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ABSTRACT

Grant, R.F. and Baldocchi, D.D., 1992. Energy transfer over crop canopies: simulation and experimental
verification. Agric. For. Meteorol., 61: 129-149.

The exchange of energy between the atmosphere and the surfaces of crops and soils stabilizes the
thermal regimes at these surfaces, allowing sustained biological activity to occur. In this study, a simple
Eulerian submodel of energy exchange was constructed from published algorithms in order to reproduce
the dynamics of water and energy exchange between the soil-crop surface and the atmosphere as part of
a larger agroecosystem model. Hourly output from the submodel was compared with data recorded over
a soybean (Glycine max. L. Merr.) canopy at Mead, Nebraska on two dates during which soil water status
differed. Recorded diurnal trends of leaf water potential and leaf stomatal resistance were reproduced in
simulated diurnal trends of canopy water potential and canopy stomatal resistance on both dates. Under
water stress, simulated canopy water potential was 0.1-0.2 MPa higher, and simulated canopy stomatal
resistance approximately 25% lower, than recorded leaf values. Simulated fluxes of net radiative energy,
and of latent, sensible, and soil heat were within SOW m™? of recorded values. Differences between
simulated canopy and recorded air temperatures were consistent with those calculated at other sites under
comparable atmospheric conditions. Inclusion of these algorithms in the agroecosystem model allowed a
more comprehensive validation of the simulated transport of water and energy through the agroecosystem
than would otherwise be possible.

INTRODUCTION

Radiative energy received from the sun and the atmosphere is exchanged
for latent and sensible heat by crop and soil surfaces. The relative amounts of
latent and sensible heat exchanged by these surfaces are understood to be
mediated by resistance to water movement in aqueous and vapor phases
between the crop or soil and the atmosphere. Through this exchange, the
thermal and hydrologic regimes of the crop and soil are stabilized, allowing
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biological activity to be sustained. If these regimes are to be reproduced
mathematically in ecological simulation models, then the processes through
which energy exchange occurs should be explicitly represented.

In more detailed models of energy exchange the crop canopy is resolved
spatially into horizontal layers (e.g. Shawcroft et al., 1974), or biologically
into sunlit and shaded leaf fractions (e.g. Norman, 1982) for each of which the
transfer of short wave and thermal radiation, of latent and sensible heat, and
of CO, is calculated. The transfer of radiation through the canopy is based
upon the interception, reflection and transmission of direct and diffuse solar
irradiance by leaf surfaces defined by height, azimuth and inclination within
the canopy. The transfer of latent and sensible heat and of CO, through the
canopy is based upon vertical gradients of humidity, temperature and CO,
concentration, and upon eddy diffusion coefficients. Validation of model
output with vertical profiles of net radiation, humidity, temperature, CO, and
wind speed allows a rigorous test of fundamental hypotheses about energy
transfer. However, such data are difficult and expensive to collect over the
wide range of conditions necessary for such validation.

Considerable simplification of such models may be achieved by assuming
that eddy diffusion within the canopy is high, so that vertical profiles of
humidity, temperature, CO, and wind speed are relatively uniform. The
validity of this assumption is supported by detailed Lagrangian random walk
models (Baldocchi, 1990). In these simplified models, the canopy is treated as
being within a single air layer for purposes of latent and sensible heat
exchange. Output from single and multi-layered models have been observed
to be within 10% for daily fluxes of transpiration (Sinclair et al., 1976) and
within 2% for short-term fluxes of latent and sensible heat (De Wit, 1978).
The use of a single air layer within the canopy has therefore been considered
to be reasonable for closed canopies. For open canopies, an additional layer
1s required in the model for energy exchange between the soil surface and the
crop-atmosphere.

An important application of the simulation of energy exchange is the
estimation of canopy temperature and transpiration under changing soil and
atmospheric conditions. In this application, the inter-relationship is simulated
between atmospheric energy exchange and canopy water status, mediated by
the effects of soil and canopy water status on resistance to the transport of
water in liquid and vapor phases. The canopy water status in turn influences
its rate of CO, assimilation, and consequently its growth, and is thus of
considerable agronomic interest. However, in earlier attempts to simulate
canopy water status (e.g. Zur and Jones, 1981; Hoogenboom et al., 1987;
Grant, 1990a) the canopy energy exchange has not been explicitly represented.
In order to represent the linkages between water movement and energy
transfer within the soil-crop-atmosphere system, the simulation model of
Grant (1990a) was extended to include a more comprehensive treatment of
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radiative energy and latent heat transfer through the atmosphere, canopy, and
soil surface, as well as a treatment of sensible heat transfer and canopy
temperature. This extension involved the integration into the model of several
interrelated algorithms from the literature in which separate processes of
water and energy transfer within the ecosystem are described. The objective
of this study was to examine the behavior of a first order Eulerian submodel
of water and energy exchange linked to a submodel of soil-crop hydrology.
The extent to which the combined submodels could reproduce diurnal trends
in atmospheric energy exchange and canopy water status was determined
from data recorded over a soybean canopy at different levels of soil water
deficit.

MATERIALS AND METHODS

Simulation Model

The exchange of energy between crop canopies and the atmosphere is
simulated from hourly meterological data for solar irradiance, air tem-
perature, humidity, wind speed and precipitation. In this simulation, the
canopy is resolved into horizontal layers for irradiance interception, but is
considered as a single layer for latent and sensible heat transfer. Calculation
of exchange fluxes between the canopy leaf surfaces and the atmosphere is
based upon the solution of the energy balance equation

R.+LE. +CP.+LV.+H.+ S, = 0 (1)

where: R, is net irradiance retained by the canopy; LE, is latent heat flux; CP.
is thermal energy of precipitation flux retained as free water on crop leaf
surfaces; LV, is latent heat of evaporation from free water on crop leaf
surfaces; H_ is sensible heat flux; S, is change in thermal energy stored in
phytomass; all MJ m~? ground area h™'.

R, in eqn. (1) is calculated as

Rnc = Rc + Fchy + Eng + Rlc (2)

where: R, is shortwave irradiance absorbed by the canopy; R,, is thermal
emittance from the sky; R,, is thermal emittance from the ground surface; R,
is thermal emittance from the canopy; F, is fraction of emitted energy inter-
cepted by the canopy (m? canopy area m™ 2 ground area).

R, in eqgn. (2) is calculated as

K L M
R, = Z 2 Zl {(Rorgsm + Rargesm) Avi.sm

k=11=1 m=

+ Rty Agtmy — Avietm)} (3)

where: k is horizontal canopy layer number (1 is lowest; K is highest); / is leaf
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azimuth class number; m is leaf inclination class number; Ry, ;. 1s direct
shortwave irradiance absorbed by leaf surface k,/,m; sR a1k 1m) is diffuse short-
wave irradiance absorbed by leaf surface k, I, m; Ay, 18 area of leaf surface
k, [, m exposed to Ry ;m (m*m~2); A y1.m 1s total area of leaf surface k, [, m
(m’m?).

Ry\k.1.m 10 eqn. (3) is calculated as

Rotimy = I —a)1 — Tr)Rb|C050(k,1,m)| 4)

where: «, is shortwave albedo; 1, is shortwave transmission coefficient; R, is
shortwave irradiance in the direction of the solar beam; 6, , ,, is incident angle
of R, on Ay (rad) (Grant et al., 1989a).

Ryi.1m in €qn. (3) is calculated as

N
Rdl(k,l,m) = Zl Rdl(k,],m,n) (5)
where: n is sky zone number and
K
Riyimm = (1 — o)l - Tr)Rd(n)I Cos 'l(l,m,n)l {1 - Z 1 Fd(ﬁ} (6)
j=k+

where: Ry, is shortwave irradiance in the direction of sky zone n; A, 18
incident angle of R,,, on A4, (rad) (Grant et al., 1989a); E}ik +1 Fyg 18
fraction of R, absorbed by all layers j > k.
R, in eqn. (4) and Ry, in eqn. (6) are calculated from total shortwave
irradiance recorded on a horizontal surface (R,;) (Grant et al., 1989a).
Apem in eqn. (3) is calculated as

K
Avimy = Awim {1 - ; Fb(j)} 7

J=F+1

where: =%, | F, » = fraction of R, absorbed by all layers j > k.
Each F; in eqn (7) is calculated as

Fogy = Z Z (1 = o)1 — 1) {Agmll — (1 — ICOSB(,,,,,.")|“/Si“ﬁ"))]}

I=1 m=1
K

x{l_ ) F,,(,)} )
j=k+1

where: f, is inclination of sun (rad).
Each Fd(k) in eqn. (6) is calculated as

Fap = Z Z Z (1 — a)(1 = 1)/N{Aym[l — (1 = [c08G "))}

I=1 m=1n=1

X {1 - i Fd(j)} &)

J=F+1
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Fig. 1. Energy transfer processes through the soil-crop-atmosphere system represented in the simu-
lation model. Abbreviations as in text.

where: By, is inclination of sky zone n (rad).
F, in eqn. (2) is approximated as

K
F. =~ kzl Fyw (10)

on the assumption that the absorption of emitted thermal energy is similar to
that of shortwave irradiance.

R, in eqn. (2) is calculated from sky emissivity (Sellers, 1965), air tem-
perature and vapor content, R,, is calculated from the emissivities, tem-
peratures (Van Bavel and Hillel, 1976) and fractional exposures (Grant et al.,
1990) of soil and residue surfaces, and R,. is calculated from the canopy
emissivity and temperature

Rlc = F;SCO'T? (ll)

where: ¢ is canopy emissivity; ¢ is Stefan-Boltzmann constant (MJ
m2h™'K™*); T, is canopy temperature (K) on the assumption that the
fractional emittance of thermal energy per unit ground area by the canopy
may be approximated as the fractional interception of diffuse irradiance.
Energy fluxes among the atmosphere, canopy and soil surface are represented
diagrammatically in Fig. 1.

LE_ in eqn. (1) is calculated as

LEc = F::Lu(qa - qc)/(ra + rc) (12)
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where: L is latent heat of water evaporation (MJ m*); v is specific volume of
water (m*Mg™'); ¢, is vapor density (Mgm ~*) at T, (air temperature in K);
q. is vapor density (Mgm~?) at T,; r, is canopy boundary layer resistance to
vapor transport (hm™'); r, is canopy stomatal resistance to vapor transport
(hm™") on the assumption that the fractional emission of latent energy per
unit ground area by the canopy may be approximated as the fractional
interception of diffuse irradiance. The value of ¢, is calculated from recorded
T, and vapor pressure (e, in kPa) or relative humidity (RH ). Canopy vapor
flux (E, in m*m~>h~") is calculated as LE,/L.

The term r, in eqn. (12) represents the sum of the resistance to momentum
transfer and the resistance of the quasi-laminar boundary layer, calculated as

ro = n((z, + z)/z)In((z, + 2,)/2,)/(K*U,)}/(1.0-10.0 Ri) (13)

where: z, is height above the zero plane displacement height at which wind
speed is recorded (m); z, is momentum roughness parameter (m) equal to
0.125 of the canopy height, calculated in the model from the simulated lengths
of individual leaves, petioles and internodes; z, is vapor roughness parameter
(m) equal to 0.2 of z_ (Campbell, 1977); K is Von Karman constant; U, is wind
speed recorded at z,(mh~'); Ri is the Richardson number calculated from
T, — T, and U, according to Van Bavel and Hillel (1976).

The term r, in eqn. (12) is calculated as an empirical function of the canopy
turgor ¥, (MPa)

re = r(mn) + (r,(mx) — r.(mn)) e """ (14)

(Zur and Jones, 1981) where r,, is . when ¥, (canopy water potential in
MPa) = 0; rpy, is r. when ¥, = 0.

The value of r.,, is set to represent cuticular resistance to water vapor
transfer when stomata are closed. The term ¥, in eqn. (14) is a function of ¥,

lPt = lPt(mx) + CO‘Pc (15)

where: ¥, is ¥, when ¥, = 0 (1.2MPa); w is the osmotic adjustment
coefficient (0.6 MPa MPa~') (Grant and Lea, 1981), such that canopy osmotic
potential (¥,) in MPa) = ¥, — ¥,.

The value of r,, in eqn. (14) is calculated from the simulated rate of
canopy CO, assimilation under ambient irradiance, temperature, CO, and
non-limiting water. First, the total canopy resistance to gaseous diffusion of
CO,(r.COyyy in hm™' ground area) is calculated

rcCOZ(mn) = (Co - Cl)/(QC/F‘C) (16)

where: C, is ambient CO, concentration (umolm ~°); C, is intercellular CO,
concentration (umolm—%); Q. is rate of canopy CO, assimilation (umolm~*
ground area h™') at current CO,, irradiance and temperature on the assump-
tion that the fractional uptake of CO, per unit ground area by the canopy may
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be approximated as the fractional interception of diffuse irradiance. The value
of Q. in eqn. (16) is calculated as the sum of those for its leaf surfaces (Grant,
1989a; Grant et al., 1989a). Algorithms for the interception of photosynthetic
irradiance are the same as those for total shortwave irradiance (eqns. (3)-(9)),
but use «, and 7, (albedo and transmission coeflicients for photosynthetic
irradiance) in place of «, and 1, (Egns. (4) and (6)).

The value of r,CO,,, in eqn. (16) is then used to calculate r ,,, in eqn. (14)

ey = (FeCOymny — 1.4 1,)/1.6 (17)

where 1.4 and 1.6 are the ratios for boundary layer and stomatal resistances
to the diffusive transfer of CO, and water. The value of r, in eqn. (14) thus
reflects both the photosynthetic and the water status of the canopy.

CP_in eqn. (1) is calculated as

CP, = C,T,P, (18)

where: C, is volumetric heat capacity of water (MJm™*°C™'); P, is precipitation
flux retained in a free water pool on canopy leaf surfaces (m*m~>h~"); P.is
calculated from P, the precipitation flux, and from canopy LAI according to
Shaffer and Larson (1987).

LV, in eqn. (1) is calculated as is LE, in eqn. (12), but without .

LVL = FCLU(qa - qc)/ra (19)

Vapor flux from the free water pool (¥, in m*m2h™") is calculated from LV,
as is E, from LE,. The latent flux in eqn. (1) occurs as LV, (LE, = 0) if free
water is present, and as LE, (LV, = 0) if absent. If LE, > 0 (condensation)
E. occurs as V.

H_ in eqn. (1) is calculated as

Hc = F'cCa(Ta - Tc)/ra (20)

where: C, is volumetric heat capacity of air (MJm ™ °C~") on the assumption
that the fractional emission of sensible heat per unit ground area by the
canopy may be approximated as the fractional interception of diffuse
irradiance.

S, in eqn. (1) is calculated as

Sc = Cc(Tc(j—l) - Tc(j)) (21)

where: C. is areal heat capacity of the canopy (MJm 2K ™'); j is current time
step (h); j — 1 is previous time step (h); C, is estimated from v, C, and from
canopy phytomass and water content (Mgm ?). The value of T, 1s still
unknown. If from eqn. (1)

H+S = —(R.+ LE. + CP_.+ LV) (22)
and if from eqns. (20) and (21)
Hc + Sc = F‘cCa(Ta(j) - Tc(j))/ra + Cc(Tc(jfl) - Tc(j)) (23)



136 R.F. GRANT AND D.D. BALDOCCHI

then
c(]) - (FC (j)/ra + CcT::(j—]) + Rnc + LEc + CPc + LVC)/(CC + F‘cCa/ra)
(24)
H_ is then solved from T, (eqn. (20)), allowing S, to be calculated from eqn.
(21) T, (eqn. (24) is used to calculate R,. and hence R,. (eqn. (2)), as well as
g, and hence LE, (eqn. (12)) and LV, (eqn. (19)).

Water uptake by the crop root system (U, in m*m~*h~") is calculated as
the sum of that from each horizontal soil layer k within which roots have
grown (U, in m*m~2h™"). Assuming negligible capacitance in the root
system U, (k) is equal both to the radial water flux from the soil to the root

surface (Uy,,) and to the axial water flux from the root surface to the canopy
(U,y)> where

Us(k) = (lPr(k) - lI’s(k))/" a(k) (25)
and
Uw = (Y. — lPr(k))/rr(k) (26)

in which: ‘¥, is the water potential of the roots in layer kK (MPa); ¥, is that
of the soil in layer kK (MPa) (Grant, 1990a), Ty is the soil hydraulic resistance
to radial flow in layer Kk (MPahm'); ¥« 18 the root hydraulic resistance to
axial flow in layer kK (MPahm™").

The term r,, in eqn. (25) is calculated as

Fowy = {ln(d2(k)/d](k))/27t s Lrry )}Op(k)/gw(k) 27

where: d,, is mean distance between adjacent roots (m); d,, is root radius
(m) Ks(k) is mean hydraulic conductivity along radial flow path
(m*h~'MPa~"); L,(k) is root length per unit ground area in layer k (mm~?);
0, is soil porosity (m m™*); 6, is soil water content (m’m™").

The value of d,, is calculated from root length density (Lyy, in mm”~ %)
according to Gardner (1960) Ld(k) arises from the crop growth submodel
(Grant, 1989b, 1990a,b). K, is calculated as the inverse of the average
hydraulic resistivity at ‘¥, and ‘¥;,, calculated according to Green and Corey
(1971). Use of the term 6,,/6,, was suggested by Herkelrath et al. (1977) to
account for the root surface not in contact with water-filled soil pores.

The term r,, in eqn. (26) is calculated as

rr(k) = 10/(Kr Lr(k)) (28)

where: K. is specific root conductivity (1.8 x 1073 m?h~"MPa~"m per root)
estimated from data presented by De Willigen and van Noordewijk (1987). If
Uy = Uy then ¥,y may be calculated as

Yo = Fprw + Vg (k) + ryw) (29)
from which eqns. (25) and (26) are solved.
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Hourly values of E, from eqn. (12) and U, from eqns. (25) and (26) are
equilibrated by converging upon a value of W, with an acceptance criterion of
0.001. Equations (1)-(2) and (11)-(29) are solved within each convergence
cycle to arrive at a solution in which all components of the canopy-atmosphere
energy balance and the soil-canopy water potential gradient are consistent.

The simulation of energy exchange over the soil and residue surfaces (Fig. 1)
is based on the conservation of energy over each surface. Thus over soil

R.+LE +CP,+LV,+ H +S, =0 (30)

where each term corresponds to one over the canopy, and the subscript s refers
to the soil surface. The calculation of each flux in eqn. (30) is analogous to that
in eqn. (1), and is described in detail elsewhere (Grant et al., 1990). In the
agroecosystem model, the soil surface is represented as a surface layer of
0.01 m depth overlying a multilayered soil profile through which heat and
water are transported vertically. The calculation of the surface temperature
used in the calculation of these fluxes thus arises from net heat exchange
between the atmosphere, the soil surface, and the soil layer below.

These algorithms function within an agroecosystem simulation model
where they provide hourly estimates of energy exchange and consequent
movement of water and heat through the canopy and soil profile. Water and
heat status arising from these estimates are used elsewhere in the model as
inputs to biological algorithms describing microbial, root and shoot behavior.
The agroecosystem model is constructed such that a crop may or may not be
present during model execution. If a crop species is specified, values for
species-specific characteristics taken from the scientific literature are read by
the model from an external file, causing the model to reproduce the develop-
ment and growth patterns of the indicated crop species. The development and
growth of soybeans is based on the phenology subroutine of Acock et al.
(1985) linked to the photosynthesis submodel of Grant (1989a) and Grant et
al. (1989a) and to an adaptation of the partitioning submodel of Grant
(1989b) and Grant et al. (1989b).

Field Experiment

Normal (HD) and pubescent (HPD) isolines of soybeans (Glycine max. L.
Merr. cv. ‘Harosoy’) were planted in an unirrigated 150 x 210m field on a
Sharpsburg silty clay loam (Typic Argiudoll — Table 1) at Mead, NE (41°N)
during mid-May, 1980. On selected days during the growing season, vertical
profiles were recorded hourly over the crop canopy of air temperature and
vapor pressure (aspirated psychrometer; Rosenberg and Brown, 1974), wind
speed (Cayuga, Ithaca, NY three-cup anemometers model WP-1)!, and CO,

! Commercial products mentioned by name do not imply endorsement by the University of Alberta
or the NOAA to the exclusion of other suitable products.
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TABLE 1

Physical characteristics of the Sharpsburg silty clay loam at Mead, NE. Data from Garay (1981)

Layer 1 2 3 4 S 6
Depth 0.15 0.30 0.60 0.90 1.20 1.50
BD (Mgm %) 1.31 1.37 1.42 1.41 1.33 1.28
FC (m'm~%) 0.41 0.43 0.42 0.40 0-39 0.37
WP (m*m~%) 0.22 0.26 0.24 0.21 0.20 0.19
K, (mmh ') 5.0 5.0 5.0 5.0 7.5 10.0
Sand (%) 6.0 4.4 7.0 49 3.0 5.8
Silt (%) 56.4 53.1 54.2 61.3 64.2 67.1
Clay (%) 33.9 38.5 36.7 334 31.5 26.4

concentration (Beckman infrared gas analyzer model 315A and 315B). Also
recorded hourly were global radiation (Eppley, Newport, RI pyranometer
model 8-48a), and net radiation (Swissteco, Melbourne, Vic. net radiometer
type S-1) over the canopy, leaf water potential ¥, (Soil Moisture Equipment
Corp., Santa Barbara, CA pressure chamber model 3005) and leaf stomatal
resistance r; (Lambda, Lincoln, NE Instruments steady-state porometer
model LI-1600, of exposed leaves near the top of the canopy, and soil surface
heat flux (Concept Engineering Old Saybrook, CT) heat flux plate model
F-080-4) below the canopy. Crop height and LAI (Hayashi-Denco, Japan
automatic area meter type AAM-5), and soil moisture content (Campbell
Scientific, Logan, UT hydroprobe 503) were recorded weekly. Flux-gradient
theory was used to calculate flux densities of latent and sensible heat from
vertical gradient measurements. The Bowen energy balance method was used
to calculate eddy exchange coefficients. Further information about instrument
calibration, measurement techniques and energy flux calculations are given by
Baldocchi (1982) and Baldocchi et al. (1983).

Model Validation

The agroecosystem model was run from 8 May to 19 August 1980, and
simulated values for hourly energy fluxes among the soil surface, crop canopy
and the atmosphere were compared with those recorded by Baldocchi (1982)
on 24 July and 19 August 1980. Data for the physical characteristics of the soil
used by the model were those recorded from the experimental site at Mead,
NE (Table 1). Values of 6, were initialized in the model at those of field
capacity on 8 May. Data for R,, T,, U,, and e, recorded at the experimental
site were used by the model for the two dates on which comparisons with
recorded data were made. Because continuous meterological data were not
available for the experimental site during 1980, hourly values for R, 7,, U, and
e, recorded during 1988 at Urbana, IL (Grant, 1989c) were used by the model
for those dates on which comparisons with recorded data were not made.
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Fig. 2. Vertical distribution of soybean leaf area index (LAI) recorded and simulated at Mead, NE
on 25 July 1980.

Simulated precipitation events during the growing season were used by the
model to generate vertical profiles of 8, close to those recorded prior to each
of the two dates. Use of these data allowed the model to reproduce antecedent
conditions of canopy stature and soil water content recorded at the experi-
mental site on 24 July and 19 August, so that detailed comparisons with
recorded energy fluxes could be made on these dates using site weather data.

For comparison with net radiation recorded over the soil-canopy surface,
net radiation simulated on a horizontal plane (R, in MIm~>h~') was cal-
culated as

Ry = FuR + (1 — Fp)(1 — )R + Ry + F.R, + (1 — F)R,, (31)

where: «, is soil albedo; F,, is fractional interception of R, and R, calculated
as

N
Fcbd = Rc/<Rb + Zl Rd(n)) (32)

For comparison with latent and sensible fluxes recorded over the soil-canopy
surface, total simulated latent (LE,) and sensible (H,) fluxes were calculated
as

LE = LE,  + LE, (33)
and

H = H,+ H, (34)
RESULTS

2

Canopy height and LAI recorded on 24 July were 1.0m and 3.85m°m ™
while those simulated were 1.1 and 3.28 (Fig. 2). Average canopy LAI
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Fig. 3. Vertical distributions of volumetric water content through the soil profile recorded (symbols)
under ‘Harosoy’ (HD) and ‘Harosoy’ pubescent (HPD) isolines and simulated (line) at Mead, NE
on 25 July 1980. Also shown are vertical distributions of volumetric water content recorded through
the soil profile at —0.03 MPa (FC) and — 1.5 MPa (WP).

recorded on three dates during the week of 24 July was 3.52 m*m~2, indicating

some variability in measurement. Simulated precipitation events allowed the
model to reproduce the vertical profile of 6, recorded under HPD on this date,
but not he higher 8, recorded below 0.90 m under HD (Fig. 3) in the same
field. Under the meterological conditions recorded on 24 July (Figs. 4(a) and
(b)), simulated ¥, declined from pre-dawn values of approximately — 0.3 MPa
to midafternoon values of approximately — 1.4 MPa, and then recovered to
post-sunset values of —0.3MPa (Fig. 4(c)). Simulated ¥, declined from
approximately — 1.2 to — 1.6 MPa during the day, and recovered to approxi-
mately — 1.2 MPa the following night, as recorded experimentally on field
grown soybeans by Reicocky et al. (1982). Simulated ‘¥, in the upper four
soil layers followed diurnal trends that integrated the effects of simulated ‘¥,
and ¥4 (eqn. (29)). Simulated ¥, in the top soil layer remained below ‘¥,
after sunset. Under these conditions, Uy, (eqn. (25)) and U,,, (eqn. (26))
become positive, such that some redistribution of soil water occurs from soil
layers with higher ‘¥, to those with lower (Grant, 1990b). This phenomenon
has been demonstrated experimentally by Baker and Van Bavel (1988). Values
of ¥, simulated before sunrise reflected those of ¥, and ‘¥, simulated
through the rooting zone when r,, is high (eqn. (17)) and U, and Uy, are
low. Simulated ¥, and recorded ¥, were in close agreement before dawn,
indicating that the vertical profile of ‘¥, was reproduced with reasonable
accuracy on this date. Daytime ¥, declined to lower values than did ¥,, but
followed a similar diurnal trend.

The high LAI simulated on 24 July caused energy fluxes simulated at the
soil surface to remain low (Fig. 4(d)), with R, rising from slightly negative
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Fig. 4. (a) Irradiance and air temperature, (b) vapor pressure and wind speed recorded over the
soybean canopy at Mead, NE on 24 July 1980. (c) Root (‘F,) and canopy (¥,) water potentials
simulated (lines) and leaf water potentials recorded (symbols) on the same date. (d) Net radiation
(R,;), and latent (LE)), sensible (H,) and heat (S;) fluxes simulated (lines) and heat flux recorded
(symbols) over the soil surface on the same date. (e) Net radiation (R, ), and latent (LE_) and sensible
(H,) heat fluxes simulated (lines) over the soybean canopy on the same date. (f) Total net radiation
(R,), and latent (LE,) and sensible (H,) heat fluxes recorded (symbols) and simulated (lines) over the
combined soil surface and soybean canopy on the same date. Standard differences between recorded
and simulated data (MPa or Wm~2): ¥, 0.17, S, 23, R, 42, LE, 163, H, 69.
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values during the night to approximately 100 W m~? during the day, while
both LE, and H, remained low. S, declined from approximately S0 Wm >
during the night to approximately —75W m™? during the day, following
recorded values. R, rose from —75W m 2 before dawn to above 550 W m >
during mid-day (Fig. 4(e)), causing simulated LE, and H_ to decline from
approximately 25W m™? before dawn to approximately —400 Wm ? and
— 150 W m ™~ respectively during the day. R,,, LE, and H, over both soil and
crop surfaces were consistent with those recorded over the soybean canopy
(Fig. 4(f)), except between 700 and 900 h and between 17:00 and 19:00 h when
lower LE, was simulated than was recorded. Simulated LE, and H, remained
stable during the day, reflecting limitations to E, and E, imposed by higher
crop and soil resistance (r, in eqn. (12), r, in eqn. (25) and r, in eqn. (26)) to
water movement.

Canopy height and LAI recorded on 19 August were 0.8 m (owing to
lodging) and 3.42m?m~2 while those simulated were 1.1 and 3.42. Average
canopy LAI recorded on three dates during the week of 19 August was
3.15m?m™?. The water content of the soil profile above 0.75 m was recharged
between 24 July and 19 August (Fig. 5), while that below 0.9 m was slightly
depleted. Simulated precipitation events allowed the model to reproduce the
vertical profile of 6, under HPD (Fig. 5) but not the higher 6, recorded below
0.90 m under AD in the same field. Diurnal changes in R, and T, (Fig. 6(a))
recorded during 19 August were less than those recorded during 24 July
(Fig. 4(a)) while e, was higher (Fig. 6(b) vs Fig. 4(b)). As a consequence of
higher 0, and e, recorded ¥, declined to approximately — 1.0 MPa (Fig. 6(c))
vs. — 1.7 MPa (Fig. 4(c)) on the earlier date. Simulated ¥, remained close to
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Fig. 6. (a) Irradiance and air temperature, (b) vapor pressure and wind speed recorded over the
soybean canopy at Mead, NE on 19 August 1980. (¢) Root (¥,) and canopy (‘¥.) water potentials
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recorded (symbols) and simulated (lines) over the combined soil surface and soybean canopy on the
same date. Standard differences between recorded and simulated data (MPa or Wm™?): ¥, 0.13, S,
47, R 59, LE, 132, H,73.
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—0.1 MPa before dawn, in equilibrium with ¥, and ¥,,,, and followed ‘¥,
during the day.

Higher 6, near the soil surface caused simulated LE, to decline below
— 150 Wm~? during mid-day, while simulated H, rose above 50 Wm™?,
indicating transfer of heat to the soil surface (Fig. 6(d)). Simulated S, declined
to — 50 Wm~?2 during the day, as did recorded S,. Simulated LE, was lower
and H, higher on 19 August than on 24 July (Fig. 6(¢)). The rise in H_ during
the day was caused by the increase (in a negative sense) in LE; relative to R,
as T, increased. The model reproduced the lower LE, and higher H, recorded
on this date (Fig. 6(f)), as compared with those recorded earlier (Fig. 4f). LE,
followed a more sinusoidal trend than did that on 24 July, caused in the model
by reduced constraints imposed by crop and soil resistances on E,and E,. R,
was overestimated, and LE, underestimated, during the day by approximately
50Wm 2.

Simulated r, (eqn. (14)) during 24 July rose from early morning values of
80sm~' to mid-afternoon values of approximately 180 sm ' before declining
to approximately 100sm™' during early evening (Fig. 7(a)). Daytime values
were lower than those of recorded r,, as was found by Ben-Asher et al. (1989).
Differences between r, and r, integrated over the canopy have also been
observed by Baldocchi et al. (1987). Simulated r, (eqn. (13)) declined from
about 130sm™' to about 15sm ™" as the simulated temperature profile over
the canopy became lapse during the early morning, and increased to about
100sm ' as the profile became inverted during the night (Fig. 7(b)). Simulated
r. during 19 August remained close to r ., (eqns. (16) and (17)), declining
from about 200sm™' at dawn to about 55sm~' as Q, increased during the
day, and rising above 200sm ™' as Q. declined during the evening (Fig. 7(a)).
Daytime values corresponded closely to recorded r,. Simulated r, remained
low during the entire day, and was less influenced by simulated canopy-
atmosphere temperature gradients (Fig. 7(b)) as gradients were lower and
wind speeds higher (Fig. 6(b)) than those on 24 July.

DISCUSSION

Apart from the use of simulated precipitation data, no site adjustment of
the model was undertaken in order to induce agreement between simulated
and recorded data. However, uncertainty remains in the estimation of both
radiative and turbulent components of the energy balance, requiring the use
of some assumptions. The calculation of R, (eqn. (2)) is based on the inter-
ception of non-vertical irradiance by non-horizontal leaves, while that of R,
(egn. (31)) is based on interception by a horizontal surface. Consequently,
simulated diurnal profiles of R, and hence of LE,_, will be less sinusoidal than
those of R, (e.g. Figs. 4(e) and (f)), and will be influenced by assumptions
about the vertical and axial distributions of canopy leaf surfaces. Therefore
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hourly LE, and H,, measured in a vertical direction, may not exactly offset R,
(e.g. Fig. 4(f). There is also uncertainty in the calculation of R,, as values for
sky emissivity calculated according to Sellers (1965) and Idso (1981) differed
under the conditions of this experiment.

There is also uncertainty in the -estimation of atmospheric and canopy
resistance to diffusive transfer. The equivalence of r, for the transfer of water
vapor (eqns. (12) and (19)) with that for heat (eqn. (20)) is commonly
assumed, although it may in fact be higher, depending upon surface boundary
conditions and large scale air circulation (McBean and Miyake, 1972).
However, sensitivity of LE, to doubled r, under the conditions of 19 August
was limited, with increases (i.e. less negative values) ranging from about 10%
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in the early morning and late evening to about 1% at midday. In fact, the
values recalculated with doubled r, were closer to those recorded (Fig. 6(f)).

The estimation of r, from ¥, as calculated from ‘P, (eqns. (14)—(17)) is based
on the hypothesis that the plant regulates stomatal aperture through the effect
of its internal water status upon guard cell behavior. While the mathematical
expression of such a hypothesis is easily parameterized from field data,
evidence that r, may be under hormonal control of the root system has also
been presented (Gollan et al., 1986). The former hypothesis did, however,
allow the model to reproduce the contrasting diurnal effects of R,.and g, — ¢.
onr, (Fig. 7(a)) as observed by Grantz and Meinzer (1990). It also allowed the
model to reproduce the reduced sensitivity of r, to ¢, — ¢. when ¥, is high,
ason 19 August, and when ¥ is low and ¢, — ¢, 1s very negative as on 24 July
(Fig. 7(a)), as also observed by Grantz and Meinzer (1990). It would also
allow the model to reproduce the apparent decoupling between r. and ¢, when
r, 1s high as observed by Grantz and Meinzer (1990), because the reduced E,
calculated under these conditions (eqn. (12)) would result in higher W,
(eqn. (26)) and hence ¥, (eqn. (15)), such that r, would become less sensitive
to changes in ¥, (eqn. (14)).

Even greater uncertainty exists over the estimation of crop resistance to
liquid water transfer (eqn. (28)) than that over diffusive transfer. A more
fundamental method for calculating the value of r, and K, is necessary if
greater precision in these models is to be achieved.

Energy transfer over the soybean canopy recorded and simulated on 19
August was little influenced by soil water deficits as 6, was close to field
capacity in the upper part of the soil profile (Fig. 5). Daytime values of r, and
r, simulated on this date (55 and 12sm™') are close to those estimated by
O’Toole and Real (1986) from the regression of 7, — T, on vapor pressure
deficit for beans at potential transpiration (49 and 11 sm™"). Simulated r, was
close to 7y (eqn. (17)), indicating reasonable estimates of r,CO,,, from
eqn. (16). Ben-Asher et al. (1989) calculated 7, — T, to be 0°C for these values
of r, and r, when R, = 600 Wm™2, vapor pressure deficit = 2.0kPa, and
T, = 30°C, similar to conditions recorded during the early afternoon on this
date (Figs. 6(a) and (b)). This canopy-air temperature gradient was closely
reproduced by the model.

Energy transfer on 24 July was more influenced by soil water deficits than
was that on 19 August, as indicated by values of 8,, that were close to, or lower
than, the mid-point between field capacity and wilting point through the soil
profile (Fig. 3). The rise in r, during the day to 180sm™' changed the
partitioning of energy transfer between LE, and H, in a similar way to that
recorded. The ratio of simulated r, and recorded r, (Fig. 7(a)) was consistent
with that of 0.73 estimated by Ben-Asher et al. (1989) over a range of 50 to
200sm™"'. They calculated T, — T, to be 3°C for these values of 7. and r, when
R,. = 600 Wm™?, vapor pressure deficit = 2.0kPa, and 7, = 30°C, while a
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gradient of 2°C was estimated by the model under similar conditions (Fig. 7(b)).

The integration into the simulation model of process-level algorithms for
water and energy transfer allowed it to reproduce diurnal changes in canopy
water status and atmospheric energy exchange with an accuracy that was close
to that of the experimental method (approximately 50 Wm ?). Greatest
discrepancies between recorded and simulated data were for LE, during the
early mornings and late evenings. The inclusion of algorithms for soil and
crop hydrology allowed these changes to be reproduced at different levels of
soil and crop water deficits. However, the model is based on an assumption
that humidity, temperature, CO, and wind speed through the canopy do not
deviate greatly from ambient conditions as suggested by Sinclair et al. (1976).
The use of this assumption facilitated the linkage between the simulation of
energy exchange and that of soil and crop hydrology by allowing a single
value of W, to be used in the convergence solution of root water uptake (eqn.
(26)) and of transpiration (eqn. (12)). The full linkage of a multilayer simu-
lation of energy exchange to one of soil and crop hydrology would require the
calculation of ¥, and water movement for each canopy layer. Such linkage
would in turn require a higher resolution in our understanding of crop
hydraulic conductivity than currently exists. The partial linkage of energy
exchange and hydrology submodels, with the former treated at the layer level,
and the latter at the canopy level, would be possible, but improvement over
the model used in this study is uncertain.
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