0 0.36 0.36 0.12 
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Tabl 

Day 

rah 

s/m 

21 
16 
17 
13 
15 
16 

Day 

15 
16 
29 
17 
46 
16 

e 5.3, 

222. T 

AE 

W/m2 

459 
606 
645 
555 
542 
529 

cont inued. 

'a=28 OC U* 

Ap ET 

0.0 0.68 
6.9 
12.0 
10.7 
0.4 
0.0 0.78 

240. Ta=30 ^C Ui 

513 
840 
666 
754 
758 
560 

0.0 0.76 
6.0 
9.2 
12.9 
7. 1 
0.0 0.83 

=0.25 m/s 

ETi ET2 

mm/ n 

0.68 
2.32 0.89 
1.30 0.95 
2.16 0.81 
1.92 0.80 

0.78 

«=0.51 m/s 

0.76 
1.82 1.23 
0.58 0.98 
0.96 1.11 
0.32 1.11 

0.83 

rc=66 s/m Impact 

T Qfim Nm 

0.52 
0.50 0.27 0.04 
0.22 0.27 0.02 
0.16 0.27 0.03 
0.20 0.27 0.67 
0.50 

Qfir 

mm/h 

0.89 
0.95 
0.81 
0.80 

rc=72 s/m Impact 

0.58 
0.46 0.61 0.10 
0.50 0.61 0.07 
0.06 0.61 0.05 
0.04 0.61 0.09 
0.22 

1.23 
0.58 
0.96 
0.32 

Irr. 

N'r 

0. 13 
0.08 
0.08 

Irr. 

0.21 
0.06 
0.07 
0.05 

AE=Available energy (Rn+G+H); Ap=Application rate; 
ET=ET as measured by the lysimeter; Nni=Fraction of 
irrigation application lost through net interception as 
calculated by equation 5.3; Nr=Fraction of irrigation 
application lost through net interception as calculated 
by equation 1.1 or 1.2. 
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cooling (McNaughton and Jarvis, 1983). On most days, 

ET2 increased sharply during irrigation due to the flux 

of sensible heat from the air and, to a smaller extent, 

soil heat transfer to the canopy. 

McNaughton (1981) predicted that net interception 

losses would rarely exceed 10% of the applied water. 

With irrigation application rates greater than 10 mm/h, 

this was true for both Qfir and Qfim* However, on Day 

183, the approach and departure of the impact sprinkler 

system supplied a low rate of water (4.0-4.6 mm/h) which 

was more susceptible to evaporation, even at reduced 

potential ET rates (ETi). Rutter (19^5) noted that net 

interception losses would be highest for small, frequent 

applications. As previously shown (Figs. 5.3-4), 

transpiration was suppressed during an irrigation and 

continued to be suppressed for a short time after the 

irrigation. Except for DOY 180, post-irrigation (Ap=0) 

T/ET was 0.17-0.64, with a canopy-intercepted water and 

soil evaporation rate (ET-T) varying from 0.21 to 0.61 

mm/h. 

Conclusions 

LEPA irrigation did not noticeably suppress 

transpiration or alter the microclimate. Drop spray and 

impact sprinkler irrigations suppressed transpiration 
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through canopy wetting and the modification of the 

microclimate. This effect was most prominent during the 

irrigation event, when vapor pressure deficit, air 

temperature, and canopy temperature drops of as much as 

2 kPa, 5 Oc, and 8.1 OQ, respectively, were recorded. 

Once the irrigation event ended, canopy drying was rapid 

(30-45 minutes) during daytime, and microclimatic 

conditions returned to pre-irrigation levels within two 

hours. In the case of impact sprinkler irrigations, 

canopy temperature returned to pre-irrigation levels 

first, followed by transpiration and within-canopy air 

temperature (generally at the same time) and finally 

VPD. The microclimate and transpiration during drop 

spray irrigations had parallel recovery times of one 

hour. This may have been due to the lower LAI, the 

duration of wetting time, and the high VPD during that 

time period. Recovery of transpiration in each case, 

however, took longer than the time the canopy remained 

wetted, indicating microclimatic suppression of 

transpirat ion. 

No strong evidence of the influence of drift was 

noted in transpiration suppression, which occurred 

specifically during and after an impact sprinkler or 

drop spray irrigation event. This most likely was due 
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to the east-west movement of the irrigation system with 

strong southerly prevailing winds. 

Transpiration was reduced to as low as 8% of pre-

irrigation levels, but was not completely suppressed. 

The reduction (to approximately 30% of pre-irrigation 

levels) continued for a short time period after 

irrigation ceased, but normal rates resumed within 1-2 

hours. 

Net interception losses were highest at low 

application rates, but overall, were limited to less 

than 10% of the total application. As predicted by 

Thompson et al. (1988b), the reduced canopy wetting 

duration of the spray irrigation limited water losses. 

While sensible heat contributed to the available energy 

needed for evaporation of canopy-intercepted water, its 

role was limited by the decrease in the saturation vapor 

pressure of the canopy and the increase in aerodynamic 

resistance. As predicted by Monteith (1964) and 

McNaughton (1981), in the case of a well-watered crop 

where rgy and r^ are of similar size, the rate of Qfi 

will not greatly exceed the rate of T. 
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CHAPTER VI 

CONCLUSIONS 

The title of a paper by Raupach and Finnigan (1988) 

sums up many of the difficulties in estimating crop 

resistances to ET: "Single-layer models of evaporation 

from plant canopies are incorrect but useful, whereas 

multilayer models are correct but useless." The 

estimation of 'bulk' aerodynamic and canopy resistances 

for use in a single-layer ET model equation such as 1.2, 

they point out, "carries a substantial hidden agenda of 

problems [that] may be fairly said to constitute the 

whole art of using [the] equation." Aerodynamic and 

canopy resistance models developed for any one 

environment or experiment can be difficult to apply to 

another. In the turbulent regime evaluated in this 

study, the momentum-based parameters of the crop and 

environment seemed to largely characterize the 

aerodynamic resistance of the crop, thus minimizing the 

need for further adjustments for stability or 

differences in source/sink levels for vapor and heat. 

The simplest models adequately, although perhaps not 

completely accurately, described the environment while 

the additional adjustments of more complex models led to 

substantial errors. 

113 



Raupach and Finnigan called bulk canopy resistance 

"the hardest quantity of all to estimate." Approaches 

taken include equations using stomatal resistance 

adjusted to a canopy basis by LAI or equations 

incorporating stomatal conductance, leaf water 

potential, and/or environmental parameters controlling 

stomatal activity. The first approach requires 

development not only of a 'doable' stomatal resistance 

sampling strategy representative of the canopy, but also 

characterization of the LAI effective in transpiration. 

The second approach also requires a 'doable' sampling 

strategy, as well as modeling of controlling 

environmental components such as solar radiation, 

canopy, and air temperatures which may have different 

impacts on a diurnal basis. The only real option, they 

said, "is to resort to brazen empiricism, inferring r^ 

from an independent measurement of evaporation," which 

provides only a 'hindsight' look. One such measurement 

of evaporation, i.e., transpiration as determined from 

heat balance sap flow gauges, allowed characterization 

of the whole plant resistance, which bypassed the 

problems associated with sampling strategies and 

integration to a canopy level. The other evaporation 

measurement was lysimetrically determined ET. While 

this value returned a representative value for surface 
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resistance to vapor loss, it failed to separate plant 

from soil evaporation. When plant and canopy 

resistances were compared, soil resistance appeared to 

be an important component of r^ in the well-watered 

corn. Canopy resistance calculations based solely on 

plant-based parameters would have overestimated r„ 

leading to an underestimation of ET. Plant and surface 

resistance can differ markedly in the morning and 

afternoon as well. Due to complex interactions of 

plant, soil, and environment, the development of 

predictive equations for plant and surface resistance 

met with limited success. 

In many cases, accurate prediction of aerodynamic and 

canopy resistances may not be critical for fairly 

accurate estimation of ET, especially for short crops. 

However, for taller crops, especially when wet, the 

interaction between ET, r^, and rah t)ecame complicated. 

During an irrigation, saturation deficit decreased due 

to cooling of canopy and air temperatures, while 

sensible heat was transferred to the canopy, increasing 

r̂ ĵ̂  and available energy. Although r^ may have equaled 

zero, the changed microclimate reduced potential ET 

rates. Net irrigation interception losses were limited 

by the change in potential ET, even when transpiration 

continued. Microclimatic changes due to irrigation 
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(reduced VPD and leaf and air temperatures) did alle

viate some of the transpiration demand on a crop, but 

the effect was short-lived. 

While the introduction of aerodynamic and canopy 

resistances into the calculation of evapotranspiration 

made Penman's (1948) equation more theoretically-based, 

it certainly complicated its use. This study suggested 

that the values used may not only be crop but also site 

specific, and that caution must be used in their 

application. The one-layer model proved useful in 

examining the many factors involved in the control of ET 

rates. As indicated, while useful, the assumptions of 

the one-layer model limited its correctness. For a more 

detailed understanding of evapotranspiration, a multi

layer model must be applied. 
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APPENDIX A 

VARIABLE GLOSSARY AND FORTRAN PROCESSING PROGRAM 

FOR AERODYNAMIC AND SENSIBLE HEAT COMPONENTS 

Glossary of Program Variable Names 
and Their Definitions 

Variable Definition 

AVGTC average canopy temperature (*̂C) 

C heat capacity of the soil (MJ m~^ °C) 
CATCH lysimeter catch of water (mm/30 min) 
CH crop height (m) 
CP specific heat of air at constant pressure (J 

kg-1 °K-M 

D zero plane displacement (m) 
DAY day of year 
DBl dry bulb temperature at 1-m height above 

crop (°C) 
DB2 dry bulb temperature at 1.3-m height above 

crop (°C) 
DB3 dry bulb temperature at 1.8-m height above 

crop (°C) 
DB4 dry bulb temperature at 2.8-m height above 

crop (°C) 
DIFFl (air temperature)-(canopy temperature) (Oc) 
DIFF2 (canopy temperature)-(air temperature) (Oc) 

EPS ratio of molecular weights of water vapor and 
air 

ESAT2 ambient air temperature saturated vapor 
pressure at 1.3-m above crop (kPa) 

ESAT3 ambient air temperature saturated vapor 
pressure at 1.8-m above crop (kPa) 

ESATC saturated vapor pressure at canopy 
temperature (kPa) 

ESATW2 wet bulb temperature saturated vapor 
pressure at 1.3-m above crop (kPa) 

ESATW3 wet bulb temperature saturated vapor 
pressure at 1.8-m above crop (kPa) 

ET evapotranspiration (mm/30 min) 
ETA stability function 

FLUXLE latent heat (W/m^) ^ 
FLUXl soil heat flux (bed) (W/m") 
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FLUX2 
FLUX3 
FLUX4 
FLUX5 
FLUX6 
FLUXS 

G 

HEAT2 

HEAT3 

INFIL 

LAI 

PRESS 
PSYC2 

PSYC3 

PSYSTAR 

RAC 
RADNET 
RAHAT 
RAJ 
RAT 
RAl 
RA2 
RHO 
RHOCP 
RIl 
RI2 

SENC 
SENH 

SENJ 
SENS 
SENT 
SOL 
SOLTRl 
S0LTR2 
SPHUM2 
SPHUM3 

soil heat flux (furrow) (W/m-) 
soil heat flux (bed) (W/m-) 
soil heat flux (furrow) (W/m^) 
average soil heat flux (W/m-) 
corrected soil heat flux (W/m^) 
sensible heat flux (W/m^) 

acceleration due to gravity (m/s^) 

latent heat of vaporization at 1.3-m 
above crop (J/kg) 

latent heat of vaporization at 1.8-m 

above crop (J/kg) 

input filename 

leaf area index (m^/m^) 

barometric pressure (kPa) 
psychrometric constant at 1.3-m height above 

crop (kPa/°C) 
psychrometric constant at 1.8-m height above 

crop (kPa/°C) 
stability correction 
aerodynamic resistance (Choudhury, 1989) (s/m) 
net radiation (W/m^) Monteith, 1973) 

Jackson, 1988) (s/m) 
aerodynamic resistance 
aerodynamic resistance 
aerodynamic resistance 
aerodynamic resistance 
aerodynamic resistance 
density of air at constant pressure 
density and specific heat of air at 

pressure (J m""̂  °K~M 
bulk Richardson number (dimensionless) 
Richardson number (dimensionless) 

Verma et al 
Thom, 1975) 
Thom, 1975) 

, 19-6) 

(kg/m^) 
constant 

RAC (W/m^) 
RAHAT 

sensible heat flux calculated using 
sensible heat flux calculated using 

(W/m^) 
sensible heat flux calculated using 
sensible heat flux calculated using 
sensible heat flux calculated using 
solar radiation (W/m ) 
transmitted solar radiation (W/m^) 
transmitted solar radiation (W/m^) 
specific humidity at 1.3-m above crop (kg/kg) 
specific humidity at 1.8-m above crop (kg/kg) 

RAJ (W/m-) 
RA2 (W/m^) 
RAT (W/m-) 
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TA ambient air temperature (°K) 
TACA average of canopy and air temperatures (OK) 
TC canopy temperature {°K) 
TEMPA prior time period average soil temperature (*̂C) 
TEMPB change in average soil temperature between two 

time periods (Oc) 
TEMPF average soil temperature (°C) 
TEMPI oblique view canopy temperature (°C) 
TEMP2 nadir view canopy temperature (°C) 
TEMP4 average soil temperature at 0.05 m depth (bed) 

(°C) 
TEMP5 average soil temperature at 0.05 m depth 

(furrow) (Oc) 
TEMP6 average soil temperature at 0.05 m depth (bed) 

(°C) 
TEMP7 average soil temperature at 0.05 m depth 

(furrow) (°C) 
THETA surface soil moisture (%) 
TME time of day (h) 
TRANSM transpiration (mm/30 min) 
TV virtual temperature (*̂ K) 
USTAR friction velocity (m/s) 

VON von Karman's constant 

WBl wet bulb temperature at 1-m height above 
crop (°C) 

WB2 wet bulb temperature at 1.3-m height above 
crop (°C) 

WB3 wet bulb temperature at 1.8-m height above 
crop (°C) 

WB4 wet bulb temperature at 2.8-m height above 
crop (°C) 

WINDl wind speed at 1-m height above crop (m/s) 
WIND2 wind speed at 1.3-m height above crop (m/s) 
WIND3 wind speed at 1.8-m height above crop (m/s) 
WIND4 wind speed at 2.8-m height above crop (m/s) 
WND 2-m wind speed (m/s) 

ZOM momentum roughness length (m) 
ZOH heat roughness length (m) 
Zl reference height at 1-m above crop (m) 
Z2 reference height at 1.3-m above crop (m) 
Z3 reference height at 1.8-m above crop (m) 
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Fortran Processing Program to Calculate 
Aerodynamic Resistance and Sensible Heat Values 

INTEGER DAY,DAY1,DAY2,TME,TME1,TME2 
CHARACTER*11 INFIL4 
CHARACTER*9 OUTFIL 
OPEN (UNIT=1,FILE='SE90180.TA1',STATUS="OLD') 
OPEN (UNIT=2,FILE='SE90180.TA2',STATUS='OLD') 
OPEN (UNIT=3,FILE='SE180.FIL',STATUS='OLD') 
OPEN (UNIT=5,FILE='SE90180.RAC',STATUS='UNKNOWN') 

109 FORMAT (Al) 
READ (1,*) 
DO 45 M=l,10 
READ (1,110,END=1000) DAY 

110 FORMAT (T7,I3) 
READ (2,111,END=1000) DAYl 

111 FORMAT (T9,I3) 
READ (3,112) INFIL4,THETA,CH 

112 FORMAT (T1,A11,T13,F4.2,T18,F4.2) 
OPEN (UNIT=4,FILE=INFIL4,STATUS='OLD') 
READ (4,*) 
READ (4,*) 
READ (4,105) DAY2 

105 FORMAT (T31,I4) 
IF (DAY.NE.DAYl) GOTO 1000 
IF (DAYl.NE.DAY2) GOTO 1000 
DO 7 1=1,8 
READ (4,*) 

7 CONTINUE 
DO 10 1=1,48 
READ (1,115) TME,ET,CATCH,RADNET,WIND1,WIND2, 
~WIND3,WIND4,TEMP1,TEMP2 

115 FORMAT (T1,I4,T21,F6.2,T28,F7.2,T67,F7.1,T117, 
~F6.2,T124,F6.2,T131,F6.2,T138,F6.2,T145,F6.2,T152, 
~F6.2) 
READ (2,120) TME1,DB1,WB1,DB2,WB2,DB3,WB3,DB4,WB4, 
~TEMP4,TEMP5,TEMP6,TEMP7,FLUXl,FLUX2,FLUX3,FLUX4 

120 FORMAT (T3,I 4,TIO,F6.2,Tl7,F6.2,T24,F6.2,T31,F6.2 , 
'•T38,F6.2,T45,F6.2,T52,F6.2,T59,F6.2,T68,F6.2,T-5, 
~F6.2,T82,F6.2,T89,F6.2,T98,F7.2,T106,F7.2,T114,F7.2, 
~T122,F7.2) 
READ (4,122) TME2,S0L 

122 FORMAT (Tl,14,T60,F6.1) 
IF (TME.NE.TMEl) GOTO 1000 
IF (TMEl.NE.TME2) GOTO 1000 

C 
C OMIT LOW WIND SPEED DATA 
C 

IF (WIND3.LE.0.5) GOTO 9 
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TEMPF=(TEMP4+TEMP5+TEMP6+TEMP^)/4 
IF (M.EQ.1.AND.TME.EQ.0015) GOTO 8 
IF (M.GE.1.AND.TME.GT.0015) GOTO 6 

6 FLUX5=(FLUXl+FLUX2+FLUX3+FLUX4)/4 
C 
C SOIL HEAT FLUX CORRECTION 
C 

TEMPB=TEMPA-TEMPF 
C=l.125+4.2*THETA 
FLUX6=FLUX5+(C*1E6*0.05*TEMPB/1800) 
GOTO 11 

8 FLUX6=(FLUXl+FLUX2+FLUX3+FLUX4)/4 
11 IF (FLUXl.EQ.-999.90) FLUX6=-99.9 

IF (FLUX2.EQ.-999.90) FLUX6=-99.9 
IF (FLUX3.EQ.-999.90) FLUX6=-99.9 
IF (FLUX4.EQ.-999.90) FLUX6=-99.9 

C 
C PSYCHROMETRIC CONSTANT 
C 

CP=1004.8 
EPS=.622 
PRESS=88.5 

IF (DB2.EQ.0.0) DB2=lE-6 
HEAT2=(2.501-(2.361E-03*DB2))*1E6 
IF (HEAT2.EQ.0.0) HEAT2=lE-6 
PSYC2=0.00066*PRESS*(1-0.00115*WB2) 
IF (DB2.EQ.-99.9.0R.WB2.EQ.-99.9) PSCY2=-99. 

IF (DB3.EQ.0.0) DB3=lE-6 
HEAT3=(2.501-(2.361E-03*DB3))*1E6 
IF (HEAT3.EQ.0.0) HEAT3=lE-6 
PSYC3=0.00066*PRESS*(1-0.00115*WB3) 
IF (DB3.EQ.-99.9.0R.WB3.EQ.-99.9) PSCY3=-99. 

C 
C VAPOR PRESSURE AND RELATIVE HUMIDITY 
C 

ESAT2=EXP((16.78*DB2-116.9)/(DB2+23-.3)) 
ESATW2=EXP((16.^8*WB2-116.9)/(WB2+237.3)) 
EACT2=ESATW2-PSYC2*(DB2-WB2) 
IF (DB2.EQ.-99.9.0R.WB2.EQ.-99.9) EACT2=-99. 
ESAT3=EXP((16.78*DB3-116.9)/(DB3+23 7.3)) 
ESATW3 = EXP( ( 16.78*WB3-116.9)/(WB3 + 23"'.3) ) 
EACT3=ESATW3-PSYC3*(DB3-WB3) 
IF (DB3.EQ.-99.9.0R.WB3.EQ.-99.9) EACT3=-99. 

ESATC=EXP((16."8*TEMPl-116.9)/(TEMPl+23-.3)) 
C 
C RHO CP 
C 
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TV=(DB3+27 3.1)/(1.0-0.3"8*(EACT3/PRESS)) 
RHO=(PRESS/(TV*28 7.0))*1000 
RHOCP=RHO*CP 
IF (EACT3.EQ.-99.9) RHOCP=-99.9 

C 
C CONVERT ET TO LE IN WATTS/M2 
C 

FLUXLE=(-(ET*HEAT3))/1800 

C 
C Restrictions 
C 

IF (ET.LT.0.03) FLUXLE=-99.9 
IF (ET.EQ.-99.9) FLUXLE=-99.9 
IF (DB3.EQ.-99.9) FLUXLE=-99.9 
IF (FLUXLE.LT.-900.00.OR.FLUXLE.GT.900.00) 

''FLUXLE = -99.9 
IF (CATCH.GT.0.02) FLUXLE=-99.9 

C 
C RESIDUAL SENSIBLE HEAT FLUX 
C 

FLUXS=-(RADNET)-FLUXLE-FLUX6 
C 
C Restrictions 
C 

IF (RADNET.EQ.-99.9) FLUXS=-99.9 
IF (FLUXLE.EQ--99.9) FLUXS=-99.9 
IF (FLUXS.GE.-40.0.AND.FLUXS.LE.40.0) FLUXS=-99.9 
IF (FLUX6.EQ--99.9) FLUXS=-99.9 
IF (FLUXS.LT.-600.00.OR.FLUXS.GT.600.00) 

~FLUXS=-99.9 
C 
C 
C BASIC TERMS 
C 
C 
C 
C T^-Tc 

DIFF1=DB3-TEMP1 
AVGTC=(TEMP1+TEMP2)/2 
IF (DB3.EQ.-99.9.0R.TEMP1.EQ--99.9) DIFFl=-99.9 

C 
C Reference height 
C 

Z1=CH+1.0 
Z2=CH+1.3 
Z3=CH+1.8 

C 
C Zero plane displacement and roughness length 
C 

D=0.73*CH 
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ZOM=0.41*(CH-d) 
ZOH=ZOM/10 

C 
C Wind speed components 
C 

ZA=(Z3-D)/Z0M 
ZB=(Z3-D)/Z0H 
F1=L0G(ZA) 
F2=L0G(ZB) 

C 
C Air and canopy temperatures in °K 
C 

TA=DB3+273.16 
TC=TEMPl+273.16 
TACA=(TA+TC)/2 

C 
C Constants: acceleration due to gravity and von 
C Karman's 
C 

G=9.8 
VON=0.41 

C 
C CHOUDHURY r̂ ĵ  (Choudhury, 1989) 
C 

DIFF2=TEMP1-DB3 
IF (TEMPI.EQ.-99.9.0R.DB3.EQ.-99.9) DIFF2=lE-6 
ETA=(5*(Z3-D)*G*(DIFF2))/((TA*(WIND3**2))) 
IF (ETA.GT.1E6) GOTO 22 
A=l + ETA 
B=F2+2*ETA*F1 
C=ETA*(F1**2) 
PSY1=(B**2-4*A*C) 
IF (PSYI.LT.0.0) PSY1=0.0 
PSY2=SQRT(PSY1) 
PSYSTAR=(B-PSY2)/2*A 
IF (PSYSTAR.LT.-5.0) PSYSTAR=-5.0 

C 
IF (DIFFl.GT.0.0) THEN 
RAC=((F1-PSYSTAR)*(F2-PSYSTAR))/((V0N**2)* 

''(WIND3) ) 
GOTO 23 
END IF 

IF (DIFFl.LT.0.0.AND.ETA.LT.-1.0) GOTO 22 
IF (DIFFl.LT.0.0.AND.ETA.GE.-l.0) THEN 
ETA1=(1+ETA)**0.75 
RAC=(Fl*F2)/((V0N**2)*WIND3*ETA1) 
GOTO 2 3 
END IF 

C 
C Restrictions 
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22 RAC=-99.9 
23 IF (ETA.EQ.-99.9) RAC=-99.9 

IF (PSYl.EQ.0.0) RAC=-99.9 
IF (RAC.EQ.0.0) RAC=-99.9 
IF (DIFFl.EQ.-99.9.0R.DIFF1.EQ--99.9) RAC=-99.9 
IF (WIND3.EQ.lE-6) RAC=-99.9 

C 
C SIMPLIFIED Ri (Kustas et al., 1989b) 
C 

C 
RI2=(G*DIFF1*(Z3-D))/(TACA*(WIND3**2)) 

C JACKSON r u (Jackson, 1988) 
C 

RJ1=(Z3-D+Z0M)/Z0M 
RJ2=L0G(RJ1) 
RJ3=(RJ2/VON)**2 
C1=SQRT(RJ1) 
C2=RJ2**2 
IF (C2.EQ.0.0) C2=lE-6 
C3=(75*(V0N**2)*C1)/C2 

IF (RI2.GE.0.0) THEN 
RJ5=SQRT(1+5*RI2) 
RJ4=1+15*RI2 
RAJ=RJ3*RJ4*RJ5/WIND3 
END IF 

IF (RI2.LT.0.0) THEN 
RJ6=-1.0*RI2 
RJ7=SQRT(RJ6) 
RJ8=1+C3*RJ7 
RJ9=(15*RI2)/RJ8 
RAJ=RJ3/((1-RJ9)*WIND3) 

END IF 
C 
C Restrictions 
C 

28 IF (DB3.EQ.-99.9) RAJ=-99.9 
IF (RI2.GE.0.07) RAJ=-99.9 
IF (RAJ.LE.0.0) RAJ=-99.9 
IF (DIFFl.EQ.-99.9) RAJ=-99.9 
IF (WIND3.EQ.lE-6) RAJ=-99.9 

C 
C SPECIFIC HUMIDITY 
C 

SPHUM2=(EPS*EACT2)/(PRESS-0.3 78*EACT2) 
SPHUM3=(EPS*EACT3)/(PRESS-0.3 78*EACT3) 

C 
C BULK Ri (Brutsaert, 1982) 
C 

RIA=G*(Z3-Z2)*((DB2-DB3)+0.61*DB1*(SPHUM2-SPHUM3)) 
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C 
c 
c 
c 
c 

c 
c 
c 

c 
c 
c 

c 
c 
c 

c 
c 
c 

c 
c 

RIB=DB1*((WIND3-WIND2)**2) 
IF (RIB.EQ.0.0) RIB=lE-6 
RI1=-1.0*(RIA/RIB) 

TURBULENT EXCHANGE r 

Stable 

ah (Verma et al., 19"6) 

F3=L0G((Z3-D)/(Z2-D)) 
CR=(VON*(WIND3-WIND2))/(WINDl*F3) 
USTAR=CR*WIND1 
IF (USTAR.LE.0.0) USTAR=lE-6 
IF (RII.LT.0.0) THEN 
EXCH1=(1-16*RI1) 
EXCH2=EXCH1**0.25 
END IF 

IF (RII.GE.0.0) THEN 
RAT=WIND3/(USTAR**2) 
ELSE 
RAT=WIND3/(EXCH2*(USTAR**2)) 
END IF 

Restr ict ions 

IF (EACT2.EQ.-99.9) RAT=-99 
IF (EACT3.EQ.-99.9) RAT=-99 
IF (WIND3.EQ.WIND2) RAT=-99 
IF (RIl.GE.0.90) RAT=-99.9 
IF (RAT.LE.0.0) RAT=-99.9 

RESIDUAL Tg^^ (Thom, 1975) 

RA1=(RH0CP*(DIFFl))/FLUXS 

Restrict ions 

9 
9 
9 

IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 

FLUX6.EQ.-99.9) RAl=-99.9 
DIFFl.EQ.-99.9) RAl=-99.9 
FLUXS.EQ.-99.9) RAl=-99.9 
FLUXS.EQ.lE-6) RAl=-99.9 
FLUXS.LT.0.0.AND.DIFFl.GT.0.0) 
FLUXS.GT.0.0.AND.DIFF1.LT.0.0) 
RAl.EQ.-99.9) GOTO 9 
RAl.LE.0.0) RAl=-99.9 

RAl 
RAl 

-99.9 
-99.9 

MOMENTUM Tg^^i (Thom, 1975) 

RA2=(Fl**2)/((VON**2)*(WIND3)) 

Restr ict ions 
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c 
c 
c 

c 
c 
c 

c 
c 
c 

c 
c 
c 

IF (RA2.LE.0.0) RA2=-99.9 

MONTEITH Tg^^ (Monteith, 19"'3) 

HAT1 = (5.0*(Z3-D)*9.8*DIFF1)/(TACA*(WIND3** 2)) 
RAHAT=RA2*(1+HATl) 

Restrict ions 

IF (RAHAT.LE.0.0) RAHAT=-99.9 
IF (DIFFl.EQ.-99.9) RAHAT=-99.9 

CALCULATED SENSIBLE HEAT FLUX 

SENC=RHOCP*DIFF1/RAC 
SENJ=RH0CP*DIFF1/RAJ 
SENT=RHOCP*DIFF1/RAT 
SENS=RH0CP*DIFF1/RA2 
SENH=RHOCP*DIFF1/RAHAT 

Restr ict ions 

IF (RAC.EQ.-99.9) SENC=-99.9 
IF (RAJ.EQ.-99.9) SENJ=-99.9 
IF (RAT.EQ.-99.9) SENT=-99.9 
IF (RA2.EQ.-99.9) SENS=-99.9 
IF (RAHAT.EQ.-99.9) SENH=-99.9 

IF (SENC.GT.600.0.OR.SENC.LT.-600.0) SENC=-99.9 
IF (SENJ.GT.600.0.OR.SENJ.LT.-600.0) SENJ=-99.9 
IF (SENT.GT.600.0.OR.SENT.LT.-600.0) SENT=-99.9 
IF (SENS.GT.600.0.OR.SENS.LT.-600.0) SENC=-99.9 
IF (SENH.GT.600.0.OR.SENH.LT.-600.0) SENH=-99.9 
IF (FLUXS.GT.600.0.OR.FLUXS.LT.-600.0) 
FLUXS=-99.9 

IF (SENC.GE. 
IF (SENC.LE. 
IF (SENJ.GE. 
IF (SENJ.LE. 
IF (SENT.GE. 
IF (SENT.LE. 
IF (SENS.GE. 
IF (SENS.LE. 
IF (SENH.GE. 
IF (SENH.LE. 

1.0.AND. 
1.0.AND. 
1.0.AND. 
1.0.AND. 
1.0.AND. 
1.0.AND. 
1.O.AND. 
1.0.AND. 
1.O.AND. 
1.0.AND. 

FLUXS.LE.1.0 
FLUXS.GE.1.0 
FLUXS.LE.1.0 
FLUXS.GE.1.0 
FLUXS.LE.1.0 
FLUXS.GE.1.0 
FLUXS.LE.1.0 
FLUXS-GE.1.0 
FLUXS.LE.1.0 
FLUXS.GE.1.0 

FLUXS= 
FLUXS= 
FLUXS= 
FLUXS= 
FLUXS= 
FLUXS= 
FLUXS= 
FLUXS= 
FLUXS= 
FLUXS= 

-99 
-99 
-99 
-99 
-99 
-99 
-99 
-99 
-99 
-99 

9 
9 
9 
9 
9 
9 
9 
9 
9 
9 

C 
IF (SOL.EQ.0.0) SOL=-99.9 

138 

http://OR.SENC.lt
http://OR.SENJ.lt
http://OR.SENT.lt
http://OR.SENS.lt
http://OR.SENH.lt


c 
c 
c 

EDIT DATA FOR IRRIGATIONS 

IF (DAY.EQ.180 
IF (DAY.EQ.181 
IF (DAY.EQ.183 
IF (DAY.EQ.184 
IF (DAY.EQ.184 
IF (DAY.EQ.185 
IF (DAY.EQ.186 
IF (DAY.EQ.187 
IF (DAY.EQ.187 
GOTO 9 
IF (DAY.EQ. 
GOTO 9 
IF (DAY.EQ. 
GOTO 9 
IF (DAY.EQ. 
IF (DAY.EQ. 
IF (DAY.EQ. 
IF (DAY.EQ. 
IF (DAY.EQ. 
IF (DAY.EQ. 
IF (DAY.EQ. 
GOTO 9 
IF (DAY.EQ.207 
IF (DAY.EQ.208 
IF (DAY.EQ-212 
IF (DAY.EQ.213 
IF (DAY.EQ.214 
IF (DAY.EQ.215 
IF (DAY.EQ.215 
IF (DAY.EQ.216 
IF (DAY.EQ.218 
IF (DAY.EQ.219 
IF (DAY.EQ.220 
IF (DAY.EQ.221 
IF (DAY.EQ.222 
IF (DAY.EQ-223 
IF (DAY.EQ.234 
IF (DAY.EQ.235 
IF (DAY.EQ.236 
IF (DAY.EQ.237 
IF (DAY.EQ.240 
IF (DAY.EQ.241 
IF (DAY.EQ.242 
IF (DAY.EQ.243 
IF (DAY.EQ.247 
IF (DAY.EQ.248 
IF (DAY.EQ.250 

AND. 
AND. 
AND. 
AND. 
AND. 
AND. 
AND. 
AND. 
AND. 

TME 
TME 
TME 
TME 
TME 
TME 
TME 
TME 
TME 

GT. 
LT. 
GT. 
LT. 
GT. 
LT. 
GT. 
LT. 
GT. 

1215 
0945 
1245 
0945 
1115 
0945 
1315 
0745 
1145 

GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 

9 
9 
9 
9 
9 
9 
9 
9 

AND-TME.LT.1515) 

190.AND.TME.GT.1015.AND.TME.LT.134 5) 

191.AND.TME.LT.1115.AND.TME.LT.1445) 

19 3.AND.TME.GT. 
1 9 4 . A N D . T M E . L T . 

194.AND-TME.GT. 
1 9 5 . A N D . T M E . L T . 

198.AND.TME-GT. 
1 9 9 . A N D . T M E . L T . 

201.AND.TME-GT. 

.AND.TME 

.AND.TME 

.AND.TME 

.AND.TME 

.AND.TME 

.AND.TME 

.AND.TME 

.AND.TME 

.AND.TME 

.AND.TME 

.AND.TME 
) GOTO 9 
) GOTO 9 
,AND.TME 
.AND.TME 
.AND.TME 
.AND.TME 
.AND -TME 
.AND.TME 
.AND.TME 
.AND.TME 
.AND.TME 
.AND.TME 
.AND.TME 
.AND.TME 

.GT. 

.LT. 

.GT. 

.LT. 

.GT. 

.LT. 
-GT. 
.LT. 
-GT. 
.LT. 
.GT. 

. LT. 

.GT. 

. LT. 

.GT. 

.LT. 

.GT. 

. LT. 

.GT. 

. LT. 

.GT. 

. LT. 

.GT. 

1045) 
0715) 
0945) 
1245) 
1145) 
0715) 
45.AND 

1115) 
0945) 
1145) 
0745) 
1915) 
0845) 
1045) 
0845) 
1015) 
0^45) 
1115) 

GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
TME 

GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 

0845) 
1900) 
0845) 
0945) 
0845) 
1115) 
0845) 
1145) 
0845) 
1045) 
0845) 
1145 ) 

GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 

9 
9 
9 
9 
9 
9 
LT 

9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 

9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 

915) 
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^J 

IF (DAY.EQ.251.AND.TME.LT.0845) GOTO 9 
IF (DAY.EQ.25 3.AND.TME.LT.1015) GOTO 9 
IF (DAY.EQ.254.AND.TME.LT.0845) GOTO 9 

C 
C OUTPUT FOR EQUATION EVALUATION FILES 
C 

WRITE (5,130) DAY,TME,RAT,SENT,RAJ,SENJ,RAC,SENC, 
"'RA2 , SENS , RAHAT , SENH , RAl , FLUXS 

130 FORMAT (IX,I 3,IX,I 4,12(IX,F7.2)) 
C 
C OUTPUT FOR SEASONAL EVALUATION 
C 

WRITE (5,130) DAY,TME,RA1,FLUXS,RAHAT,SENH,WIND3 
130 FORMAT (IX,I 3,IX,14,5(IX,F7.2)) 

C 
C 

9 TEMPA=TEMPF 
10 CONTINUE 

DO 15 K=1,6 
READ (4,*) 
READ (1,*) 

15 CONTINUE 
DO 16 K=l,4 
READ (2,*) 

16 CONTINUE 
CLOSE (UNIT=4) 

45 CONTINUE 
GOTO 1000 

1000 CLOSE (UNIT=1) 
CLOSE (UNIT=2) 
CLOSE (UNIT=3) 
CLOSE (UNIT=5) 
END 
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V-r 

APPENDIX B 

AERODYNAMIC COMPONENTS 

DETERMINED BY MATHCAD 

Table B . l . The 90 wind p r o f i l e s t h a t came t o s o l u t i o n . 

NORTHEAST LYSIMETER 

DAY 

172 
172 
179 
183 
189 
189 
189 
197 
197 
198 
198 
199 
199 
200 
205 
205 
206 
206 
211 
211 
213 
214 
216 
216 
216 
216 
216 
216 
216 
217 
217 
217 
217 

TME 

1245 
1415 
815 
1215 
315 
545 
615 
1515 
2045 
615 
1045 
2015 
2045 
2345 
1345 
1415 
1245 
1315 
1745 
2015 
1415 
315 
1145 
1245 
1315 
1345 
1415 
1445 
1515 
1145 
1215 
1415 
1645 

RI 

.0004 
-.0030 
.0034 
.0020 
.0008 
.0012 

-.0013 
.0011 
.0012 
-0005 

-.0036 
.0014 
.0015 
.0012 
.0005 
.0017 
.0000 
.0011 
.0016 
.0001 
.0000 
.0008 
.0006 
.0004 
.0009 
.0013 
.0013 
.0018 
.0031 
.0016 
.0000 
.0013 
.0003 

CH 

.51 

.51 

.70 

.83 
1.16 
1.16 
1.16 
1.74 
1.74 
1.80 
1.80 
1.87 
1.87 
1.87 
2.18 
2.18 
2.25 
2.25 
2.69 
2.69 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 

WINDl* 
1.0 in 

5.30 
5.50 
4.88 
4-10 
3.17 
2.98 
3.32 
3.57 
5.13 
2.67 
4.48 
5.13 
4.72 
3.95 
3.75 
3.90 
3.60 
3.55 
3.27 
1.98 
2.70 
2.58 
2.92 
2.80 
3.15 
2.80 
3.07 
3.13 
3.03 
2.22 
2.45 
2.78 
3.33 

WIND2 
1.3 m 

~ in — 

5.70 
5.88 
5.28 
4.40 
3.52 
3.27 
3.63 
3.78 
5.40 
2.88 
4.80 
5.52 
5.10 
4.20 
4-15 
4.27 
4.00 
3.93 
3.58 
2.27 
2.98 
2.90 
3.15 
3.05 
3.45 
3.15 
3.35 
3.45 
3.27 
2.62 
2.88 
3.33 
3.78 

WIND3 
1.8 m 

6.10 
6.37 
5.77 
4.80 
3.83 
3.63 
4.05 
4.20 
6.03 
3.18 
5.23 
6.12 
5.62 
4.75 
4.63 
4.80 
4.45 
4.40 
4.05 
2.45 
3.22 
3.08 
3.52 
3.38 
3.82 
3.47 
3.72 
3.83 
3.62 
2.70 
3.00 
3.45 
4.05 

WIND4 
2.8 m 

6.77 
7.03 
6.48 
5.38 
4.42 
4.15 
4.63 
4.65 
6.62 
3.58 
5.85 
6.87 
6.33 
5.33 
5.37 
5.52 
5.22 
5.07 
4.67 
2.93 
3.68 
3.58 
4.02 
3.90 
4.38 
4.05 
4.22 
4.42 
4.17 
3.27 
3.60 
4.25 
4.73 

U* d 

m/s m 

.631 .362 

.632 .453 

.702 .531 

.636 .428 

.577 .865 

.520 .968 

.604 .909 

.506 1.496 

.674 1.578 

.421 1.545 

.680 1.340 

.788 1-665 

.736 1.635 

.692 1.501 

.806 1.742 

.803 1.771 

.936 1.459 

.672 2.051 

.687 2.327 

.512 2.026 

.432 2.559 

.470 2.394 

.614 2.129 

.654 1.952 

.595 2.414 

.546 2.583 
-493 2.650 
.621 2.418 
.805 1.466 
.536 2.144 
.476 2.591 
.811 1.961 
.581 2.639 

ôm 

.036 

.030 

.068 

.100 

.134 

.114 

.131 
-070 
.052 
.094 
.094 
.084 
.089 
.134 
.213 
.192 
.368 
.137 
.194 
.334 
.092 
.142 
.234 
.314 
.154 
.143 
.087 
.171 
.488 
.286 
.13" 
.42" 
.105 
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Appendix B, continued 

DAY 

220 
220 
221 
223 
224 
224 
224 
226 
228 
228 
229 
229 
229 
229 
229 
229 
229 
229 
229 
230 
234 
248 
249 
249 
249 
257 
259 

TME 

945 
1015 
1015 
1415 
45 

1745 
1815 
1245 
915 
1845 
45 
145 
215 
415 
515 
545 
1245 
2015 
2045 
115 
1245 
1315 
1045 
1145 
1545 
815 
745 

RI 

.0002 

.0012 

.0016 

.0017 

.0007 

.0007 

.0016 

.0003 
-.0026 
.0006 
.0004 
.0008 
.0007 
.0009 
.0000 
.0001 
.0009 
.0014 
.0009 
.0011 
.0008 
.0008 
.0001 
.0017 
.0019 
.0002 
.0007 

CH 

2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 
2.77 

WINDl* 
1.0 m 

3.18 
2.93 
2.92 
2.12 
1.48 
3.58 
3.67 
4.33 
3.52 
2.90 
3.48 
3.18 
3.32 
2.65 
2.47 
2.40 
4.73 
4.35 
4.22 
2.77 
3.22 
3.88 
3.48 
3.42 
3.50 
3.55 
2.47 

WIND2 
1.3 m 

~ m ~ 

3.55 
3.28 
3.23 
2.40 
1.80 
3.90 
3.97 
4.95 
3.80 
3.10 
3.77 
3.45 
3.63 
2.87 
2.75 
2.62 
5.17 
4.73 
4.57 
2.98 
3.48 
4.17 
3.82 
3.78 
3.75 
3.93 
2.73 

WIND3 
1.8 m 

3.82 
3.53 
3.53 
2.53 
1.88 
4.38 
4.47 
5.25 
4.18 
3.47 
4.10 
3.80 
3.98 
3.20 
2.98 
2.90 
5.53 
5.07 
4.90 
3.33 
3.83 
4.57 
4.10 
4.03 
4.10 
4.27 
2.97 

WIND4 
2.8 m 

4.48 
4.08 
4.08 
3.00 
2.37 
5-12 
5.13 
6.27 
4.75 
3.92 
4.67 
4.28 
4.58 
3.67 
3.45 
3.35 
6.33 
5.83 
5.67 
3.82 
4.40 
5.18 
4.67 
4.63 
4.63 
4.93 
3.40 

U* 

m/s 

.811 

.493 

.578 

.634 

.620 
1.080 
.813 
1.333 
.712 
.548 
.691 
.472 
.706 
.580 
.465 
.558 
.968 
1.179 
.856 
.671 
.798 
.765 
.562 
-644 
.699 
.693 
,402 

d 

m 

1.748 
2.595 
2.327 
1.260 
1.307 
1.509 
2.140 
1.417 
1.98" 
2.235 
1.993 
2.647 
2.078 
2.078 
2.410 
1.977 
1.845 
1.017 
1.736 
1.790 
1.602 
1.983 
2.419 
2.146 
1.968 
2.300 
2.600 

Zom 

.400 

.101 

.180 
-625 
.898 
.582 
.257 
.607 
.231 
.177 

.071 

.245 

.260 

.152 

.307 

.257 

.601 

.267 

.366 

.414 

.223 

.105 

.180 

.211 

.rs 

.094 

SOUTHEAST LYSIMETER 

170 
189 
193 
196 
197 
198 
201 

615 
1015 
1345 
715 
215 
645 
815 

202 2345 
203 215 
203 515 

.0059 

.0000 

.0073 

.0008 

.0034 

.0005 
-.0012 
.0008 
.0008 
.0008 

.48 
1.23 
1.53 
1.78 
1.86 
1.93 
2 .11 
2 .16 
2 .21 
2 .21 

3 .12 
3 .98 
1.60 
2 .07 
2 .68 
2 .98 
2 .55 
2 .07 
2 .12 
2 .95 

3 .50 
4 .28 
1.78 
2 .30 
2 .93 
3 .28 
2 .90 
2 .38 
2 .30 
3 .18 

3.77 
4 .85 
2 .05 
2 .57 
3 .28 
3 .63 
3.05 
2 .63 
2 .70 
3 .65 

4 .37 
5.52 
2 .52 
3.00 
3.82 
4 .20 
3.57 
3.20 
3.17 
4 . 2 3 

.553 

.799 

.550 

.465 

.709 

.637 

.475 

.721 

.651 

.800 

.247 

.772 

.948 
1.348 
1.050 
1.407 
1.732 
1.089 
1.348 
1.317 

.120 

.191 

.485 

.230 
-410 
.223 
.148 
.630 
.495 
-421 

207 645 .0012 2 .51 2 .48 2 .73 3.12 3.67 .701 1.735 -417 
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Appendix B, continued 

DAY 

209 
211 
216 
216 
221 
221 
221 
226 
226 
227 
227 
227 
227 
229 
233 
239 
251 
259 
259 

TME 

1415 
1815 
1145 
1245 
1415 
1545 
1645 
445 
2215 

15 
515 
645 
1745 
645 
1315 
815 
1345 
745 
1645 

RI 

.0016 

.0009 

.0006 

.0009 

.0020 

.0015 

.0017 

.0007 

.0006 

.0004 

.0010 

.0004 

.0012 

.0004 

.0015 

.0009 

.0011 

.0003 

.0013 

CH 

2.68 
2.81 
2.85 
2.85 
2.85 
2.85 
2.85 
2.85 
2.85 
2.85 
2.85 
2.85 
2.85 
2.85 
2.85 
2.85 
2.85 
2.85 
2.85 

WINDl* 
1.0 m 

2.35 
3.28 
2.83 
2.62 
5.23 
4.47 
3.98 
1.88 
2.02 
2.62 
2.28 
1.85 
1.95 
2.75 
3.13 
2.13 
1.90 
2.40 
2.57 

WIND2 
1.3 m 

2.52 
3.55 
3.12 
2.87 
5.62 
4.77 
4.37 
2.03 
2.17 
2.93 
2.50 
2.03 
2.17 
3.00 
3.52 
2.35 
2.13 
2.60 
2.77 

WIND3 
1.8 m 

2.78 
4-10 
3.42 
3.17 
6.30 
5.37 
4.82 
2.30 
2.42 
3.17 
2.73 
2.22 
2.43 
3.30 
3.78 
2.55 
2.30 
2.92 
3.07 

WIND4 
2.8 m 

3.18 
4.77 
3.92 
3.62 
7.25 
6.17 
5.57 
2.62 
2.78 
3.70 
3.18 
2.58 
2.82 
3.80 
4.48 
2.98 
2.72 
3.38 
3.53 

u* 

m/s 

.600 

.901 

.489 

.456 
1.377 
1.255 
.862 
.367 
.524 
.559 
.646 
.479 
.388 
.611 
.941 
.604 
.554 
.630 
.663 

d 

m 

1.333 
2.001 
2.622 
2.609 
1.696 
1.475 
2.240 
2.483 
1.655 
2.298 
1.468 
1.̂ 3̂5 
2.650 
2.073 
1.492 
1.479 
1.601 
1.850 
1.638 

^om 

.471 
-411 
.114 
.117 
.456 
.555 
.241 
.169 
-454 
.224 
.556 
.432 
.152 
.280 
.594 
.553 
.544 
.420 
.452 

Zero plane displacement (d), friction velocity (U*), roughness 
length (Zom), Ri=Richardson number (equation 3.12), and 
CH=crop height 

''Wind heights represent height above crop. 
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APPENDIX C 

FORTRAN PROCESSING PROGRAM FOR CALCULATING 

CANOPY RESISTANCE COMPONENTS 1 

INTEGER DAY,DAYl,DAY2,DAY3,TME,TME1,TME2,TME3 
CHARACTER*11 INFIL4 
REAL LAI,K 
OPEN (UNIT=1,FILE='SE90220.TA1',STATUS='OLD') 
OPEN (UNIT=2,FILE='SE90220.TA2',STATUS='OLD') 
OPEN (UNIT=3,FILE='SE220.FIL',STATUS='OLD') 
OPEN (UNIT=6,FILE='SE220LYS.DAT',STATUS='OLD') 
OPEN (UNIT=5,FILE='SE90220.RCS',STATUS='UNKNOWN') 

109 FORMAT (Al) 
READ (1,*) 
DO 45 M=l,10 
READ (1,110,END=1000) DAY 

110 FORMAT (T7,I3) 
READ (2,111,END=1000) DAYl 

111 FORMAT (T9,I3) 
READ (3,112) INFIL4,THETA,CH,LAI 

112 FORMAT (T1,A11,T13,F4.2,T18,F4.2,T23,F4.2) 
OPEN (UNIT=4,FILE=INFIL4,STATUS='OLD') 
READ (4,*) 
READ (4,*) 
READ (4,105) DAY2 
WRITE (*,*) DAY,DAYl,DAY2 

105 FORMAT (T31,I4) 
IF (DAY.NE.DAYl) GOTO 1000 
IF (DAY1.NE.DAY2) GOTO 1000 
DO 7 1=1,8 
READ (4,*) 

7 CONTINUE 
DO 10 1=1,48 
READ (1,115) TME,ET,CATCH,RADNET,WIND1,WIND2, 
~WIND3,WIND4,TEMPI,TEMP2 

115 FORMAT (Tl,I4,T21,F6.2,T28,F7.2,T67,F7.1,T117,F6.2, 
~T124,F6.2,T131,F6.2,T138,F6.2,T145,F6.2,T152,F6.2) 
READ (2,120) TMEl,DBl,WBl,DB2,WB2,DB3,WB3,DB4,WB4, 
~TEMP4,TEMPS,TEMP6,TEMP7,FLUX1,FLUX2,FLUX3,FLUX4, 
~SOLTRl,S0LTR2 

120 FORMAT (T3,14,TIO,F6.2,T17,F6.2,T24,F6.2,T31,F6.2, 
~T38,F6.2,T45,F6.2,T52,F6.2,T59,F6.2,T68,F6.2,T7 5, 

1. See Appendix A for glossary of program variable names 
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~F6.2,T82,F6.2,T89,F6.2,T98,F-.2,T106,F-.2,T114 
~F7.2,T122,F7.2,T44,F6.1,T5 2,F6.1) 
READ (4,122) TME2,S0L,WND 

122 FORMAT (Tl,14,T60,F6.1,T24,F5.2,Tl9,F4.2) 
READ (6,127) TME3,TRANSM 

127 FORMAT (T6,14,Tl2,F4.2) 
IF (TME.NE.TMEl) GOTO 1000 
IF (TMEl.NE.TME2) GOTO 1000 
TEMPF=(TEMP4+TEMP5+TEMP6+TEMP7)/4 

C 
IF (TME3.NE.TME) GOTO 1000 

C 
IF (M.EQ.1.AND.TME.EQ.0015) GOTO 8 
IF (M.GE.1.AND.TME.GT.0015) GOTO 6 

6 FLUX5=(FLUX1+FLUX2+FLUX3+FLUX4)/4 
C 
C SOIL HEAT FLUX CORRECTION 
C 

TEMPB=TEMPA-TEMPF 
C=l.125+4.2*THETA 
FLUX6=FLUX5+(C*1E6*0.05*TEMPB/1800) 
GOTO 11 

8 FLUX6=(FLUXl+FLUX2+FLUX3+FLUX4)/4 
11 IF (FLUXl.EQ.-999.90) FLUX6=-99.9 

IF (FLUX2.EQ.-999.90) FLUX6=-99.9 
IF (FLUX3.EQ.-999.90) FLUX6=-99.9 
IF (FLUX4.EQ.-999.90) FLUX6=-99.9 

C 
C PSYCHROMETRIC CONSTANT 
C 

IF (WIND3.LE.0.5) GOTO 9 
CP=1004.8 
EPS=.622 
PRESS=88.5 
IF (DB3.EQ.0.0) DB3=lE-6 
HEAT3=(2.501-(2.361E-03*DB3))*1E6 
HEAT=(2.501-(2.361E-03*DB3))*1E3 
IF (HEAT3.EQ.0.0) HEAT3=lE-6 
PSYC3=0.00066*PRESS*(1-0.00115*WB3) 

C 
IF (DB4.EQ-0.0) DB4=lE-6 
HEAT4=(2.501-(2.361E-03*DB4))*1E6 
IF (HEAT4.EQ.0.0) HEAT4=lE-6 
PSYC4=0.00066*PRESS*(1-0.00115*WB4) 

C 
C VAPOR PRESSURE AND RELATIVE HUMIDITY 
C 

ESAT3 = EXP( ( 16.78*DB3-116.9)/(DB3 + 23'̂ .3) ) 
ESATW3=EXP((16.78*WB3-116.9)/(WB3+23 7.3)) 
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EACT3=ESATW3-PSYC3*(DB3-WB3) 
IF (DB3.EQ.-99.9.0R.WB3.EQ.-99.9) EACT3=-99.9 
VPD3=ESAT3-EACT3 
IF (EACT3.EQ.-99.9) VPD3=-99.9 

C 
ESATC=EXP((16.78*TEMPl-116.9)/(TEMPl+237.3)) 

C 
C RHO CP 
C 

TV=(DB3+273.1)/(1.0-0.378*(EACT3/PRESS)) 
RHO=(PRESS/(TV*287.0))*1000 
RHOCP=RHO*CP 
IF (EACT3.EQ--99.9) RHOCP=-99.9 

C 
C CONVERT ET TO LE IN WATTS/M2 
C 

FLUXLE=(-(ET*HEAT3))/1800 
IF (ET.LT.0.03) FLUXLE=lE-3 
IF (ET.EQ.-99.9) FLUXLE=-99.9 
IF (DB3.EQ.-99.9) FLUXLE=-99.9 
IF (FLUXLE.LT.-900.00.OR.FLUXLE.GT.900.00) FLUXLE=-99.9 
IF (CATCH.GE.0.02) FLUXLE=-99.9 

C 
C RESIDUAL SENSIBLE HEAT FLUX 
C 

FLUXS=-(RADNET)-FLUXLE-FLUX6 

C 
C Restrictions 
C 

IF (RADNET.EQ.-99.9) FLUXS=-99.9 
IF (FLUXLE.EQ.-99.9) FLUXS=-99.9 
IF (FLUXS.GE.-40.O.AND.FLUXS.LE.40.0) FLUXS=-99.9 
IF (FLUX6.EQ.-99.9) FLUXS=-99.9 
IF (FLUXS.LT.-600.00.OR.FLUXS.GT.600.00) FLUXS=-99.9 

C 
C BASIC TERMS 
C 
C 
C Ta-Tc 
C 

DIFF1=DB3-TEMP1 
IF (DB3.EQ.-99.9-OR.TEMP1.EQ.-99.9) DIFFl=-99.9 

C 
C Reference height 
C 

Z1=CH+1.0 
Z2=CH+1.3 
Z3=CH+1.8 
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C Zero plane displacement and roughness length 
C 

D=0.73*CH 
ZOM=0.41*(CH-D) 

C 
C Wind components 
C 

ZA=(Z3-D)/Z0M 
F1=L0G(ZA) 

C 
C Temperature in ^K 
C 

TA=DB3+273.16 
TC=TEMPl+273.16 
TACA=(TA+TC)/2 

C 
C Constants: Acceleration due to gravity and von 
C Karman's 
C 

G=9.8 
VON=0.41 

C 
IF (SOL.LE.0.0) SOL=-99.9 
IF (WIND3.LE.0.0) WIND3=lE-6 

C 
C MOMENTUM ram (Thom, 1975) 
C 

RA2=(Fl**2)/((VON**2)*(WIND3)) 
C 
C Restrictions 
C 

IF (RA2.EQ.0.0) RA2=-99.9 
C 
C MONTEITH rah (Monteith, 1973) 
C 

HAT1=(5.0*(Z3-D)*9.8*DIFF1)/(TACA*(WIND3**2)) 
RAHAT=RA2*(1+HAT1) 

C 
C Restrictions 
C 

IF (RAHAT.LE.0.0) RAHAT=-99.9 
IF (DIFFl.EQ.-99.9) RAHAT=-99.9 
IF (WIND3.EQ.-99.9) RAHAT=-99.9 
IF (RAHAT.EQ.-99.9) RAHAT=RA2 

C 
C RESIDUAL re (Equation 4.05) 
C 

RCH=((RHOCP*(EACT3-ESATC))/(FLUXLE*PSYC3))-RAHAT 
C 
C Restrictions 
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IF (DIFFl.EQ.-99.9) RCH=-99.9 
IF (RAHAT.EQ.-99.9) RCH=-99.9 
IF (RCH.LE.0.0) RCH=-99.9 
IF (FLUXLE.EQ.-99.9) RCH=-99.9 
IF (RCH.GE.1000.0) RCH=-99.9 
IF (TME.GT.0000.AND.TME.LT.0"15.AND.ET.GT.0.0 3) 

~RCH=-99.9 
IF (RCH.EQ--99.9) RCHI=-99.9 

C 
C LEp FROM TRANSPIRATION DATA 
C 

FLUXTR=-(TRANSM*HEAT3)/1800 
C 
C Restrictions 
C 

IF (TRANSM.LE.0.0) FLUXTR=-99.9 
IF (HEAT3.EQ.0.0) FLUXTR=-99.9 

C 
C r 
C 

P 

RCHTR=((RHOCP*(EACT3-ESATC))/(FLUXTR*PSYC3))-RAHAT 
C 
C Restrictions 
C 

IF (FLUXTR.EQ.-99.9) RCHTR=-99.9 
IF (DB3.EQ.-99.9-OR.WB3.EQ.-99.9) RCHTR=-99.9 
IF (RAHAT.EQ.-99.9) RCHTR=-99.9 
IF (RCHTR.LE.0.0) RCHTR=-99.9 
IF (RCHTR.GE.1000.0) RCHTR=-99.9 

C 
C SEASONAL EVALUATION OF PREDICTED re THROUGH 
C CALCULATION OF LE 
C 

IF (DAY.LT.213) RC=62.1+2.84*TEMPl-0.112*S0L 
IF (DAY.GT.212) RC=280.8-7.19*TEMP1+9.01*DB3-

~34.3*LAI-0.13*S0L 
C 

FLXLE=RHOCP*(EACT3-ESATC)/(PSYC3*(RC+RAHAT)) 
C 
C Restrictions 
C 

IF (FLUXLE.LE.-1000.00) FLXLE=-99.9 
IF (FLUXLE.GE.0.0) FLXLE=-99.9 
IF (SOL.EQ.-99.9) RC=-99.9 
IF (DB3.EQ.-99.9.0R.WB3.EQ.-99.9) RC=-99.9 
IF (RAHAT.EQ.-99.9) RC=-99.9 
IF (RC.EQ.-99.9) FLXLE=-99.9 

C 
C SEASONAL EVALUATION OF PREDICTED rp 
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J ^ 

c 
c 
c 

IF (DAY.GT.212) RCHTRA=813.0-8.3*TEMP1-59.9*LAI 
~0.27*SOL 
IF (DAY.LT.213) RCHTRA=461.7-9.8*TEMP1-.21*SOL 

Restr ict ions 

IF (SOL.EQ.-99.9) RCHTRA=-99.9 
IF (TEMPI.EQ.-99.9) RCHTRA=-99.9 
IF (DB3.EQ.-99.9) RCHTRA=-99.9 
IF (RCHTRA.LT.0.0) RCHTRA=-99.9 

C 
C 
C 

EDIT DATA FOR IRRIGATIONS 

21 IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
GOTO 
IF 
GOTO 
IF 
GOTO 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
GOTO 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 

(DAY 
(DAY 
(DAY 
(DAY 
(DAY 
(DAY 
(DAY 
(DAY 
(DAY 
9 

(DAY 
9 

(DAY 
9 

(DAY 
(DAY 
(DAY 
(DAY 
(DAY 
(DAY 
(DAY 
9 

(DAY 
(DAY 
(DAY 
(DAY 
(DAY 
(DAY 
(DAY 
(DAY 
(DAY 
(DAY 
(DAY 
(DAY 
(DAY 
(DAY 

. EQ. 

.EQ. 

.EQ. 

.EQ. 

.EQ. 

.EQ. 

.EQ. 

.EQ. 

.EQ. 

180.AND 
181.AND 
183.AND 
184.AND 
184.AND 
185.AND 
186.AND 
187.AND 
187.AND 

.TME 
-TME 
.TME 
.TME 
.TME 
.TME 
.TME 
-TME 
.TME 

GT.1215 
LT.0945 
GT.1245 
LT.0945 
GT.111 5 

0945 
1315 
0745 
1145 

LT 
GT 
LT 
GT 

GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 

9 
9 
9 
9 
9 
9 
9 
9 

AND.TME.LT.1515) 

.EQ.190.AND.TME-GT.1015.AND.TME.LT.1345) 

.EQ.191.AND.TME.GT.1115.AND.TME.LT.1445) 

.EQ.193.AND.TME.GT.1045) GOTO 9 

.EQ.194.AND.TME.LT.0715) GOTO 9 

.EQ.194.AND.TME.GT.0945) GOTO 9 

.EQ.195.AND.TME.LT.1245) GOTO 9 

.EQ.198.AND.TME.GT.1145) GOTO 9 

.EQ.199.AND.TME.LT.0715) GOTO 9 

.EQ.201.AND.TME.GT.4 5.AND.TME.LT.915) 

.EQ.207.AND.TME.GT.1115) GOTO 9 

.EQ.208.AND.TME.LT.0945) GOTO 9 

.EQ.212.AND-TME.GT.1145) GOTO 9 

.EQ.213.AND.TME.LT.0':'45) GOTO 9 

.EQ.214.AND.TME.GT.1915) GOTO 9 

.EQ.215.AND.TME.LT.0845) GOTO 9 

.EQ.215.AND-TME.GT.1045) GOTO 9 

.EQ.216.AND.TME.LT.0845) GOTO 9 

.EQ.218.AND.TME.GT.1015) GOTO 9 

.EQ.219.AND.TME.LT.0745) GOTO 9 

.EQ.220.AND.TME.GT.1115) GOTO 9 

.EQ.221) GOTO 9 

.EQ.222) GOTO 9 

.EQ.223.AND.TME.LT.0845) GOTO 9 
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V 

IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 

DAY.EQ.234.AND.TME.GT.1900 
DAY.EQ- 235.AND.TME.LT.084 5 
DAY.EQ.236.AND.TME.GT.0945 
DAY.EQ.237.AND.TME.LT.0845 
DAY.EQ.240.AND.TME-GT.1115 
DAY.EQ.241.AND.TME.LT.0845 
DAY.EQ.242.AND.TME.GT.1145 
DAY.EQ.243.AND.TME.LT.0845 
DAY.EQ.247.AND.TME.GT.1045 
DAY.EQ- 248.AND -TME.LT.0845 
DAY.EQ.250.AND.TME.GT.1145 
DAY.EQ.251.AND.TME.LT.0845 
DAY.EQ.25 3.AND-TME.LT.1015 
DAY.EQ.254.AND.TME.LT.0845 

GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 

9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 

C OUTPUT 
C 

WRITE (5,130) DAY,TME,SOL,VPD3,TEMPI,DB3,WIND3,LAI 
"RCH,RC,RCHTR,RCHTRA,FLUXTR,FLUXLE,FLXLE 

130 FORMAT (T2,I 3,T6,I 4,T11,13(IX,F7.2)) 
C 

9 TEMPA=TEMPF 
10 CONTINUE 

DO 15 L=l,6 
READ (4,*) 
READ (1,* ) 

15 CONTINUE 
DO 16 J=l,4 
READ (2,*) 

16 CONTINUE 
CLOSE (UNIT=4) 

45 CONTINUE 
GOTO 1000 

1000 CLOSE (UNIT=1) 
CLOSE (UNIT=2) 
CLOSE (UNIT=3) 
CLOSE (UNIT=5) 
END 
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