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ABSTRACT
Procedures to calculate hourly and daily evapotranspiration

from vegetated surfaces in the absence of lysimetric or micrometeoro-
-t

logical measurements are few. A need for physically-based evapo-

L4

transpiration models to account for atmospheric and surface control

on the process is recognized. The micrometeorological investigation

described in this study is a response to this need.

During the growing season of 1974, a measurement program was

£

'codducted to study atmospheric and surface control on hourly and dayfime
evabotranspiration. Data collected inc¢lude neﬁ radiation and soil
heat flux densities; vertical profiles of temperﬁture, vapour pressure
and windspeed; soil moisture; and leaf stomatal resistance.

The combination model which combines equations dealing with
the energetics of evapotranspiration and turbulent transfer was employed
in ﬁhe study of hourly evaporative relationspiﬁs. In the vériant of -
the model used, atmospheric and surface controls on the Process are

explicitly consid&red through the deployment of an aerodynamic

’
.

resistance to water vapour exchange and a surface resistance to water
vapour efflux. Hourly estimates of aerodynamic resistance to water

vapour exchange were computed from wind profile data. The gombination
.

model was insensitive to aerodynamic resistance errors. Hence, simple

<

parameterization of surface roughness and zero plane displacement

could be used with single level windspeed megasurements to evaluate’

aerofynamic resistance. AlséMstabiiity correction could be ignored

iii . .



for practical applications. -

Bulk stomatal resistance was evaluated by residual from the
cémbination model on an hourly basis. Comparison was made with
independent estimates developed from stomatal resistance-and leaf
area index measurements. After canopy development was sufficient
toqdominate surface energetiés, the agreement beéveen the estimations
was good. Leaf stomatal and bulk stomatal resistances were found to
vary in response to irradiance, soil moisture availability and the
vapour pressure deficit of the air. However, the relationship found
for the lafter is not well defined. -

For days when canopy developmerrt was sufficf;nt'to dominate
surface energetics, daytime evapotranspiration totals normalized by

- -

equilibrium evapotﬁ!hspiration are linearly related to soil moisture

%
avaeilability when volumetric soil moisture is below 0.12 mm3 Hgo/mm3
soil. With soil moisture above this thresHold limit, evapotranspiration
'pgpceeds at a poteﬂtial rate. These results may prove useful in

. X
computing daytime evapotranspiration from cropped surfaces. ~

L3
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CHAPTER ONE

INTRODUCTION o

3

L 4
The need for procedures to calculate evapotranspiration from

vegetation has been long recognized in water éhd“energy balance studies.

Satisfactory schemes, in the abgencg'of lysimetric or micrometeorological

i '

measurements, are few. Any realistic evapotrahspiration model must
include parameters to account” for atmospheric and surface control on the

process. This requirement may be met through the usé of the physically-

based combination model. First proposed by Penman (19L48) for potential

. g .
evapotranspiration, it has been revised by, Penman and Schofield (19519,

Slatyer and MeIlroy (1961), Monteith (1965) andiganner and Fuchs (1968)
for actual evapotranspiration. _The fodel combines equations dealing with -

‘){‘l

the energetics of'evapotranspirétion and turbulent transfer such that
. 1

-

meteorological information at only one height is needed. However,
surfaée controls on the proceés pust be independently specified.

One of the variants of the combination;model, p;oﬁosed by Mdnteith
(1965) with a.mg';ldment”,so by Thom (1972), explicitly includeﬂs atmospheric
and surface control through an aerodynamic resistance to water vapour
transfer and a surface resiEténce to wate;(vapour;efflnx. Although Fimple,
witﬁ a surface resistance representing the restriction to water vapour
efflux by -the complex physiological and struéturaltcharacte}istics of
é plant canopy, it #as been used successfuliy in the study of evapo-
trﬁnspirationhfrom agricultural énd forest surfaces (Black et al., 1970;

/

-
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-Monteith et al., 1965; Szeicz and Long, 1969; Szeicz et al., 1969;
Szeicz et al., 1973; Tan andelack, 1976). These wdrkers have shown
that the surface resistance is related to physiological processes; in .

essence, it Is a bulk stomatal resistance which is approximately equal
s

a

to the stomatal resistance of all leaves acting in pardllel. Although

the combix‘lation model provides an excellent tool for the analysis of ’
atmospheric and surfage evaporati%e reld%ionshiﬁs, many re;earchers have

been frustrated in its use for predictive applicatioﬁ by the inability

to accﬁrately acéount for bulk stomatal resistance va;iability. A

limited number of resegrchers, however, have been stccessful in

inferring stomatal response to environmental parameters (Brady et al.,

. -
v N

1975; Szeicz et al., 1973; Tan and Black, 1976). Still, little is

known about stomatal behaviour for most vegetated surfaces, -particularly
throughout a growing season.

Although greater knowledge about the prdcess of evapotranspiration,

e

particuiarly surface control, is being sought, a reduirement for simple
methods to provide daily tota;é for application in agriculture, hydrology
and other disciplines is acknowledged. Daily totals of evapotranspiration

can be derived by accumulating hourly measurements or estimates; however,

i

the necessity also exists for an approach which_ would ut{lipe simple

meteorological data. o

v

+

During the growing season of i97h, a micrometeorological study
Qas undértaken in southwestern Ontario. The, investigation was directed
towards the study of atmoépheric ané surface control on hourly and day-
time evaﬁotranspiration. fhis thesis &escribes‘thewre;ults of this

investigation. The étudy aims;

=l



@ ~ -
-

{1) to evaluate aerodynamic and bulk stomatal resistances on an hourly
" “

{
basis througﬁbut the growing season and to relate them to environ-
. )

>
LI

mental parameters; and
(2) to evaluate relatiénships between daytime,evapot;anspiration and
environmental pgrameters. ’ . . &
The results from the latter may prove Ettf;z)inucoéguting evapotran;2 .

.piration from cropped surfaces.

~



CHAPTER TWO,.

&

THEORETICAL FRAMEWORK

-

e . In this chapter, the underlying theory of the energy balance

and combination model approaches to evaluating evapotranspiration is

- <

presented. The latter is used in the study of atmospher{g and surface

control on evapotranspiration and underlies the approaches that will

-

be used to estimate daily evapotranspiration.

«

-~ '

A. The Energy Balance Approach

LY

For a vegetated surface,'following the ‘conservation of energy

pringiple, the energy balance can be expressed as

° s
4

Q* + dinH + divaE-= Q + iQE +Q+ Q¢ Qs +Q . (2.1)
. ! : k

in vhich Q% is the net radiation flux densdty, divQ, and aiviq, are
) &
the horizontal divergences of sensible and latent heat, QH, AQE and QG

are the vertical héat flux densities of sensible, latent and soil heat,’
and QP’ QS anﬂ Qv are the flux dersities étored 5y net photosynthesis,
pet storage of sensible heat and latent heat in the air and net heat
. Astcrage in tQEnphy%oQass. '
This eneréy balaﬁce edﬁation is applicable to any a}méspheref

»
surface volume containing plant matter as it accounts for storage and

3

horizontal as well as vertical flux densities. For practiéal

4

”



applications, it is customary to simplify .this equation by neglecting
some of the terms.

The horizontal divergence of sensible and latent heat flux

<

dens1t1 ﬁetween the soil surface {(z = 0) and a reference height Zp

are given by

: . R -z
aive, = f 2(pC ue)dz = pCpz,udf . (2.2)
a9 R Ox

and

f 5 (PLPue e) dz > pCpzoude ~ (2.3)
5’ Y ax
. o .

in which p is the den51ty of air, Cp is the specific heat of air at

¢

3

constant pressure, Y 1is the psychrometric constantl', u is horizontal
windspeed, 6 is air temperature, e is vapour pressure, z is Height and
X is horizontal distance. The terms with an ovérbar are average values

for the layer from the soil surface to height 2z In both approximations,

R
p and U are assumed independent of X. With u =2 m s-l, Zp = 2 m and
6 = 293 K, divQy, becomes significant for g% > 1072 k.o~ L. Similarly,
divAQ, becomes significant for %§-2 1 Pa m L. Hence, the horizontal

divergence of sensible and latent heat flux densities will be negligible,

only if windspeeds are exceptionally low or if the horizontal gradients

-

of temperature and vapour pressure are small.

1. The psychrometrlc constant y = CpP in which P is atmospheric pressure,
A is the latent heat of vapourlza%1on of liquid water and € is the
ratio of the molecular weight of‘ water to_the mean molecular weight of
dry air. When P = 100 kPa, = 66 Pa K T. )



For migrometéorological investigations, it i$ customary to
consider -the energy balance at a location above a homogeneous surface
. of substantial extent where the vertical flux dénsities are constant
with height and wﬁere the terms a@)éx and 3e/3Y can be neglected.
C;nstaﬁcy of flux density with height is a characteristic which defines
the atmoépheric b9undary layer. The depth Pf this layer is a function
of the distance (fetch) from the leading edge defining surface
characteristic change. There is general agreement that the r?tio of
the bqundary layer height to fetch is at least 1:100. A measurement
site should therefore be selected in the midst of a large unifgrm
surface to allow measurement to be made within a boundary layer of
convenient depth; An this investigation, it is assumed that sufficient
horizontal homogeneity existed, such that 38/3x and 3e/dx can be neglected
and that only the vertical flux densities required assessment. The
theoretical limitation of thisJagSumption when canopy coverage is
incomplete during early.stages of crop development is acknowledged.

The energy flux density from the net storage of sensible and ®

latent heat in the air from the soil surface to' a reference height

Zp is given by '

Qg =y * gy - | JERCRY

where
2
T - zRoc 28 42 = pCpz 23 (2.5)
% R i T '
and :
4 »
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FA
_ R pCp d¢ - PCp . e
AN TR (2.6)

3

N

- , ’
in which 3//3t and 3-/3t are the temporal rates of change of temperature
’ ] 38

and vapour pressure respectively. Setting zR = 2 m and assuming Cr e 5
K h™) and -2 = 100 Pa h™1, Q. and are respectively 3.5 Wm > and a
Tt > gy gy P ey 3. :

1.0 Wm—g. These terms will be negligible for hourly periods and can be
neglected. -
The enersgy flux density from net heat storage in the phytomass

layer between thf/;oil surface and the top of the plant canopy CH is

given by -

- I3

l' /

. CH 36, o :
. Qv 3-/(; Py v 3¢ dz . s {2.7)

’
~

where pv, c, and Gv are respectively, the denéity, specific heét and
- € . CH
temperature of the vegetation. Introducing m, aa./' pvaz, assuming
0

that c, is approximately 70% of the specific heat of water (Thom, 1975)
ag_ . ” .
5?: =s5Kkn T, Q, is b W2 per kg m° of vegetal matter.

Assuming m, = 2 kg4m-2, a value representative of. & fully matured annual

and setting

agricultural crop, QV is only 8 Wm-2, which is negligible. .

- The net photosynthesis of a plant community per unit areé &f
[ ( '.
ground is the gross rate of photosynthesis of the community minus its

fespiration losses. The energy flux density stored by net photosynthesis

is the energy equivalent of net 002 assimilation. - Assuming the specific

energy fixation for CO, ih net photosynthesis is 10h J gfl (Lemon, 1967)

and, éhpioyingﬁthp maximum rates of nep photosynthesis ‘for cultivated crops

(2 to b gm2 nt depending on species\ (Sest&k, Catsky and Jarvis, 1971)),



L ~
!

QP reaches maximum values between 6 and 11 mez. However tﬁeas-rates of

net.photosynthesis would be achieved only during periods of high

irradiance, hence QP is almost always negligible in comparison with Q*.

As such it can be neglected.

»

Neglecting dinH, divAQE, QP’ QS and QV’ the energy balance

equation reduces to

Q* - QH - AQE - QG =0 . - . (2.8)
{

- '

This is solved for AQE by introducing the Bowen ratio f = QH/AQE and the

mass transfer equations ‘ . >
20 )
G = PP Ky 5, ., (2.9)
and
’
’/
T pCp K, de
A T - = B .

in which KH and KW are the =2ddy diffusivities for heat and water vapour

and 96/3z and de/dz are the vertical gradients of temperature and vapour
=Tt :

o

pressure. Therefore:

Q* - QG Q* - Q

A = - . G, (2.11)
1 +Y _H 30/3 1 +Y 88 °
° K, de/dz - Ae

In this equation, the eddy diffusivities for heat and water vapour

" are ass\‘®ed equal (Swinbank and b}}er, 1967; Dyer, 1967).



AN
J

Hence, AQE can be evaluated from meagurementé of Q%, QG and
. F'S
temperature and vapour pressure at a minimum of two levels in the

boundary layer. = \\\

B. The Combination Model Approach

o

1. Theoretical framework

L4

The combination model combines the energy balance approach of
’
evaluating evapotranspiration with turbulent transfer theory. Its
success rests in the height integration of turbulent transfer functions
between the surface and the height of measurement,
*'muermss transfer equations for sensible and latent heat

{equations 2.9 and 2.10)3 in which molecular exchaﬁge has been neglected,

can be re-arranged and integrated with height to give

t -

Q’QH _ oCp [8;0) - 9(2)] (2.12)

and

a, = CP [cto) - e'(z)] ' (2.13)

Y pa
joﬁ

in which 8(0) and e(0) are mean surface temperature and vapour pressure

and 8(z) and e(z) are the temperature and vapour pressure at height z.

- .

These expressions are analogous to Ohm's Law, wher%‘a property flux

~N
dquity is equal to a concentration difference divided by an aerodynamic

»
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., .
. . R dz “dz
resistance, if by definitioh r =§J —0— and r =J —— . Hence
aH aV KW .
0 '

)‘QE _ ACp EE(O) - e(zﬂ (2.14)

Y rav
P

and

QH - OCIJ[B(S) - é(z)]

. aH /
‘ L

-
in which raH and rav are aerodynamic resistances for heat and water vapour
L. '

(2.15)

exchange.

Practical application of these flux density expressions is
restricled by difficulties in'ﬁssessing 8{0) and e(0) accurately and
easily. Monteith (i965)-suggested an extension of Ohm's Law to overcome

these. , Initially he considered water'efflux from a single leaf, The

1

. ]
efflux from a sub-stomatal pore at vapour pressure eggwill move across

the potential difference e; - €y vhere/é; is the vapour pressure- at,

the leaf surface, against a stomatal resistance rs. Rence:

_ oCp E»f"’;eo] ~
AQE Y T_ . \\\_13;390

He then assumed that the vapour preésure dt the stomatal wall is &

saturation defined by the temperature of the wallfei, so that e, can be

|

replaced by es(eg)'and that within a thin leaf, the temperature of the
stomatal wall and the leaf surface 90 are approxirmtely equal. Hence

e;i = es(ei) = e,s(eo) and equati?n 2.16 becomes
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AQE = — (2.17)

Equation 2.17 can be applied to a plant canopy if soil surface
evaporation is negligible. However res 60 and €5 must be re-defined.
rs is reblaced by rST’ a bulk stomatal resistance representing the

physiclogical resistance of the componeﬁts of the vegetation toc water

are replaced by 6(0) and e(0). Hence:

vapour efflux, and 60' and e
\\

O

‘ e f8(0)] - e(o) o
ro = 2B b ] : _ (2.18)

\, R TsT \

¢ ) + f\\

The two surface terms, 8(C0) and e(0), are eliminated from equation 2.18 \
using eguations 2:8, 2.1k and 2.15 and the slope of the saturation vapour
pressure-temperature curve (3 = des(e)/de) evaluated at the mean of 6(0)

and 8{z) (or simply 6(z) if 8(0) is unknown). This yields Monteith's

form of the combination model:

\

‘ S(Q*-QG) + on[eS [9(2)] - e(zﬂ /'I“a}i
‘g = s + ¥( 7

e (2.19)
V+I‘ST) /ra}{ - "‘\*”_/

. e

Thom (1972) has sug&ested a further simplif%{:ation for equation

A
2.19. Since KH = }%, the aerodynamic resistances fon\heat and water

vapour can be assumed equal. Therefore \\\
b] - <G .
S(Q*-Q.) + OCpEe 8(z)] - e(zﬂ /r
A = % > ]f o] (2.20)
\ s + ¥ vy == - \‘ “ )
aVvVH '
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) is the aerodynamic resistance for heat and water

°¥

where raVH(= rv = raH

vapour exchange.
X

Hence, with direct measurements of Q* and QG and;éingle level

and r are

/
measurements of 0{(z) and e(z), AQE can be computed ifffaVH ST

known. Attention will now be given to these latter terms which reflect

atmospheric and surface control on evapotranspiration.

.-
2. Aerodynamic resistance ‘ d

The mass transfetdgquation for momentum flux densiﬁy T is

L
L]

_ ou
T=p KM = . {2.21)

in which KM is the eddy-diffusivity of momentum andrau/BZ is the vertical
gradient of windspeed. Re-arrénging and integrating with respéct to

height, an aerodynamic resistance for momentum exchange can be defined as

: 2 dz u(z) 7
r = gz - (2.22)
aM ‘l; KM u‘*2 )

\

-

in which u* (=Y 1/p) is the friction velocity.

u* can be evaluated frdh a wind pr;file rmodel. Under conditions
of neutral equilibrium, when turbulent mixigg is entirely mechanical
with no buoyancy effects, the vertical”gradient of windspeed in the

v

constant flux layer-is given by

du u*
y oz " kz § (2.23)
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where k is von Karman's constant (0.41). Integrating with respect to
height
u* z+zo " '
u(z) = = 1n R i . (2.24)
k Z

in which zg is a surface roughness parameter. As vegetation displaces
the wind profile upwards by a length.d known as the zero plane

displacement, equation 2.24 is amended:

% z—d+zo ' -
u(z) =  nl——} - & (2.25)

?f
Both of the surface parameters Z, and 4 are determined from the analysis

1

of wind profiles in neutral equilidbrium:

Combining equation 2.25 with 2.22 yields an expression for raM

which can be determined solely from wind profiles in neutral equilibrium:
z-dtz 2 , o
I\—— '
Tom S o . (2.26)

k™ ulz)
WheA the atmosphere departs from a state of neutral equilibrium
due to buoyancy effects, the vertical gradient of windspeed must be
adjusted by a stability correctionafactor for momentum ¢M:

.out - - .
% “ % LY (2.27)

- .

‘o
Integrating with respect to height, and.allowing for 4,



‘ z—d+z Z ¢ - ”
u(z) = —u*[ln(———)o + f -1 dz] . (2.28)
- k 2 3 ] 0
o . da z ..

The aerodynamic resistance for momentum t},én'sfer then becomes

*

z-d+2 2
ln( - O)+4>M

ra.M = o {(2.29).
k2 u{z)
Z¢M_1
in which ¢ =f dz .
M d Z ~

Dyer (197L4) reviewed empirical functions for ‘¢)M. Using the

gradient form of the Richardson number as a measure of atmospheric
stability
g (36_,/32)

g
R, = — = — Az
Too0 .(3u/32)2  §

AB
(Au)

2 - (2.30)

in which 6_, is virtual potential temperature, he suggested for the
- I ‘

unstable case,ﬂRi <0,

a

. =
¢>M = (1-16Ri) . ﬂ (2.31)

and for the stable case, Ri > 0, -

by = (1-5R )7 o ' . (2.32)

Knowing ¢M’ ToM is evaluated from equation 2.29 using a numerical
i_ntegz‘ation proqedure to obtain d:M ard wind profile analysis estimates

of 2z and 4.
o

L
A
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f ..
Thom (1972) has shown that anﬂaerédynamic resistance for momentum

exchange is inappropriate for heat and mass.exchange. The mass transfer

equations for momentum and a property flux density F can be expressed as

L}
T =_°;‘(_Z) ) : (2.33)
aM .
‘and -
P o= :Tc(m)r— x(z) ¥ : (2.34)
f

where x{m) - x(z) is the potential diffe;ence between the mean surface
concentragtion x{(m) and a concentration at height z which ig opposed by

2
1 = * =
£ Since r M u{z)/u and rf

1 [x(m) - x(z)] . : -
u# F/u* : .

an aerodynamic resistance r

u*

r. - Ty =-%; [x(m)F;u:(z)] - u(;) - . ﬂ (2.39)

-~ - >

In aerodynamjgally rough flow, momentum is destroyed at a surface by

pressure forces or bluff body effects whicp have no éounterpart in heat
. : i .

or mass transfer. As such, a resistance toc a property flux r_ can be

f

equated to r

aM by the inclusion of an additional resistance to account
for the absence of ¥1uff—body influences fb:"
’ ’ - N
r€ =Tyt Ty - _ . ~(2.36)



a

Thom (1972) has suggested that as a first approximation r, can

b
be assigned a value of 6.266u*’2/3 for both heat and water vapour

£ 3 ¢ . . >
exchange in agricultural crops. Therefore, for aerodynamic resistances
to heat and water vapour exchange, the following serves as a first
approximation:

-

r =r =7r =

' -2/3
aVH av gt 6.266 u* . {(2.37)

sl - Tat
Arising from this discussion of aerodynamic resistances, three
aspects will be investigated in this study: )
(i) The magnitude of errors in z ~and d deﬁerminations and
the possible significance of these in evaluating serocdynamic resistance
{equires’careful examination. Accurate evaluation of z_ and d is
gifficult‘QQer tall rcugh'surfaces as great variability” in parameter
» .
estimates can exist as a conséqnence of profile form and windspeed
measurement errérs. Siﬁce only profiles from neutral equilibrium can
be employed for determining zo'énd d, model estimates are ofteq used,
pa;ficglarly where'applicaiion“to non—neutral_caseé ié required. As
such, the influence of such estimation; employed in resistance e%aluation

&

must be determined.

(i;) The inclusion of a étability correction factor in
aerody;amic resistaAce'bomputation.necessitates a -stability ﬁeasure
requiring vertical g}adients of temperature and windspeed. If the
role of a st&bility correctidn factor. in resistance eveluation is minor,

r m 8nd 1, can be determined solely from wind profile measurements.

Hence an examination of the significance of stability correction in

-
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r determination is merited. . .
aVH .-

(iii) The inclusion of a resistance to compensate for the

absence of bluff-body influences in r must be examined to determine

aVH

.the magnitude of r, over the range of influential environmental

parametets.

3. Bulk stomatal resistance

Computation of AQE using the combination approach presented in
b

equation 2.20 requires reliable estimates of r Retrospective

ST’

evaluation of rg., as a residual in equation 2.20 is possible if all

other components are known. However, several difficulties exist in this
N .
approach. The first is that bare soil evaporation must be negligible.

rST vili not reflect plant physiological control on water

efflux. Second,

If it is not,

rop determined by this approach is only of diagnostic

value, and cannot be used predictively. Last, all Errors in the components

4

in equation 2.20 will-reside in the calculated residual.
Validation of eguation 2.20 is poséible only if ?ST is evaluated

independent of prior knowledge of the evapotranépiratidn regime. If‘

fST is a bulk stomatal resistance representing the ﬁhyéiological

resistance of the components of the. vegetation to water vapour efflux,

then independent measurements of leaf stomatal resistance ry . can be

ernlcyed in ostimuwiqq"rﬂT. Vicualizing adaxial and abaxial leaf surfaces
'S 4 . .

ns rzrallel conductsrs o! water vapour, zdaxial and abaxial resistances,

rﬂnyund-rAB respectively, can be weipghted- by leaf area ihdex~to estimate

bulk stomatal fesistance:

SN T (2.38)
T P rT Tap Tam
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2,

j v .
The successful application of equation .8 however encounters\sever
obstacles. The first is that bare soil evaporation losses must be

negligible. If they are not, r derived from equation 2.38 will not

ST

be representative of surface evaﬁotranspiratipn losses., Second, spatial

and tehpofal sampling problems are encountered .in obtaining representative -

}eadings;of r and T'hp for a plant community. Third, LAI is tedious

AD

and difficult to measure, particulgrly in dgveloping crops. Despite
these limitations, this approach provides the only availabl% method for
T assessment which is independent of prior knowledge of XQE.

“‘The above discussién suggests that several items are worthy of

examination. *

{i) The concepts used to derive equation 2.20 explicitly involve

the assumption that a physiologically based resi§xance model can be used

~to repreéent water vapour efflux from a plant canopy. . If this is the

case, it should be possible to use Ty evaluated from field measurements

T

of leaf resistance to provide reliable estimates for latent heat flux

-

density computations using equation 2.20. This requires field
validation. {
(ii) Even though reliable estimates of Tsr

from field measurements of stomatal response, it is apparent that the

may be obtainable

determination Of‘fST from environmental pafam%ters is desirable for

application in routine evaluations of XQE. A pumber of researchers
(Brady et al., 19753 Szeic¢z et al., 1973; Tan and Black, 1976) have been

successful in this context but further investigation is merited.

Ll -
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C. Daily Totals of Actual, Potential and Equilibrium Evapotranspiration

-

1. Potential evapotranspiration

Potential evapotranspiration is the evaporative water loss from
»

freely'transpiring vegetation which is limited oqu by energy availability.
The combination model expression of Monteith (1965) for actual :
evapotranspiratioﬁ (equation 2.20) can be modified to provide an
expression for potentiai evapotranspiration AQPE' This modification,
presented by Monteith (1965) and employed by Davies (1972) and Szeicz and
Long (1969), incorporates the assumption that the bulk stomatal resistance

Top = 0 and the surface vapour pressure is at saturation defined by

<

surface temperature when water in non-limiting. Hence, AQPE is

S"(Q*—Q ) + pCp[e E)(z)] - e(z)] /r
G VH
Mg = — j - = 2 . (2.39)

“ . /

In the application of this expression, three difficulties arise. First,

the assumption regarding r = 0 may not be valid. If it is not,.

ST
inflated values of AQPE would be obtained. Second, the net available
energy (Q'-QG) present during non-potential conditions may not be
representative of the ﬁotential case as a consequence of surface drying
influences on surface albedo, emissiv&ty and 80il thermal d;ffusivity.
“Third, durlng non-potential conditions, the vapour pressure deficit of
the air Ees [e(z) - é(z)] will not be consistent with that which would be-

found during potential qondltlons. Rather, the 1nflated values of

[

ﬂ e -
[‘-‘s [B(Zﬂ - e(z)"ﬁ; result 1in overestimations of AQ’PE‘

‘A model which overcomes these limitations has been presented by

-

L]
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Priestley and Taylor (1972). Based on empirical evidence, they advocate
the simple expression e
A = @ S iqxag ). . . (2.40)
E sS+y it -
The proportionality constant a was.,shown by Priestley and Taylof for

non-advective conditions to range from 1.08 + 0.01 (daily value and
standard error of the mean) to 1.34 +'0.05 for a number of diverse
surfaces with an overall average of 1.26.

Examination of equation 2.L0 reveais that several generalizations
can be made. Advective influences, unless specifically accoﬁnted for,
will result in inflated a values. If Qg is meglected in equation 2.ko,
as is the case in éeveral studies (Kanemasu et al., 1976; Rosenthal et
al., 197T; Taﬁnér and Jury, 1976), a smaller a will be otained if
daytime Q* is used rather than 24 hour Q%*.. Daytime Q* is larger yhan.
that for 24 hours but 24 hour evapotranspiration losses will be slightl;
larger than"daytime losses exceﬁt for cases with heavy dewfall. If QG
is incorporated, this general trend will be followed, however the
differences will be dependent upon the magnitude of QG on a daytime

-

and 2k hour basis. L .

An o = 1.26 for daytime observations was found for several CEOps
by Davies and Allen (1973) as well as foé arctic sedge meadow and shallow
lakés by Stewart and Rouse (1976(a); 1976(b)). An o = 1.28 for well
‘irrigated potafoes in non-advective conditions was found~by Jury and
Tanner (iQTS} wheﬁ emplo&ing 24 hour data but when daytime values were

used a decreased to 1.07. When advective conditions prevailed, increases
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in a were noted.. Tanner and Jury {1976) in succeeding investigations
employed a.= 1.35 * 0.10. Kanemasu et al. (1976) found a = 1.28 and
1.45 for sorshum and soybeans respectively using 24 hour periods with
moderate advection . Rosenthal et al. (1977), based on the findings of
Kanemasu et al. (1976) and Tanner and Jury (1976), employed a = 1.35‘ .
for daily investigations on corn. On a daytime basis, McNaughton and
Black (1973) found a = 1.05 for Douglas fir forest. ‘ ,
Acknowledging the many different exgerimental procedures
employed and thgﬁyide range of surface types and local climates, the
variability found in a by workers is not unduly large for either

daytime or 24 hour periocds. However, ‘the variation is sufficient to

merit experimental determinations for specific crop and site conditions.

2. Equilibrium evapotranspiration ‘

Combining equations 2.20 and 2.18, a revised expression of the

combination model can be derived:

6] - eal] - [ Bl - o) oy

(s+y)

- 5 pCp
AQg = S+Y(Q*-QG) + T

An equilibrium rate of evapotranspiration is defined when [es [B(ZQ - e(z;J

= [}Slé(oﬂ -'e(oﬂ , that is when the saturation deficits at the

!
surface and at height z are equal:

4

AQES e (Q*-QG) (2.42)

- A

This rate can occur in two very different environments: in a saﬁurafgh
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environment when both def{cits are zero and in a drier environment
wgen they are equal but greater than zero. Both Slatyer and Mcllroy
(1961) and Monteith (1965) acknowledged these possibilities but
anticéﬁated that equation 2.42 would have limited application.
However, Denmead and McIlroy (1970), Davies (1972), Stewart and Rouse
(1976(&3), Rouse and Stewart (1972) and Wilson and Rouse (1972) found
that equation 2.42 provided satisfactory estimates from fairly dry
{surfaces. Hence, its application appears to be more general than

" originally anticipated.

3. Generalized evapotranspiration models

_Priestley and Taylor, in addition to proposing & simple model for

~“~ -

estimating potential evapotranspiration, considered the influence of

surface moisture depdetion on evapotranspiration rates. They replaced

the proportionality constant a in equation 2.40 with a variable a' and

-

showed that its value decreases in response to increased surfacé‘
dryne;s once potential conditions ceased to exist. This scheme was
adopted by Davies and Allen (1973) for describing the response of
ryegrass to soil moisture depletion. They found that daytime a' '
decreased from a maximum value of 1.26 in response to surface dryness
once surface soil moisture fell below a threshold limit. Hence,

experimental determination of a' and soil moisture may provide a simple

means of evaluatiné~actual daily values of evapotranspiration for a

variety of surface types. ’ . \/_\:>>



CHAPTER THREE

EXPERIMENTAL PROCEDURE

A. Experimental Site and Observation Period

Field measurements were made during the 1974 growing season
(early June to late September) at the Ontario Ministry of Agriculture's
Horticultural Experiment Station (L2%51'N, 80°16'W) located near

Simcoe, Ontario. The site was a flat (slope < 20), rectangular plot

’(?16 X 122 m) éf soybeans (Glycine max (L.) Harosoy 63) (Figure 3.1).
To the east and soﬁth, tﬁe plot was bounded by dirt road. Gravel roads
defined the northern and western boundaries. Beyond the study plot
boundaries, most of the land was cropped. Field laboratories were

located on the eastern edge of the study plot.

T

B. Instrumentation and Field Program

1. Energy balance measurements’

Net radiation and soil geat flux densities were measured directly.
Turbulent heat flux densities were evaluated from hourly average Bowen
ratio determinations derived from dry-bulb and wet-bulb temperatures

at four levelg in-the constant flux boundary layer.

as«"Net radiation flux densitv

Net radiation flux density was measured with a net pyrradiometer

(Swissteco Pty. Ltd., Type S-1) mounted approximately 1.25 m above the

23
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top of the developing soybean canopy. This sensor consists of a wire-
wound, plated {(copper-constantan) thermopile in which one set of Jjunctions
is in thermal contact with an upfacing plate while another is in contact
with a plate\bhich faces the ground. The thgrmopile receivers are
enclosed within a pair of polyethylene hemispheres. To avoid shadows

cast by the supportihg mast, the sensor was positioned facing south.
Iz“was purged continuously with a controlled‘rate of nitrogen gas to o
inflate the polyethylene hemispheres, to prevent internal condensation
and to equalize convective heat loss from each of the thermopile surfaces.

The characteristics of the sensor and its calibration details are

listed in Appendix Nine.

b. Soil heat flux dessity

Soil heat flux density was measured with eight transducers
(Middleton Pty. Ltd.) wired in series. These were suspended by wires on
an aluminum frame to maintain them in’the same horizontal plane 50 mm
below the surface. Four sensors were located beneath fhe crop rowﬁiand
four beneath the inter-row spaces. Pre-season and post-season |
calibrations indicated that the manufacturer’'s calibrationvcould be
accepted with confidence:

\ A method suggésted by van Wijk (1963} to compensate for vertical

heat flux divergence in the soil between the sensors and the surface was

used. The surface soil heat flux was obtained from

.-

AB
O-2Z

At

QG =Q. + C Az (3.1)

G
z
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where QG is the soil heat flux density at depth z and C and 66_2 are
Z
the heat capacity and mean socil temperature between the surface and

depth z. 0 was obtained from temperature measurements made with five

thermocouples wired in series and set at constant aePth intervals

-

between the surface and the heat flux transducers.

The heat capacity of the soil was determined from

C=CX +CX +CX +CX (3.2)
mm O 0 W W a a

in which C is heat capacity, X.is volume fraction and the subscripts

4

m, o, w and a denote mineral matter, organic matter, water and air.

o i
Neglecting Ca since it is small and using values of Cm = 1.93 X ].06J'm"3
x~1, c, = 2.51 x10%7m™3 ¥~ ang c, =b.19 X 1085m=3 k™1 (pe vries, 1963):
C=1(1.93X_ +2.51X + L4.19X)X 10° (3.3)
- m - .O . w - .

Based on previocus investigations at Simcoe (Wilson and McCaughey, 1971),

values.bf Xm = 0.459 mm3 mineral matter / mmS scil and X = 0.02k mm3
organic matter / mm> soil were used? Hence:

-3 -
i € = (0.9461 + L4.19 X ) x 1% . (3.4)

-

The average moisture content in the top SO mm layer of soil was
determined twice a day by gravimetric analysis. The morning samples
were used in calculating C for the period 0100 to 1200 EST and the after—

~

noon samples for the period 1300 to 2400 EST. Further details on the
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soil moisture sampling program arc given in a later section.

w

¢. Temperature and humidity profiles .

’Ventilated dry-buld énd wet-bulb psychrometry Qas used to
determine témperature and humidity profiles. The successful applicgtion
of this method depends on accurate temperature prbbes, adequate radiation
shielding and proper vedg?lation. Thermopile thermometers based on a
des%gn by Lourence and Pruitt (1969), with modification by the author,

were used to measure dry and wet-bulb temperature.

(i) Thermopile thermometer construction

-

a

Five~junction thermopiles constructed from #30 awg copper-

constantan thermocouple wire were used. The junctidéns were soldered

in series and insulated with heat-shrink tubing and coated with acrylic
resin. Each thermopile was potted within a length of thin Qa{led.
(0.254 mm) stainless steel tubing (4.763 mm OD) whiéh was then .filled
with polyester resin. Individual wires were led back through plastic
tubing to a reference sensor of the same éonstruption. This tubing was

sealed onto the stéinlgss steel probes, ensuring that the entire

thermopile was waterproof.

T a
re - e

The reference gnd wet-bulb probes were 22@ mm in length whereas
the dry-bulb probes were 310 mm. This additional length in the latter

allowed it o be positioned ahead of the wetsbuldb in the sensor housing.

»

Thus the dry-bulb was unaffected by the environment of the wet-~bulb.

*

{ii) Thermopile thermometer calibration Co :

The individual thermopile thermometers were calibrated agsinst a

™ hY

4
L4

wa » "

.
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T
o

set of precision platinum resistance thermometers (Rosemount Engineering

-

Company, Model 10&»431600@, Bridge Model L1hL, precision % 0.015 K)
‘followidg the field study, over the témperature range 273 to 303 K. An
ice-point reference chamber was used as a reference soﬁrce for the
thermopiles during the calibration as it was throughout the field

program. From the calibration data, polynomial regression relationship§
N ————
_were obtained for each probe

T=a,+am+ a.m (3.5)
«
'- 1
where T is temperature, m is the sensor electromotive output in mV and

~

ao, &1 and a, are regression coefficients.

To minimize systematic deviations between sensors due to sensor

o

housing differences probe.alignment and other features of the measurement

. sys;ém not accounted for in the laboratory cali%ration procedure, sensors
were périodically interCOmpaged in-situ duriﬁé’the field program. The
resulis from this provided for the evaluation of correction constants’. N
Tempefétures were multiplied by these after the application of equation
.3.5. The éorrectign conséants together with the polynomial regression

1

equations for each probe are presented in Table 3.1.

(iii) . Thermopile the;mometer time constant-
‘ kFor'a temperature sensor, the time-con%%ant depends oﬂ.instrumenx
..size and aspiration rate. ' The time constant of the thermometer; was
experimentﬁ}l& determined to be approximately 80 s.- When covered with

wicking and attached to &.distilled water reservoir, the-time constant

of the wet-bulb was found to decrease to approximately, 57 s,-

-
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N

~

TABLE 3.1: Thermopile Thermometer Calibration and Correction Constants

' CALTBRATION CONSTANTS CORRECTION
SENSOR FUNCTION a | a CONSTANTS
o i 2

o1 © LEVEL 1'- 6 273.78416 5.15131 _-0.03%36  0.9858
02 ( LEVEL 1 - 6_ -273.1h682 5.24361 -0.03L461 0.9999
03 LEVEL 2 - @ 273.22075 5.18926 -0.02990 1.0005
ok  LEVEL 2 - 0, - 273.45168 5.21092 -0.03257  0.9961
05 LEVEL 3 - © 273.21760 5.20112 -0.03267 1.0000
06 LEVEL 3 - 8_ 273.21354 5.21848 -0.0354) 0.9998
o7 LEVEL L - 8 - - 273.18090 5.18487 -0.02801- 1.003k
08 LEVEL L -Ge;» 273.22499 s.16§83» -0.02716 1.0011
09 LEAF TEMPERATURE  *273.79593 2.71025 -0.01276 1.0000

-~ . <

o 1. Level "1 denotes the sensor level closest to the surfage,'with/;;;gi\ﬁ
- . being furthest from the surface. .



(iv) Sensor housing and aspiration
The sensor housings used in this study veré based on a design by
Lourence and Pruitt (1969) which was intended to:
(1) eliminate temperature errors arising from the abso;ption of radiation
by the probes,
(2) supply water to the'wet-bulb at a rate which is in equilibrium with
evaporation from it (to avoid erronecus wet-buldb temperaturgs), and

(3) maintain a8 ventilation rate > 3 m s—l which is in accordance with
*

the requirements of aspirated wet-bulb psychrometry (Bindon, 1965; Tanner,

L)

[ 4

1963) .

| The"sensor housing consisted of two concentric shie1d§: a T-
Junction, & water reservoir, and a ventilari;; unit. Both shields-were
covered with aluminized mylar on the&outside with mylar on the inside of.
the outer shield and flat black paint on the inside of the inper shield.
The outer shield was constructed of insulation foam tubing (55.56 mm OD
wkqh L.76 mm vall)wto’which'g hood was added. The mouth was inclined at
60 degrees to the horizontal to assist in shielding the interior from |
direct sqplight. The inner shield was capped by a hemispheric dome, with
an aluminizéd mylar exterior and a flat biack inner surface. This dome

»

served to further shield the'sensing”probes from direc} sunliéht. The
aperature between the dome and the inner shield was such that it 5
maintained‘an dﬁter pe?imeterqaréa equal to the cross-sectional area of
‘the inner shield. The inner shield was made‘frog thin walled nylon
‘tubing, with small holes drilled near the downséf;am end to allow purging
. of the air between ;ﬂ; inner and outer shiglds.‘ﬁBoth temperature sensors

o T

- . . i

)



were centre positioned inside the inner shield.

A standard PVC T-junction (38.10 mm OD) supported the inner
shield. The outer shield was supported by # plastic sleeve, fitted over
one end of the T-junctjion. A perspex plug, to hold the dry<puldb and wet-
bulb probes in place, was inserted into the opposite end. ;§§%s of
appropriate diameter were drilled in the piug to allow the passage of a
wick.

Perspex tubing covered with aluminized mylar (200 mm in length

and 38.10 mm OD with 3.18 mm wall) was used for a water reservoir. It

was fixed to the cross-arm by an adjustable clamp,/ Water was conducted

by wicking within a plastic tube to the wet-bull sensor. Each unit was

aspirated by a 115 V ac fan (Rotron Mfg. Co., NTO ) attached to the
cross-arm. All exterior surfaces were painted white (or coyered with

aluninized mylar to minimize heating by global solar \radigtion.

e

(v) Field inst;llation'and operation - - . } .
The four ¢ross-arms to which the housing ;ere attached were fifte@

to a 2 m PVC pipe\wibh cast metal T-junctions (Figure 3.2). The spacing
between cross-arms was 0.25 m. This unit formed an outer sleeve around
a metal mast. A clamp on the @ast was used to fix the height of the |
sleeve above. thé ground. It was serated to allow thé‘sleeve to be Mwtated
so that sensors could £e directed into the wind. This aided in thé
maintainence of sensor aspiration >3 m s-l. Throughout tne study, the
lowest level in the sensor array was maantalned between O. 25 and 0.50 m

>

above the canopy, top.

The ice-paint reference chamber used for thermopile reference
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purposes was llocated 5 m from the mast in a half-sunken, louvered white
container. This provided a natura}ly ventilated, all weather shelter 1&
for the chamber. In routine inspection of the .temperature and humidity
sensors, particular attention was paid to the orientation of the sensors,
the level of the sensors above the canopy and the wet-bulb feed éfgtem.-
Replacement of the wet-bulb wicking was carried out every two days.

Care was taken in the handling of the wicking so as not to contaminate

°
%

its surface. Pr%or to the field study, the wicking was washed in a
mild detergent solution, carefﬁlly rinsed and dried. This was a£
attempt to both increase and §tandarize the cap@l}ary flow characteristics
of the material.

The temperature and humidity mast was lqQcated in the centre of
the study plot. Th{s position of optimum fetch from sll directions
(Figure 3.3) was selected as the study required long-term opggation

without regard to wind direction.

2. So0il moisture measurements

Soil moisture was measured by gravimetric and neutron moderatien -
tecﬁniques. , )
Gravimetric samples were taken twice daily (0815 to 08L5 EsT and
1745 to 1815 .EST) at 5 depths {0 to 0.01 m, 0.01 to o.qa‘m, 0.02 to 0.055
m, centred at 0.10 m and centred at 0.25 m) in 3 locations. These
samples were weighed in their fresh state and then dried at 378 K for
2k hours. Re-weighing then followed. With knowledge af t;e s;mplé
conteiner weight, the mass of the so6il solids and the soii'wateg~could

~

be established. Volumetric soil mpi;gure X, was then evaluated as

~
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- m

W
Xe=m P
s

(3.6)

S

- -~

where m, and ms“are the masses of the soil water and soil solids and
p. is the bulk density of the soil. The bulk density velues used in

\
equation 3.6 were derived from independent analysis of ps with depthT -

Neutron moderation measurement of soil moisture was done daily
(0800 to 0900 EST) when po§sible. In this technique, a pfbbe is lowered
down an access tube to a desired depth. Fast neutrons emitted from this
‘source into the soil are slowed by collisions with other particles.
Modification by hydrogen nuclei, mainly in the form of water, is more
effici;nt than other elements in the spil. The density of the resultant
cloud of slow neutrons is a function therefore of volumetric soil
moisture. This cloud is monitored by a éetector-in the probe in the

form of radiocactive counts per unit time. The number of counts regisﬁefed

. : —~
is linearly related to volumetric soiljgoisture. Field ca}ihggfign of

the sensor indicated thaf the manufacturer's (Meflear-Chicago Corp.j\ S
calibration could.be acéepted with confidence, '

Neutron moderation measurements Qere made at six.sites.. At each
site, measurements at 11 depths were taken (0.25, 0.30, 0.35, 0.k0, 0.50,
0.60, 0.75, 1.00, 1.25, 1,50 ani 1.75 m). Access tubes were made from
thin-walled aluminum (1.80 m in length with 41.28 mm OD and 0.84 mm wall).
Rubber stoppers-were cemented into the bottom of the tube and placed on
the toﬁ to prevent internal moisture accumulation. The precaiutions

noted by Wilson (1971) were obsetrved during the installation of the

tubes and the use of the sensing unit.

N
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3. Wind profile measurements

Four lightweight cup anemometers (C.W. Thornthwaite Associates)
were mounted on one mast at the same heights as the temperature and

humidity sensors. These anemometers operate on the principle of a

shutter interrupted light beam which generates an electric current

when incident upon a photocell, Each anemometer cup revolution causes
the photocell current to vary through one cycle. This in turn

\

increments a counter. The number of counts per unit time is related

toc windspeed by a polynomial

- ‘{;k» ~ / R

/N u=\l -LO69 + 25.7227 Cy - 0.00L43 c,t2 (3.7}

. \\
in which u ;;’;;;\hézgfpéed in mm QII\EHa~e is the recorder counts

t

per minute.

Correction factors for the different cup ass@mblies were

. 1

obtained because of slight differences in their field performance.

N——

Q\ .
These were determined from periodic field intercomparisons where all
anemometers were mounted on one level above the surface. Registered
counts were multiplied by "these factors prior to the application of

equation 3.7,

4. Stomatal resistance measurements

Stomatal resistance measurements were made using a portable

€ s

stomatal diffusion ﬁprometer similar to that described by Kanemasu et al.
(1969) (Lambda Instruments Co.). The air in a chamber containing a

/ Y :
hygroscopic sensor ig dried to an init;al low humidity level. The

chamber is then clamped on a leaf. The diffusive reéistance is évaluated
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by recording the time for water vapour to diffuse from the leaf into
the sensor chamber and vary the humidity over a known fange. The
relationship between elapsed time and diffusive resistance is linear.
The instrument was calibrated in a procedure similar to that
outlined by Kanemasu et al. {1969) and the manufacturer. A plate
supplied by the manufacturer cgntainéd pores. which ;imulatedxfive
known stomatal resistances when placed over a saturated source. Thé
sensor was calibrated for two humidity rdnges since the unit had one
for leaves with a low diffusive resistance as well as one for leaves
of high resistance.
The calibration of the unit presented two difficulties. First,
both the'humidity sensing element and the rate of diffusion from a
leaf are temperature dependent. Therefore it was necessary to calibrate
the sénsor over a range of temperatures. Following the manufacturer's ¢
guidelines, a correction factor, relating all sepsor readings to a
.
temperature of 298 K was established for data reduction purposes.
This correction was found to hold for both sensor humidity ranges over
the duration of the field program, A bead ther?istor, built into the
porometer sensing unit, 6g;’used for measuring leaf surface temperature.
Second, sensor response times at a given resistance for both
sensor humidity ranges increased throughout the study. Similar features
have been noted by Morrow and Slatyer (1971) dand Gandar and Tanner (19%6).
This feature is attributed to water absorpFion by the sensing element

4

and housing chamber and sensor deterioration from environmental

contamination associated with prolonged field exposure. Prior antici-

pation of such possibilities lead to several sensor calibrations
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throughout the course of the study so that corrections could be made.

Kanemasu et al. (1969), Morrow and Slatyer (1971) and the ,
manufacturer stressed that during porometer storage, calibration and
use certain procedures and precautions mﬁst bte observed to obtain
reliable results. These were followed during the field program.

Field measurements of stomatAl resistance were made three times
daily (morning, midday and late afterncon) when conditions permitted.
The exact times of measurement varied due to decreasing daylength
throughout the study. Adaxial and abaxial respOnses‘were monitored
on a minimum sample of 10 leaves, and often (when time permitted) 20
leaves. From these weasurements, harmonic adaxial and abaxial mean
leaf resistances were computed for later analysis. Attemptg were made
to sample leaves representative of the full canopy. ©Sample leaves were
tagged for ready identification in the field. This also aided in

maintaining representative sequential measurements.

S. Crop parameter measurements

a. Crop description

The 2.6 hectare study plot,uas‘cultivaﬁed on June 5 (Day 156}!°

and fertilizer application was 168 kg ha™t of 10-20-20 (N, P, K}). The
& . (%}

crop was éiaﬁtéHZOﬁ—Jnng‘5 (Day 157) in rows oriented east-west. Row -

spaéing vas 0.53 m with a seed drop ofhﬁﬁ“ﬁér*metraxgg\zpw. This

resulted in & study plot density of 3724000 plants per hec;;;;i\~aiﬁ;**“‘*‘*‘~w

-— . e

-

-~

1. For date -display purposes, dates dre expressed using Julian Day
nomenclature. Appendix Pen provides a table for the conversion of
‘date to Julian Day of the year. . . .
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o
depth of planting was 25 mm. The herbicide program employed pre-—

- £

emergence application of Metribuzin (Sencor) with 0.L42 kg active per
L.
hectare. Crop emergence occurred on June 10 (Day 161).

[
Crop devetopment was terminated on September 22 (Day 265) with

@

‘the occurance of heavy frost.

B. Cfop height

Crop height was measured regularly throughout the field program

using two approaches. The first was a component part of a routine

destructive plant anal&sis program. Prior to removal of\the plants from

five éanéomly selected 1 m-sections of crop row, the height of the

individual prants was measured and the mean height assessed. The other
. .

measurements taken periodically

L)

approach(involved in-situ non-destructive
throughout the study. Again, meaﬁ values of these samples were taken.
The change in crop height throughout the study period is shown in

Figure 3.k4. !

. 3
c.. Leaf area index N

£ d

.During a routine destructive plafit analysis program carried on

throughout. the growing season, leaves from five randomly selected 1l m

sections of crop rawv were separated from.the plants. These were weighed,

. { >
dried at 343 K for S days and then re-weighed. Prior to drying, a

.

selected number of these samples wére placed against a background of.
’ . ) 1]
known area (0.25 m2) and photographed. The negativeg were analyzed

after the experiment-and the area of the leaves was determined. A
w . % - . _‘ R )
relationship between leaf area (LA in m2) and ;eaf dry weight (DWL in g)

/ et
{(Figure 3.5) iwas evaluated:

-
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Figure 3.5. The relationship between leaf area -

and leaf dry weight.
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)

LA = 0.0215 DW . : (3.8)

Leaf area index throughout the season was then evaluated from
leaf dry weight samples and known row spacing. The seasonal progression

of leaf area index is presented in Figure 3.6.

d. Leaf temperature

Leaf temperature measurements commenged on Jul§~2 (Day 188).
They were measured diréctly by an array of ten #30 awg copper-constantan
thermocouples arranged in series and referenced against an ice-point
reference chamber. The ten sensor tips had an electrical insulating’
coating and were attached to the lower surfaces ogjrepresentative

+

leaves by adhesive tape. It was necessary to interpose a thin layeé.

b
direct contact. and damage to the leaf tissue by the sensor. The sensor

‘of adhesive tape between the thermocouple'tip and the leaf to avoid

IS -

arrgy was calibrated in a mapner similar to that<ﬁ€scribed for the

temperature thermopile thermometers (Table 3.1).\.

6. Additional measurements “ S

ﬁ. Global solar(radiation flux density

Global solar radiation flux density was‘mehsuréd with an Eppley
Prepision Spectral Pyranometer Model 2 (Eppley Laboratory). This sensor
has a 50-junction viréwound! plated (copper-constantan) thermopile

enclosed in two concentric glass hemispheres. The receiver is mounted

on an equatorial plané below the hemispheres and is coated with Parson's
o ) )

Optical Black. -&g internal temperature cgmpeﬁsaﬁionlcircuit permits

sensitivity to remain comstant to ﬁithiﬁlt 0.5% over the ambient
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~
are listed in Appendix Nine.

Ly

temperature range 253 to 313 K.

The pyranometer was mounted on a-.plate fixed atop a 3 m tower.

This ensured that the sensor was free from obstructions above the plane

i

of the sensing element. _ s

The characteristics of the sensor and its calibration details
x

b. Supplemental measurements from the Atmospheric Environment Service

The Atmospﬁeric Environment Service Simpce First éiaSﬁ Station
was located 250 m north-east.of the instrument site. Supplemental
measurements required within the study framework were obtained from

this station. .These included hourly barometric pressure; wind direction

and precipitation measurements., _,

C. Recordink and Data Reduction

All signals from the aontinuous operating instrumgnts were
passed through shielded multi-conduétor cable to an.airfconditioned.
field laboratory vhlch housed the recordlng apparatus. The fiei&
laboratory was also equipped with a dehumidifying un1t to aid in

maintaining a controlled envirOnment fgr xhis equipment. All signals.

[

vere grounded to'a c0pper rod inserte& to a depth of approximately 3m ~i‘%ﬂaﬁp

in the ground outside the laboratory. A

During perlods of electrical and thunderstorm actlvity,

ol
measurements vere suﬂpended Care was. taken o ensure electrical”

isolationaof the data tecording apparatuz during these times, - *

-l o v T
v .
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1. Temperature and humidity
Signals from the dry-bulb and wet-bulb therﬁopile thermometers
were monitored with a Solartron .data logger (Model LM 160L BC Digital

Voltmeter with a 50 channel Low Level Scanner Type TS 50/3232) and

recorded on magnetic tape at 200 bpi. Data from the field tapes were

&

transferred to storage tapes for computer terminal storage. “The
| ]
accuracy of the data logging system was established to be * 0.003 mV

based on the manufacturer's specifications.

The hourly uncalibrated means pf thermopile thermometer data ‘
\\\\\Nesg converted to teﬁpefature bty application of the appropriate calibrations. -

These values were then convertéh to potential temperatures. Hourly means

<

. B ) . . :
of dry-bulb and wet-buld temperature, 8 and Bw, were used to compute

vapour pressures:

e=e(8)- v(8=06) . . ' o (3.9)

s

Employing femperature; in degrees Celsius, es(Bw) was computed foilowing

Dilley (1968)

o o
-~
»

o) =a e [Broseee)] a0y

where a' = 610.78, B' = 17.209 and ¢' = 237.30. °

~

During the field experiment, problems with thie wet-bulb feed .

B

syséem aometimés occurred.. During the data reduction, any‘épdrioué, :

uet—ﬁﬁlb data were discarded. - RV p

“w

o~ At the béginningiof the study, measurements vare_rébqrded eyetf‘J :

. .
- . i .
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S minutes from 0500 to 1900 EST. However as the daylight period
. decreased in length, shortening of this observation-period resulted.
.Signals were monitored every 20 minutes when the 5 minute interval was

not being used.

|

2.. Net~radiation.and global solar radiation flux densities

The net pyrradiometer'énd pyranometer signals were recorded
continucusly on'a récarding pétentiometer (Honeywéll Electronik 19k4}.
The recorder precisién was * 0.25% of full range with a dead band
error of % 0;151 of fullrrapge. The data from the recorder charts were.

reduee%‘by hand to yieid hourly means.

3. Soil.heatAIlux density
The gignals from the soil heat flux trangducers and the divergente
thermopile were reéorded'on the data logger previously described. Mean
uncalibrated hourli'values from the soil heat flux transducers were °
obtainéd, ;fferjﬁhich calibration was abplieé, Hourly mean soil
temperature in the 0 to S0 mm dépthurange vas c#iculated and the difference
~ from the»pre§ibus' hour's reading was oﬁtainedt This was used in conjunction

with the volumetric sotl moisture samples to evaluate the surface soil

heat flux density. .

-~

4, Wind profile record

-€up revolutions were recorded on electromechanical counters which. . -

1)
Rl

were read every hour. Data vere transferred to computer cards for

calibration,gnd subseqﬁent analysis. During periods of gxcgssife rain,
N o . L " : ) A I» & T - . s .- .‘ )
;. no profile measurements were made.

- - te ~ \ . ¢ '
. ) . R i 3

- L]



S. Soil moisture

The volumetric soil moisture measurements from the gravimetric
and neutron moder;tion methods were combined to produce daily soil
moisture profiles. The average morning gravimetric samples at S5 depths
Qere combined with the average neutron moderation estimates at 11 depths.
At the 0.25 m intersection, the values froﬁ the two methods were averagea.
‘As a validity check on the consistenéy of the two technigues, the
relationship between the two independent samples is presented in Fisyre
3.7. ?he good agreement exhibited between the methods.provides ‘
confidence in bo£h soil moisture sampling techniques.

From the volumetyic soil moisture values at 15 depths, represen-
tative values for all 10 mm depth intervals between the surface and
1.5 m were established using a 1inear‘interpolation techn&que.

So11 moisture characteristic curves relating volumetric soil
moisture to matric suction were exber;mentally determined'by the
. University of Guelph's Depar?ment of Land ﬁesource‘SEiehce eﬁploying
pressure-meﬁbfahé apparatus (Wilson, 1971). Curves for the depths 0 to
0.25 m, 0.25 to 0.50 m and > 0.50 m were derived from representative
5011 samples taken from the experimental Sitﬁa The curves fbr the three -
depth ‘ranges are presented in Figure 3 8. These curves are used to ..
convert volumetric so0il moisture to quatric suction. However when soi}:
moisture levels fell belov threshold volumetric soil moisture values
equlvalent to —1500'kPa, matric suction was arbitrarily sé€t equal to‘

~1500 kPa. ' E | I - L



¥

. VOLUMETRIC $OIL MOISTURE (NEUTRON MODERATION SAM PLES)

(mm3 Hp0 /mm3 sOIL)

L8

0.24
0.22 |
0.20 |-
o.8 |-
0.16 —
0.14 |
0.12 |-
0.10 |~
0.08 |-
0.06 |-
0.04}

0.02-

t a1

| S W NN W NS N (NS TN NN W N TR UNE TN BT O O

O o002

0.06 0.10 " 0.14 0.8 0.22

VOLUMETRIC SOIL MOISTURE (GRAVIMETRIC SAMPLES)

’ |
Figure 3.7.

< (mm3Hy0/mm3 soiL)

The relationship between- gravimetric and
neutron moderation volumetric soil moisture
measurementis. The data points displayed are
average daily measurements at the 0.25 m

" depth. The sample size is 67.
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D. Error Analysis

The absolute ang relative errors in temperature measuffement were
assessed and combined to determine errors in calculated vapour pressure.
Thesé in turn were combined with the errors in Q* and QG to estimate

the errors in AQE., i )

«

The method of assessing errors follows Cook and Rabinowicz

(1963), Fogel (1962), Fuchs and Tanner (1970) and Scarborough (1962).

Any value Y can be expressed as a function of a set of measurements

Sx

X1 Xps sees X which have associated with them errors &8x

h 1 ....éxn:

2’

- L]

Y = £(x; % 6x,, x, ¢ ze,‘---/% ' (3.11)
. , . - a

The total error in Y, 8Y, is given by differentiating equation 3.11:

_ 3y 5Y X5 '
SY -B—il&cl + 3-;‘-26}(2 + ....+3—5{—;an . , (3-12)

» ‘ .
The probable absolute error in Y is smaller than 8Y and is found by

taking the fbopdmean-square of equation 3.12: - ﬂ—’// .

‘ ' N ) b3

2 2 kY 2
; oY -9Y Y
GY = ("a;ldxl) + (,5; xz) + L... + (g-x- an) . ( 3. 13’
2 n
The relative error is evaluated as 6Y /Y. ' . <
1 § ~ - rms

Equations used in this error analysis and tabulated results are

'presented-ig,Appendix Two.

1. Error in temperature and humidigx measurements : .

The errors in dry-bulb arid wet-bulb temperature were assessed from
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the error in the calibrat??n.constant of a representative sensor and the,/’
o . :
resolution error in the data system. Errors due to radiative heating of

sensor shields and incorrect water feeds could not be taken into account,
Over the temperature range 273-303 K, the relative error in 8 and Gw is

less than * 0.01 % (Appendix Two). Errors in calculated values of A8,

-

e and Ae are shown in Appendix Two.

-

2. Error in net radiation and soil heat flux density measurements

g

The error in Q* was assessed from the resolution in the reading
of the sensor output and the calibration ertgf of the sensor. Appendix
. qu indicates a relative error of approximately * S% in Q®, with greater

=2 -
error for Q* < 200 Wm .
In this experiment, an error of * S% was assigned to QG.
)
!

3. Error in latent heat flux density

Using the results in Appéndii Two, the error present in the Bowen
ratio metho® estimations of AQE was assessed. A sample tabulation is
presented in Table 3.2. When humidity differences were large (Ae > 25
Pa), AQ, is estimated with relative errors betveen * S% and * 12%. At
smallef Ae values, errors becomne ;ery large. Hence, the difficulty of
obtaining reliable values of AQE during dry conditions is apparent.

The results of the error analysis presented her?in for XQE finds

approximate agreement with Fritschen (1965). McCaughey andfﬁavies

(1975) and Sinclair et al. (1975).
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TAB%E 3.2. Errors in Latent Heat Flux Density
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. "A. Aerodynamic Resistances to yomentﬁmJ Heat and Water Vapour Exchange --

. were‘gbguined for all height permutations of the four levels of

'neutral. This criterion- finds agreement with fyst that have been cited

. CHAPTER FOUR

COMBINATION MODEL RESULTS

-
3

1. Surface roughness and zero plane d%gplacement )

Surface roughness and ‘zero plané displacement parameters were
cglculated by an iterative prodvedure (Tanner, 1963) from wind profiles
~ |- -

measured during neutral .equilibrium. Valués of the Richardson number -

5
-

measurement. Profiles with all Ri valués_f [0u01] were selected as

1 .,
for neutral equilibrium. - ' . ,"

Temporal changés~in zg and;d are éhowh in Figures 4.1 and 4.2, /f%{
. - . ) ~ - ) % .
Values of =z increase throughout-the growing seeson. Values of @ . .

increase until approximately Day 236 and then decrease. Stanhill {1969),

Szeicz et al. (1969) and_Tanner andAPelton (mgsq)‘have shown that both

zo and d correlate well with crop height. Hovever, foliage density

>

mmst-also~bé important. The decresase 1n d 18 ‘well correlated with'

canopy defoliation during the latter part of the grouing season (Figure
¢

3.6), while crop height’ remains almost constant (Figure 3 LY. z, ,

_ however appears o be igsensitive to defolfation. The correlation with

v .

- crop/height may hawe been sustained t'olloving defoliation by t& obgerved’

- L) - %

. stiffening of plant stems.

A S
N - . .
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Figure L4.1. The progressién of z throughout the growing
. ) +  season. The data points represent individual

z, values determined from hourly wind profiles
d8ring neutral equilibrium. The curvé through

. the data points efter Day 180 is given by
3 4 z, = -27,49 + 281.47 CH « 27.9h4 LAI . Prior to
. Ddy 180, z, = 1.0 mm.
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Figure k.2, The proeressioﬁ of d throughout the,growing
‘ : ,season. The datg points represent ingividual .
d values determined from hourly wind profiles
) during neutral’ equilibrium. The curve t‘hrough
, " the data points is given by - 3

d'OB3+2h5.73Cﬁ+9136LAI .
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As it was not possible to evaluate z, and d each day, these

parameters had to be estimated. Both z, and 4 were statistically

related to crop height (CH in m) and LAI: —
. ’
z, = ~27.49 + 281.47 CH - 27.94 LAI ) (L.1)
and

d = 0.83 + 245.73 CH + 91.36 LAT . (4.2)

Estimates o{ Z, and d frém these expressions are §ho§n in Figures 4.1
and hlz. Prior to/Déy ;80, when the crop was emerging, Zo was set equa%
to 1.0 mm. |

The large scatter of observed values of'zo and d about m?del
estimates (Figures 4.1 and L.2) cannot be explained readily. No
,dependence on windspeed or direction was foun&. The scattgf may well
be a COnsegueQCQ_of measurement errors. ) ’

Estimates of zo and d from various regressibé‘modeié (Monteithi
1973; Stanhill, 1969; Szeicz et al., 1969; Tanner hnd‘Peiton, 1960) -
are compared with estimates from equations h;l'and h.2-(Fiéures 4.3 aﬁg

4. 4). Also, zo~aﬁd d have been related to crop height by linear

regression (Figures 4.3 and k.k). These relations are

z_ = -20.78 + 163.T1 CH SN e (%.3),

and‘

g

A3
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(3

d = -21.10 + 630.82 an . ' - (L.L)

T

As one would expect, these fail to show the increase in zo and decrease

in 4 that continues after mid-August. Prior to this time, all models

give similar results. It is worth noting that the Monteith and Tanner

and Pelton models for'zo give results which are very similar to those
from equation 4.3, Likewise, the Monteith and Stanhill expressions

for d compare quite closely with equation L.4.

2. The role of aerodynamic resistances in the combination model

The aerodynamic resistence for momentum exekange was calculated ©

for each of the four measurement levels from equatipn 2.29 using daily

values of z_ and d {equations 4.1 and 4.2). The aerodynamic resistance

for heat and water vapour exchange was obtained ffpm.equation 2.37. -~

a. Sensitivity of gerodynamic resistances to z, and d

Study of the sensitivity of aerodynamic resistances to z and 4

was prompted by the wide rangé in values for these_parameters4 Almost

all of the field determinations of z_ and.d are within * 50% of the

values estimated by equations 4.1 and 4.2 (Figures u4.5 and 4¥.6). Using

th ti ti .
e equation estlmgtes of zo and 4, raM’ b aVH

without stability correction,|over the whole measurement period. For
relative errors of 10%, 20% and 50% in z, and d, the resulting errors

(absolute and relat}vg) in T To aVH

-

r. and r ... were caIculated‘for fpﬁf

windsﬁeeds. Detdails, of this analysis are presented in Appendix Four.

»

Results for 12 days evenly spaced throughout the stﬁdy period are ‘

tabulated in Table L.1. These data show that:

*

r and r were evaluated,
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Aerodynamic Resistance for Windspeed of 1.0 m s

s

in

Errors

TABLE k.1{a).

l

Reference height for wind velocity is 1.5 am
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2.5 m s"1

Aerodynamic Resistance for Windspeed of

.

‘

Errors in

TABLE 4.1(v).

- Reference height for wind velocity is 1.5 m

.
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(1) Errors inr exceed those in r Since absolute errors in
¢

aM b

raVH are the sum of thoée in ToM and ry» they are the largest.

(2) Errors in the resistances increase with errors in both z_and d
but are more sensitive to errors in zo thaniin df

(3) Errors in the resistances arising from errors in zé incerease .
'throughou£ the study period and those rarising from errors in d decrease
towards the termination of the growing season. . -

(k) As the resistances r.m Th and T oVH decrease with increased wind-
_speed, so do the errors arising from zo'&nd d.

As z, and d are both evaluated from wind profiles, errors in
these terms’ are unlikely to occur independently. Therefore, resistances,
without stability correction, were evaluated for systematic errors in
both z_and d of * 50%, * 10% and 0%. This induced variability in r
and its ratio to actué} faVH (raVH}/raVH) is presented in Figure b.T7.

' The variation of T VH with time and windspeed is striking. The décrease
in r vy 2 the surface becomes aérodynam{sally ;pugher and the windspeed
increases is4apéarent.' However, the variation of raVH‘)raVH thréughout
the season is similar for all windspeeds.’

A
variability on AQ; estimaticns is now considered. .

»

The effect of PAVH

Employing the sensitivity .analysis outlined iﬁ Appendix Five, for reiétivg,
errors in r .. of 10%, 20% and 50%, the combination model (eqﬁation

”é.20) is relatively in;ensitivé to réVH
Arising from the imteraction beiveen varigbles in the combination

error (Table 4.2),

model, a definitive summary of) the results in Table 4.2 is di fficult.
Hence, further analysis e ying actual hourly data from the study
wag underteken. From Figure 4.7, the range of variability ia rdﬂﬁ due

e
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‘ raVH and f ‘are highly correlaté& with the deviation from the
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to errors in both g and 4 was determined. 'XQE wvas computed from

equation 2.20 for values of T0%, 90%, 110% and 160% of actual r_...
These flux evaluations are compared with actgal hourl& AQE measurements
(Bduqn ratio method) in Figure 4.8. Values of Tgps Previously }
evaluated by residual, were employed. Model values agree well with

Bbwen ratit method determinations even with substantial errors (* 50%)

in 'both"zo and d. Hence, estimates -of z, and d from the types of

models presented in Flgures h 3 and 4.4 could be used in the combination

-

model without incurrlng large errors.

T

b. Use of r

aM

for evaluating XQE
In most previous work, r

has been used instead of r

aM
estima.ting AQE by the combination Bodel. Figure 4.9 shows thad hourly

line being a¢counted for by the inclusion of ry in ?aVH“ If'raM

used in place of r . (Figure L. 10) AQE can still be calculated

avH
using equation 2. 20 to an accuracy vhiah is within ten percent of

Bowen ratio method determinations in most cases. Since the~evaluation

‘ of r  requires no additiqnal data 1nput Othbr than that required fbr

b

YoM calculation: the ihclusion of rb in :aVH evaluatiOn can be routiné.

The dependence on Thom 8 (1972) expression for Ty is acknowledged

‘tOgether uith thelneeessity for further validation.

Deggndencx of T . and~lQE gﬁgn atﬁﬁspgeric‘ ggk- 'ﬁt :
‘th dependency of‘r Vﬁ and AQE on atability corqpction is now

conﬂi&&red Pigure h, 11 shawa that Tovi - and T vH vithnut stﬁbiligy ;

Eérroction 1:! highls correlated, with oniy a: few ﬂ%ta points depatting

B s,
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-
sfgnificantly from the 1:1 line. Clearly ¢M plays a rather insignificant
H 3
role in aerodynamic rdsistance estimates. Hourly AQE evaluated from
- : 2 . -

toa

equation 2.20 with r replaced by r with stability correction

avH aVH

excluded compares with hourly AQE measurements to within S%¥ in most
cases (Figure 4.12).

< ‘L ' .

“This analysis shows that the inclusion of stability correction

™

is unnecessary for most r determinations. Deacon and Swinbank

aVH
(1958) aﬁd Swinbank {196k, 1968) argued that stability corrections are
small enough to,pe neglected close to the ground since turbulence waé_
controlled mainly by .wind shedr; Bradley (1972) showed experimentally
that departures from neutral eqﬁilibrium’ane sma%l below a height of 1
m. In'tne present study,¥the heigﬁf of measurement was often within
éhe_firét meter of the atmosphere; thereféfe, the smali“cont;ibutioh.
of‘¢h ?s not gnéxpgcted.- Hoeref; it should’be streg%ed that stability
correction can only Se neglected if measurementg are made sufficiently
ciose’tp the;surface. Then prﬁfile measurements of windspeed and
temper#ture'to evaluate stability are unnecessary., ﬁence, rsvg can -
be evaluated from occasional wind profiles in neutral equ111brium to
obtain z and dy or if rel1able empirical estimates of z and d.are
,available windapeed neasurements at:one height. An example of the
vlatter is preseﬁted in Figure . 13. Using Z, and d from equatiqpsph 1
F;md k., 2, T i ,'rb and r avA
23'\ eviluat%d pver. a range of vindspeeds for an arbitrary reference

excluding stability correction hgve been -

anemonntsr height of 1.5 m{fér—the duration of .the study period.
. ’ ‘:' i .o . * ': ) Coe “ ¥ ." . -
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. 2. Micrometeorological estimates of r

B. Bulk Stomatal Resistance

1. Evaluation of rST from leaf resistance measurements

Harmonic means of adaxial and ébaxial'leaf resistance, measured
with a diffusion porometer, were.evaluated thfeehtimes daily (morning,
midday and late afternoon) throughout the growing season (Figure L.1k).
These were combined with LAI data (Figure 3.6) to egtimafe bulk
stomatal resistance rST(P) from equation 2.38. These data have been
tabulated in Appendix Six.

‘The accuracy of.rST(P) evaluation is diff?cult to agsess because -
the accuracy of LAI determinations and the representativeness of porometer

i~

eétim&tes of leaf resistance cannot be specified. However, the

<

sensitivity of rST(P) to arbitrary relative errors in both LAI and leaf

Tap  Tap

I

conductance (—l- + —l~) can be examised. Based on the error analysis

.outlined in Appendix Three, for a given relative error in either leaf

eonduétance or LAI, the relative error in r (P) is equivalent in
magnitude but of opposite size. These relative errors have bgfn i

arbitrarily combined to eValuate probable .relative errors in rST(P)

(Table 4.3). When rglative errors for LAI and leaf conductance are of

opposite sign,.resultant error in rST(P) is minimized. However, when

these errors are of the same sigﬁ, relative errors for rST(P)‘gfe large. ©

" . ) N 3 C s

ST
. Pwo microneteorologiﬁal methqds were used in the determination

J

3

of r, ,f The rirst de:term‘!:nes bulk stomatal resistance T(c:]&) by

,reaidual trom the. combination Jmodel lequation 2. 20) e

q
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S

T oVH [S(Q*_QG_)\QE)- YAQE] + pCp ES [6(2)] -e( Z)] o
YAQ,

r. (CM) = .5)

ST

In the second method, bulk stomatal resistance rST(OLA) was
determined from an Ohm's Law snalogue. Combining é&quations 2.18 and
2.14 and approximating mean surface temperature 6(o) with leaf temperature

o(L):

4.—4"/‘

oo [es[e0] - e(2)]

. oAQ = . (4.6)
QE Y rST * I‘a.VI-I .

Hence:

. e_[6(1)] - e(z) -
rop(OLA) = "Sp [S*AQE ] - T - (4.7)

Since 6(L) measurements commenced on July 7 (Day 188), rST(OLA) could
only be calculated beginning on this date.

Both expressions for r were computed on an hourly basis using

8T

AQE determined from the Bowen ratio method (equation 2.11) and T VH

from equation 2.29. Values of rST(CM) and rST(OLA) are plotted in

e

Figure 4.15 for morning, midday and afternoon periods which coincide

with r, evaluations. At all times, the trends are similar- but

rST(OLA) is consistently larger than T(CM). ~This can be attributed

Ts

to two possible causes. First, theie i1s possible consistent over-

?

estimation of 8(o) by the leaf thermbcouple array due to inadequate

[

canopy sampling. Also, the,array may have been subject to errors due to

¥

N _ .
radiative heating. Second, im equation 4.5, & was evaluated at

L4
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temperature 8(z) rather than at the mean of 6(z) and 6{o). This
underestimation of $§ would result in reduced rST(CM) values. The
influence of this is anticipated to be small except in cases where
B8(o) - 0(z) was quite large.

An error analysis was undertaken to assess the probable

-

absolute errors in both rST(CM) and rST(OLA). The analysis procedure
»

is presented in Appendix Four, with the resultg‘tabulated, together with

all of the bulk stomatal resistance data, in Appendix Six. For a given

) . . =
hour, GrST(CM)rmg and GTST(OLA)rmS are quite similar. However a3

T(CM)rms/rST(CM) and

6rST(OLA)rms/rST(OLA) 1? quite large, reflecting the effects of instru-

mentation accuracy‘in.m{éely variant environmental, conditions.

- {
Acknowledging this, the 'differences found in Figure 4.15 are within the

expected, the range in Telative errors 6rS

range of probable error_in most cases.

C

3. Comparison of r__ (P) with re (CM) and rST(OLA)

ST T

In Figures U4.16 and L.17, r_ (P) is compared with rST(CM) and

ST

rST(OLA) respectively for the three observational periods throughout

the growing season. In bBoth figures, several trends can be discerned.
’Il -

For all observation periohs, until approximately Day 190, rST(P) greatly’

@
exceeds both rST(CM) and r..(OLA) and agreement between the estimation

ST
procedures is poor. This arises because comparisons betweentequatjon
2.38 and equations 4.5 and 4.7 should not be made when LAI <1 (LAI =1
on Day 194 when crop height. is 0.25 m). Comparisons are only valid

. “ .
when the surface energy balance is controlled by an extensive canopy

with minimal influence from bare soil. During the early stages of the
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crop, the influence of the bare soil surface as a source of moisture

efflux cannot be disregarded. N

(P)

For the rest of the growing season, agreement between Tsp
e

and both rST(CM) and rST(OLA) is better. Although the systematic

differences between rST(OLA) and rST(CM) did not appear to be great

(Figure 4.15), agreement between r_ (P) and r. (CM) 1s much better than
—

5T ST

for rST(OLA).

Excluding the early growing season data, the greatest discrepancies

between rST(P) and rST(CM) appear after mid-August. Some suggestions

for these differences can be made. The latter part 6f the study periaod
was relativély dry with little soil moisture available to the crop
(Figure h.26). The previous XQE error analysis showed that energy flux
density measurements are most subject to large error in such dry

conditipns. Hence, evaluations by residual will reflect this. The

Tsp

large probable absolute errors accompanying these larger r__(CM) and

'

rST(OLA) observations bear this out (Appendix Six). Errors, not

ST

accounted for such as radiative heating of the temperature and humidity
sensors and irregularifges in wet-bulb feed systems are also pronounced
during these conditions.

Due to the continued trend of rST(CM) > r_. (P), the accuracy

ST

of rST(P) must also be considered. Errors in r T(P) are difficult to

5

assess but some suggestions about their influences cagfée made. During

late July and the first half of August, agreement between r__(P) and

ST

-

rST(CM) is good. At this time, the canopy is still approaching maximum

LAI. Once this is reached, sampling errors in the determination of rL

will be greatest unless. r. measurements are increased to compensate for

L

-
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!

the larger leaf area. With limifed observ%tions (10 or 20 leaVes), it
is clear that systematic errors can easily arise. Since rST(P) is less
than rST(CM) and rST(OLA) for this period, & bias in leaf resistance
sampling is possible, particularly if older, lower leaves in the canopy,
which are not fully irradiated, are not adéquately sampled. Monteith
et al. (1965) have found that using total LAI was inappropriate when
only upper canopy leaves were sampled. They defined an effective LAl to
account for this. For their barley crop, all leaves were effective in
/

transpiration until LAl reached half of the maximal-value, after which
ag effective LAI of 0.5 LAI was employed. This technique has been
applied by Szeicz et al. (1969) for a pine forest and Szeicz and Long
(1969) for grass. However, this approach merely accounts for ineffective
‘sampling of rL. If an effective LAI of 0.5 LAI was used after mid-August,
better agreement between rST(P) and rST(CM) could be obtained. The
writer believéB‘EE%F this step cannot be Jjustified in this investigation
since the differences cannot be conclusively shown to result from Bi;s
in the sampling program.

» From the foregoing, it is clear that a mere detailed sampligg

program for r_ would be worthwhile. Methods of implementing this however

L
are laborious. A laydred canopy sampling program, similar to that
applied in a Douglas fir forest by Tan and Black (1976), may be
desirable, however its utility in a fast developing crop stand requires

examination. The intensiwe labour reguirements of increasing the number
of measurements over a long study program and the problem of obtaining

representative samples within a short period of steady state conditions

must be acknowledged.
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L. Estimates of X using r..(P)
g gp L

Estimates of hourly XQE employing r

ST(P) in the comblnatlgn

model (equation 2.20) and in an Ohm's Law analogue (equation 4.6) have
been compared with hourly Bowen ratio method determinations (equation
2.11) of AQE for morning, midday and late afternoon periods throughout
the growing season. The data used are tabulated in Appendixrésjrn.

For the combination model (Figure 4.18), excluding the'pé?;gd of
incomplete canopy {(LAI < 1), the agr;:ment is exceptionally good. Most
of the estimates from the combination model are within the range of
probable absolute errors in AQE evaluated from equation 2.11 (Appendix

Seven). One discernable trend is present in the results; as r__(P) is

-

ST

usually less than r. {CM) once LAI > 1, AQE estimates from equaticn 2.20

ST
exceed AQE from the Bowen ratio method.
In Figure 4.19, XQE estimates were derived from an Ohm's Law

analogue (equation 4.6) using r. (P). In these determinations, leaf

ST
temperature was determined, firstly, from the continuously monitored
leaf thermocouple array, and, secondly, from the temperature readings
made with the porometer's temperature sensor. For most observations,
differences resulting from tle two meEhods are not large. Both however
lead %o overestimates of AQE'when compared with Bowen ratio method
determinations. This contrasts with the very good agreement obtained
with the combination model. This could be anticipated from the

differences between rST(OLA) and r. (P). There is however a further

ST
reason. The sensitivity of equations‘20 and 4.6 to Tqp has been
summarized in Tables 4.4 and 4.5 based on the analysis outlined in

Appendix Five. From this analysis, equation 2.20 is shown to be less

N
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sensitive than equation-i.6 to relative errors in r Hence, the

ST*
trend in Figure b4.19 results partly from underestimation of rST(OLA)

by rST(P) but also from the greater sensitivity of equation L.6 to
errors in rST' . - .

From the data presented herein, the use of equation 2.20 is
preferred over the use of equation L.6. Although equation 2.20 requires
surface net available energy, it does not require 8(L). Egquation 2.20,

. error. As

from previous anglysis, is relatively insensitive to T oVH

-

the sensitivity of equation L.6 to relative error is equal for rep 8nd

-

r the further superiority of the combination model is apparent.

aVH?

5. Relationship of leaf and bulk stomatal resistances to enviromnmental

parameters

In this'section, the relationship of rL and rsT to environmental

{
parameters will be examined. As shown previously, the combination

model provides reliable hourly estimates of AQE if r can be specified.

ST

Focus will now centre on relationships of Tor and L with environmental

independent of porometer

parameters, with the goal of estimating Top

<

measurements and knowledge of the evapotraddpiration regime.

a. Precipitation, volumetric soil moisture and matric sugtion

Figure L.20 shows volumetric soil meoisture and matric suction
averages for the upper four 0.25 m soil leyers throughout the growing
season. Soil moisture values were determined from morning gravimetric

analysis and neutron moderatiocn estimates. Daily precipitation totals

“\_;h‘_

are shown for reference.

-

The limitation of the pressure plate technique for evaluating




PRECIPITATION (me)

i
i bttt bt ddd bt bedd, FUTRY TUUT VINOT ORI T T T YOR U DU T DT VOV S TR P FUTSITS

oz cerme aanges

*—9 000 -02%m
e 023 ~0%w
o0 080 -0Tsm
Oo—a Q7% - I100m

o1
© 2¢
on
o020
o

YT T

LIS BN BN B Bl e o |
o
SR
5

L
L

o
0
oun
cro

008

3

00e
004
002

VOUMETRIC 301 MOrSTumE (om ny0 /e d s00)

FEUT STSTWIVIVE [UUUOUNITY DU SUUTUTTEY SIVUTTTI SOUTUUNT U UUPY DUUTUS JUUT FUTEUY P0Y i

»
[

%
7
1

@ 000-02%m
—a 023 -03Cm
. 0% -0T3m
078 - 1=

11

MATRIC SUCTION (ake)
. +

M 0 0 L e A B LA L A B

OV e
cm——— T L A e )
abid, TN TSI U TH Ak bbbk g fhbaihy i idad ldeeadd gy bkl i ok sk A
o [Re+] 80 90 200 i 0 0 280 %0 260 %8
1N i ULy | " aveust | sevremmen
JULAN DAYY

i
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matric suction is apparent {the arbitrary setting of matric suction equal
to -1500 kPa when values fell below this threshold level) as very spall
values of matric suction dominate_the seasonal trends. DBecause of this
limitation, emphasis has been placed upon volumetric soil ﬁoisture in
th1s Investigation.

Although moisture availabilitf iw the rooting zone should be
considered for any analysis, this zone was difficult to assess with
confidence due to rapidly changing rcoting depth and densities and
difficulty in réot observation ‘and extraction. Volumetric doil moisture
for four depth ranges (0.00-0.25 m, 0.00-0.50 m, 0.00-0.75 m and 0.00-
1.00 T) were originally considered rgpresentative of the rooting depth.
Moisture values for the upper 0.25 m layer are used throughout the
analysis however, since (1) other layers shared- trends similar to it,
and (2) morning gravimetric samples, taken aimost daily, supplemented
the less frequent neutron probe measurements, to provide the greatest
continuity of observations for this layer. ’

. (]
b. Relationshi¥ between leaf resistance and global sclar radiatdon
“

Figure 4.21 shows a plot of T against global solar radiation K+

measured above the canopy at times when LAI > 1 and the volumetric soil

3 3

‘moisture 2 0.12 mm

-70 kPa). Under this condition of ample soil moisture, the minimum

Hzo/mm soil (a matric ikction of approkximately

leaf resistance is approximately 25-50 s m_l. Leaf resistance begins

to increase sharply at approximately 200 Wm-2 but the trend below this
irradiance level is poorly defined. The scatter of points is not unduly

large given the difficulty of defining non-limiting water conditions

g

A o e
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(particularly when late afternoon observations are employed) and the \\\\\

feature that ry 1s a composite of adaxial and ahaxiaf gkasurements

representative of the full canopy.

c. rL and T relationships with soil mol1sture and vapour pressure
deficit .

Figure L.22 {llustrates the progression of bulk stomatal
resistance ang/xq€our pressure deficit during a nine-day, dryinsg cycle

*iieriéd. Qn Day 210, precipitation (20 mm) replenished previous soil
" N\ )

\ .
moisture losses. For Days 211 through 213, (CM) is almost constant

Tt

throughout the day, rarely exceeding 50 s m"1 except towards the end of
the daylgght pefiod. It is worth noting that although moisture is non-
{iimiting, r.. (CM) > 0. Towards the‘end of the period, in response to
ST

reduced soil moisture availability (volumetric soil mbisture had decrea

3

from 0.169 mm3 H2O/mm3 goil on Day 211 to 0.067 mm Hgo/mm3 so0il on Day

218), an increase of r__(CM), correlated with vapour pressure deficit
O

T

y
*

trends, is apparent. This is well illustrated for Day 219.
Brady et al. (1975), for soybeans, and Szeicz and Long (19€9),

for grass-clover, have related r_ to soil water potential and r to

L ST

soil water deficit respectively. Tan and Black (1976) have shown that
the scatter found in such relationships may .be attributable to a

secondary relationship with the atmospheric vapour pressure deficit.

»

They defined relationship§ between r_ for Douglas fir and soil water

L

potential for several ranges of vapour pressure deficit. A similar
relationship is suggested in Figure L4422 since %ST(CM) response to

':[es [B(Z)] - e(z)] is discernable when soil moisture becomes lirAm'.ting.

»
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The relationship between measured values of r. during the drying “

L

cycle and volumetric soil moisture for six ranges of vapour pressure

deficit is illustrated in Figure 4.23. Late afternogh 0.00-0.25 m

gravimetric measurements were used in plotting late afternoon r dat%;.

An increase in rL with decreasing soil moisture is suggested but a

pattern for the vapour pressure deficit ranges is difficult to discern.
In Figure L.24, a similar presentation is made for rST(CM).

With decreasing soil moisture, (CM) increases. However, accompanying

TsT
phis is a large increase in scatter about the general trend. In this
scatter, a poorly defined pattern for vapour pressure deficit ranges

is discernable. With increased vapour pressure deficit at a fixed
volumetric soil moisture, rST(CM) values are generally larger. However,
the relationship‘sxhibited is not definitive.

All leaf stomatal resistance data on days where LAI > 1 have been
pooled for morning, midday and late afternoon periods in Fiéure L.25 to
examine the relationship between rL and‘volumetric soil moisture. Late
afternoon gravimetric samples are used for afternoon Ty data-plotting.
With the larger data sample, a more well defined relationship with soil

moisture is apparent. However,the scatter is considerable, even when

1

vapour pressure deficit ranges are considered. It can be seen that a
larger vapour pressure deficit correlates with larger rL at a fixed
soil moisture. The distribution presented for nidday data agrees well

. . .
with that presented by Brady et al. for soybeans. Since they present
no other data, further comparison is not possible.

When comparison is made between the three observation periods,

the distributiofis are different even if vapour pressure deficit influence

-

N

-

o v b
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is acknowledéed. Particularly for the late afternoon observations, r

increase at a given soil moisture level is evident. The possible
s
influence of other environmental parameters is suggested. The e{fects

-

of irradiance con stomatal behaviour was investigated using the approach J

of Szeicz et ai. (1973). rL was normalized by leaf conductance in

non-limiting water conditions (Figure 4.21). Analysis of soil moisture

and vapour pressure deficip influence was then examined. The. results

were inconclusive and produced no additional insight. Internal plang

water status was noﬁ assessed inAthis investigation. It is suggested

that this must be known on a short time basis (hourly for example)

before a more detailed interpretation of Figure L.25 can be made. ~
From this,investigation, it is evident that the response of ro

and hence rST to environmental conditions is not simple. Resistance

variability, even over short periods, illustrates that a more detailed )

understanding of stomatal behaviour in field environments is required.

For the conditions present during this study, the ability to account for

internal plant water status is required before r estimation procedures

ST
/z€3 be routinely ‘employed in hourly evapotranspiration calculations

+ using the combination model.
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CHAPTER FIVE

DAYTIME EVAPOTRANSPIRATION RESULTS

In this chapter, the results from dgytime evapotranspiration
analysis are presented. As an introduction to this, the course of energy
balance components during a drying cycle is examined.

SN

A. Energy Balance dqmponents During a Drying Cycle .

Daily values of energy balance components during a ten day (July
30 through August 08) drying cycle are shown in Figure 5.1. Daily
precipitatdon, volumetric soil moisture and evapotranspiration are
listed in Table 5.1. On July 29 (Day 210) 20 mm of precipitation fell,
replenishing previous soil moisture losses. On the ensuing three days,
most of the net available energy was utilized in evapotranspiration.
Estimates of potential evapotranspiration from the Priestley and Taylor
(1972) model compared very well Yith AQE on an hourly b%sis for these

days. On ;/gaytime basis, a' is 1.22, 1.30 and 1.26, values which

compare well with the average value of 1.26 found by Priestley and Taylor

-

.and previous findings at Simcoe (Davies and Allen, 1973). Lizi}/’ -
soil

precipitation on Days 211 and 212 served tc increase availab

moisture and aided in the .maintensnce of potential daily rates. On the

fqyrth and fifth days of the cycle, soil moisture fell below 0.12 mm3

3

H20/mm soil. On these days, AQES approximates XQE closely. on an hourly

basis. Daytime a' values are 1.07.and 1.05. Rainfall (2.5 mm) on the

A
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sixth day did not restore soil moisture to a level that would maintain
potential evapotranspiration-rates, consequently‘dd}time evapotranspiration
was between AQES and XQPE with a' = 1.17. Response to the additional
moisture however is clear.‘ On the next day, AQES is again a good ¢
approximation of both hourly’and daytime‘XQE. Further soil moisture
depletion on the eighth and ninth  days results in decreased AQE and

a sharp increase in QH' Precipitation (4.8 mm) smn the last day returns
evapotranspiration to the potential rate (a' = 1.22).

The results of this dmying cycle show that on a dayiime basis,
the Priestley and Taylor potential evapotranspiration model with a' =
1.260performs well when moisture is not limiting. On an hourly basis
however, a' varies widely but consistently. In the morning, it usually
exceeds 1.26, decreases as AQE increases towards noon and incr;ases
again with reduced AQE in the afternoon.

The estimation of hogrly and daytimé AQPE from the combination
model in which ro, has been set equal to 0 (equation 2.39) is seen to

provi®e overestimations. This arises for two reasons. First, the

assumption that r =.0 in non-limiting moisture conditions is invalid.

ST

As previously illustrated in Figure 4.22, T
v .

Second, the increase in inflated values of AQPE throughout the progression

> 0 during such conditions.

of the drying cx&le as comparetho Priestley and Taylor model.estimates
arise from %he influence of increasing vapour pressure deficits during
moisture limiting conditions.

Daytime evapotranspiration is strongl& linked with avqélable .
soilvmoisture (Figure 5.2). The relationship is similar in form to

that displayed by Priestley and Taylor (I9T2) and Davies and Allen (1973).

J—
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The upper evapotranspiration limit, denoted by the largest a' values,
is attained when soil moisture exceeds 0.12 mm3 H20/mm3 soil. Below
this threshold, a' is linearly related to soil moisture. As this scheme
) has‘merit in’AQE estimation, attention will be given to the full growing

season data set and the study of evaporative response to soil moisture

availability.

B. Variation of Daytime a' with Soil Moisture

The variation of daytime a' with morning volumetric soil moisture
for the layer 0.00 - 0.25 m is presented in Figﬁre 5.3. Daytime o' was
evaluated from daytime totals of AQE and AQES' Daytime evapotranspiration
totals were accumulated over a standardized period, 0700 to 1800 EST
(Appendix Eight), with a few exceptions. Days with missing hourly
observafions or soil moisture data were elimPnated. Days with
unrepresentative soil moisture data were also discarded. This usually
coincided with soil moisture readings taken before rainfall, henée they
were unrepresentative of soil moisture availability for that day.

.When all data are considered, the scatter is considerable with

-

definitive trends difficult to discern. A distinct treﬁd emerges if days
with LAT > 1 are considered. The resultsh3£iplayed are similar in form
to those displayed by Priestley gnd Taylor 11972) and Davies and Allen
(1973). The upper evdpotranspiration level, denoted by the largest a'
values, is attained'y volumetric soil moisture exceeds approximately

0.12 mm3

H20/mm3 soil. Above this level, values are constant and this
data agree well with a' = 1.26 for potential conditions as proposed by

Priestley and Taylor (1972). However, the very limited data set for



109

«F

220

(@) T < Iyl uits sfep Ly puB (O) 1 > IV1
U3TA SABD g2 10 aanjsiow T}OS YiTAa ,0 dw3ABp JO UOIIBILBA ‘€' G 2an3 14

wWeg20-000 H143Q ¥O4 (108 gww/ o%u gWuw) JHNLISION 1108 NYLINNT0A

0zo0 8t 0 9t 0 ¥ 0 210 010 800 900 0O 200
T ¥ 1 v T T T i L T i T 1 j
. —
°
° -y
°
[} [ co. -1
L]
[ ] L
° o .
° .
| ° o o N o * |_
° »
o [ 3 L] L
° .
.
° ' U * . lg
° o L .
° o °
+e % N
’ o o ) -
.
. N
° —
o . »
—— S
°
[ “ -
-

010
020
0g£0

or 0

0so

090
oo
080
060

001

oct
oel
orti

oS i



116

potential conditions must be acknowledged. When soil moist;re drops

below the level where potential evapotranspiration rates can be maintained,
evaporative response is linearly related to soil moisture availability.
“If estimates of AQE are required on a daytime basi;, the relationship
presented in Figure 5.3 could be utilized in a mamner similar to that
proposed by Davies and Allen (1973).

A nu;ber of researchers (Denmeagland McIlroy, 1970; Davies, 1972,

<étewart and Rouse, 1276(&); Rouse and'Stewart, 197é; Wilson and Rouse,

1972) have found that AQES provides a good estimation of AQE for_a wide

variety of surfaces. As AQES corresponds to a' = 1.0, Figure 5.3 shows

"

that this is a transitory stage in evepotranspiration response to

decreasing soil moisture availabiiity. Hence, widespread4applicability '

4 -

of AQES to these data'is not found. In comparison with other work,
several points éan be noted. The results of Stewart and Rousem(l976(a))
and Rouse and Stewart {1972) dre for a lichen ma;. 'This surface is
unique in that, although surface soil moisture levels were found'go be >
high, the non~transpiring, aerod&namically smoéth lichen vegetation -
strongly inhibited the flux of moisture into ‘the atmosphere. Hence,
evapotranspiration was less than potential and the agreemengbwith XQ;;N'
éppears to be coincidental with this unique surface characteristic.

From Figure 5.3, it is clear that for a first approximation of AQE,

XQES could be employed due to its approximgte midrange position on the

a' ~,soil moisture depletion curve. Davies (1972), Denmead and McIlroy
(1970) and Wilson and Rouse (1972) found that the equilibrium model
performed satisfactorilg<in moderately dry conditions. This would be

in agreement with the relationship displayed in Figure 5.3. Any

LY
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interpretation regarding geheral widespread use of XQES is invalid du?
to the restricted data base employed in these investigations.

For cases when LAI < 1, the scatter of data points is large.
Again a maximal a' appeafs to be approximéfely 1.26 but volumetric soil
moisture limitations appear inconsequential. Two suggestions to account
for thss can be presented. The first is that daily totals of XQE
accumulated from hourly Bowen ratio method measurements may be theoretically
invalid. This i; attributadble to the incompletegé;op canopy and its
potential influence in the creation of significant sensible and latent
heat flux density divergence. The second is due to the inefféctiveness
of volumetric socil moisture for the depth 0.00-0.25 m to adequately
represent moisture availability to the plants during early canopy
development stages. During this phase, the surfacé is not dominated
by & plant canopy but rather by individual plants located on a bare
soil surface. Hence, soil moisture data must reflect the rapidly
changing root distribution and complex water extraction patterns. It
the soil moisture sample interval depth is reduced from 0.00-0.25 m to

0.00-0.10 m, . the data points are shifted towards the distribution for

days where LAI > 1, but the wide scatter remains. Clearly, simple soil

Py
&

moisture observations are inadequate in such complex cases. Until the
sampiing and theoretical difficulties are overcome, generalized schemes
such as relating daytime a' to soil moisture will be impractical for

incomplete canopy conditions. -



CHAPTER SIX

CONCLUSIONS

.
Ed

This thesis was directed towards the study of atmospheric
and surface control on hourly and daytime evapotranspiration. The
combination model variant proposed by Monteith (1965) with amendment
by Thom (1972)¢¥as used in the analysis of hourly relationships.

.
Daytime evapotranspiration totals normalized by equilibrium evapol
transpiration was the basis for daytime analysis. -

From the study of atmospheric and surface control on hourly

evapotranspiration, three important results can be summarized:

(1) The combination model variant of Monteith was found to
be insensitive to errors in the serodynamic resistance to water vapour
exchange. T oVH itself was found to be insensitive to stability

correction. Hence, T, could be evaluated with confidence using

VH

simple estimations of z, and d and single level windspeed measurements.

‘(2) Bulk stomatal resistances were evaluated throughout the
duration of the growing season by reéidual from the combination model
and ap Ohm's Law analogue. When compared with estimatées derived from
leaf stomatal resistance and leaf area indeéx measuremeqﬁs, rST(CM)
compared well once*cénopy development was sufficient to dominate

surfaceé energetics. Employing rST(P) in the combination model provided .

112
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XQE estimates which agreed well with Bowen ratio method determinations.
Hence, with reliable independent estimates of Taps hourly evapo-

transpiration can be evaluated with confidence.

(3) The validity of estimations of r

ST der1(33 from leaf

resistance and leaf area index measurements for use in the combination
model has been documented. However, general applicability rests in the
prediction of leaf resistance response to environmental parameters..
Leaf resistance was found to be related to global solar radiation
during non-limiting moisture conditions. Increased leaf resistance
during decreasing soil moisture availability was also observed.
However, the influence of other factors was in evidence and definitive
predictive procedures could not be developed. The procedures used by
Brady et al. (1975), Szeicz et al. (1973) and Tan and Black (1976) jin
relating stomatal resistance .to environmental Jnfluence were of
"limited application.

Daytime evapotranspiration totals normalized gy equilibrium
evapotranspiration were strongly linked with available soil moisture

after leaf area index exceeded 1. With volumetric soil moisture above

3

approximately 0.12 mm H2C)/mnr3 soil, maximum values of normalized

evapotranspiration were constant. ConfirmatioA of the Priestley and
Taylor model was found, with a' = 1.26. When soil moisture drops
bélow this threshold level, evaporative response is lfhearly rela£ed
to soil moisture availability. This relationship could be employed in

estimating daytime vater loss from the cropped surface.

-
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-

Prior to canopy dominance of surface energetics, the
relationship between o' and soil moisture is poorly defined.
Theoretical limitations to the accuraté assessment of AQE and the
inability to accurately account for the rooting density and soil
moisture extraction patterns using simple grajimetric sampling

schemes i; acknowledged,

v




APPENDIX ONE

NOTATION—"

UPPER CASE ROMAN
constant in equation 3.10, equal to 1T7.269

soil heat capacity

crop height

heat capacity of ainr

heat capacity of minerai matter
heat capacity of organic matter
specific heat at constant pressure ,
specific heat of vegetal matter
heat capacity of water
wet-buld depressi;n
leaf dry weight
property flﬁx density
eddy diffusivity fqr heat exchange

eddy diffusivity for momeﬂtum exchange

‘eddy diffusivity for water vapour exchange

‘global solar radiation flux density

leaf area
leaf area inifx
atmospheric pressure

evapotranspiration rate

115

dimensionless

Jn 3kt

dimensionless

- Pa

kg m 2 st

e 1
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femp

s0il heat flux density

soil heat flux density at depth z

sensible heat flux density

energy flux density stored by net

photosynthesis

energy flux density from
sensible and latent heat

energy flux density from
sensible heat in the air

energy flux density from
latent heat in the air

energy flux density from
phytomass

slopefof the saturad
srature curve

arbitrary temperature

volume fraction of soil, subsceripts a, m, o

net storage of
in the air
net storage of

net storage of

net heat storage

adiation flux density
t Richardson number

ion vapour pressure-

and w denote air, mineral matter, organic

matter and water

dependent variable

LOWER CASE ROMAN

constant in equation 3.10, equal to 610.78

polynomial regression coefficient, order
denoted by numerical subscript

Al

calibration constant

anemometer cup revolutions

zero plane displacement

116

2 -2 -1

Wm “; MJm day

dimensionless

Pa k1

K

m3/m3 soii

dimensionless

dimensionless

rpm .



horizontal divergence of sensible heat flux
dénsity

horizontal divergence of latent heat flux
density

vapoyr gressure

e
vapour pressure at stomatal wall
vapour pressure at leaf surface

average vapour pressure from soil surface
to height Zp

surface vapour pressure
vapour pressure at height z

saturation vapour pressure at stomatal
wall temperature

[y

saturation vapour pressure at leaf surface
temperature

es[ﬁ(oﬂ saturation vapour pressure at sufface

temperature

es [8(2)] saturation vapour pressure at height z

e e g g ¢

temperature
gravitational acceleration
von Karman's constant, equal to 0.kl
eleétromotive force~
soil solids mass
vegetation mass
s0il water mass
abaxial leaf resistance
adaxial leaf resistance
aerodynamic resistance for heat exchange

aerodynamic resistance for momentum
exchange

Pa
Pa

Pa

Pa
Pa

Pa

Pa

Pa

Pa

-2
m s

dimensionless
mV

g



aerodynamic resistance for water vapdbur exchange

raV
aVvii aerodynamic resistance for heat and water
vapour exchange
TaVH! T oVH with variable z, and 4 input |
rb aerodynamic resistance due to the absénce \
of bluff-body influences !
I
. |
r aerodynamic resistance for property flux L
r
density F exchange
r leaf resistance
ro stomatal resistance
T'sr bulk stomatal resistance

rST(CM) bulk stomatal resistance evaluated from
equation 4.5

rST(OLA) bulk stomatal resistance evaluated from
equation 4.7

r. (P) bulk stomatal resistance evaluated from

ST equation 2.38 ’
rms subscript denoting root-mean-square -
t time -

u windspeed

u(z) windspeed at height =z

-

u average windspeed from soil surface to
height Zp

u* friction velocity

x independent variable

x(m) mean surface concentration

x(z) concentration at height z

z- height above the surface

zZ surface gbughness parameter - .
zp referehcélheigkt

|

l
'
1

118




al

Mg

~

UPPER CASE GREEK
potential air temperature :
temperature of stomatal wall
temperature at leaf surface
vegetation temperature
virtual potential temperature
potential wet-buld temperature

average air temperature from soil surface

%o height 2z

mean soil temperature between surface and
depth z

leaf temperature

surface temperature

poteﬁtial air femp;rature at height z
potential wet-bulb temparature at height z

height integrated stability correction for
momentum

LOWER CASE GREEK
constant in equation 2.40, equal to 1.26

ratio of actual to equilibrium evapo-
transpiration

Bowen ratio
psychrometric constant

ratio of molecular weight of water to mean
molecular weight of dry air

latent heat of vepourization of liquid water

latent heat flux,density

119

K

dimensionless

dimensionless— -

dimensionless

dimensionless

Pa Kfl

dimensionless

J kg-l

-2

Wm 7 Mim~2 day~

i



equilibrium latent heat flux density
potential latent heat flux density

density of air

bulk density of soil

density of vegetation

momentum flux density

stability correction for momentum exchange

constant in equation 3.10, equal to 237.30
L ]

horizontal distance

120
Wm-2, MJm—2 da.y—l
o™, MIm™° day”
kg m >
kg m—3
kg m™>
Pa
dimensionless
dimensionless
m
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APPENDIX TWO
ENERGY BALANCE ERROR ANALYSIS
-

Any value Y can be expressed as a function of a set of

measurements X X

1° ceey Xn which have associated with them errors

2’

Y = f(XltGX xztéxz, xn:GXn) . (A2.1)

l,

The probgble absolute error in Y is given by

kY

ayY

_ 1,9y 2 Y 2
Mms = [Tx‘léxl) + (———5x2) + ...+ (57;

5 >
3%, 5xn)] . (A2.2)

-

The relative error is defined by GYrmS/Y and is expressed as a

percentage.

7

A. Temperature

The reduction equation for both dry-bulb and wet-buld temperature
data 1is (‘ '

T = cm - (A2.3)

where T is temperature (representing 6 or Bv), ¢ is the calibration
constant and m is the electromotive output from the recording apparatus.

Since both sources of error in equation A2.3 are independent and random:

+
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B %
8T = Laz 6m)2 + (EI 6c)2]
rms ~ |3m Re
S i
= (c,sm;wmdc)g] . (A2.14)

From the error in the calibration constant of & representative
sensor (+0.0027T7 K mv—l for sensor 05 in Table 3.3) and the resolution
error in the data system (*0.003 mV), errors present in 8 and Bw were
assessed (Table A2ll). Over the temperaturé range 273-308 K, the

relative error is less than *0.01%.

B. Température Difference

Dry and wet-buld temperature differences were evaluated from

AT =T - T (A2.5) -

where the subscripts z, and Z, denote heights 1 and 2 respectively.

1

[ J

Therefore:
L
2 e
_ [.aar 3AT
GATrms = [(g'i GTZI) + (ﬁ— (STZ2)- ]
1 %2
o L

- [2(6'1' ) ] (A2.6)

rms .

»

Absolute and relative errors in A8 and Aev for finite
differences of O to 2 K at 283, 293 and 303 K are presented in Table

A2.2.
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TABLE A2.1. Errors in Temperature

T! (K) §T (K) 8T /T (%)
rms rms
273 0.016 0.006
278 0.016 0.006 ;
283 0.017 0.006 '
288 " 0.018 0.006
293 0.019 0.006
298 0.021 0.007
303 ©0.023 0.008
308 0.025 0.008

1.T represents 9 or ew

-
- -

TABLE A2.2. ©Errors in Temperature Differences

T = 283 K T = 293 K T = 303 K
ATY (K) dATrms GATrmS/AT 6ATrms 6ATrmS/AT . 6ATrms GATrms/AT
(K) (%) (K) (%) (K) (%)
0.0 0.024 - 0.027 - 0.033 -
0.2 0.02L 12.00 0.027 13.50 0.033 16.50 l
0.4 0.024 6.00 0.027 5.75 0.033 8.29
0.6 0.02k 4.00 0.027 k.50 0.033 ©5.50
0.8 0.024 3.00  0.027 3.36 0.033 4,13
1.0° 0.02L 2.ko 0,027 2.70 0.033 3.30
1.2 0.024 2.00  €.027 2.25 0.033 2.75
1.4 0.02k4 1.71 0.027 1.93 0.033 2.36 . f
1.6 0.024 1.50 0.027 1.69 0.033 2.06
1.8 0.024 1.33 0.027 1.50 0.033 + 1.83
2.0 0.024 1.20 0.027 1.35 0.033 1.65 \
-

«

1. AT represents A8 or ABV



C. Vapour Pressure

Vapour pressure was evaluated from the psychrometer equaticn

4

e = es(ew) - YD {(A2.7)

in which D = e-ew and es(ew) = a exp{?:ew/(9v+¢')] .

Therefore:

at B'¢' ‘ 2 .
Germs = [[W exP[B'ev/(ew+¢')]] GTrms] *

1
x_ 217

[-y [2(6Tms)2] ] . | (A2.8)

Tabulations of aerms are listed in Table A2.3.

. D. Vapour Pressure Difference

Vapour pressure differences were evaluated from

Ae = e - e . . (A2.9)‘
2 Z2
Hence ’
2 %
GAerms = [Z(Germs) ] . . (A2.10}

Fa

Tabulations of GAerma are listed in Table AZ2.L.

12k

. e,

[ S———
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TABLE A>2.3. Errors in Vapour Pressure.

: &
D =0.0K D=1.0K
e (Pa) Se Se /e Se Se /e
rms rms rms mns .
(Pa) (%) . (Pa) (%)
500 1.58 0.32 1.60 0.32
1000 1.86 0.19 1,91 0.19
1500 2.31 0.15 2.39 0.16
2000 2.87 0.1k 2.94 0.15
2500 3.48 0.1L 3.57 0.1k
3000 L.k 0.1L L.23 0.1k
D=2.0K D=5.0K
e (Pa)
de Se /e Se Se /e
rms rms rms rms
(Pa) (%) (Pa) (%)
500 1.62 0.32 1.7k 0.35
1000 1.97 0.20 2.15 0.22
1500 2.4s 0.16 « 2.67 0.18
2000 3.02 0.15 . 3.27 . b.16
2500 3.65 0.15 3.92 0.16
3000 L. 32 0.1h k.60 0.15
D = 10.0 K
e (Pa) Se Se Je
. ms ™S
{Pa) (%)
500 1.99 0.40
1000 2.48 0.25
1500 3.05 0.20
2000 3.69 0.18 ,
2500 L.36 0.17 :

3000 5.06 ‘ 0.17
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E. Net Radiation Flux Density

The reduction equation for net radiation flux depsity is

Q* = cm . . (A2.11)

Hence:

]
6Q*ms = [(c:<5m)2 + (ch)g] . (A2.12)

Therefore GQ'rms depends upon the resolution in the re;ding
of the sensor output (#0.29 mV) and the calibretion error of the sensor.
The latter was set at +5%, a liberal estimate for this type of sensor
(Latimer (1972), Sinclair et al. (1975); Fuchs and Tanner (1970)).
Table A2.5 indicates a relative error of approximately *5%, with

greater error for Q®* < 200 Wm‘e.

"F. Soil Heat Flux Density -
In this experiment, an error of *5% was assigned to QG' This
estimate agrees well witlr that presented by other workers (Fuchs and

Tanner (1970); Sinclair et al. (1975)).

G. Letent Heat Flux Density

Latent heat density was evaluated using the Bowen ratio

~ approach:

*-q, P-q

- G
‘AQE 8 - 1+Y%9 . ; » {A2.13)
. i




TABLE A2.5. Errors in Net Radiation Flux Density
N

/
Q* (Wa™?) 6% (Wm %) 6Q__ /% (%)
0 6.33 -
50 6.80 13.60
100 8.06 8.06
200 11.84 5.92
300 16.28 ) 5.43
Loo 20.98 5.25
. 500 25.78 5.16
600 30.66 5.1

700 35.57 5.08
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Hence r
BAQE kQE aXQE
(SAQE = [ BQ* ) + ("a‘q'——" (SQG) + —E—— 666 +
rms G
)
3“QE s8e)? (A2.1})
359!\_ﬂf
in which:
BAQE
- AB -
G (1 +y A&) , (A2.15)
8AQE
. 28,1 ,
a—QG— = (1 +y Ae) ’ (A2.16)
, i . uIL . S "(A2.17)
oAB8 {1+ y-zz) * Ae .
and
BAQE Q“ - Qg A8
3de (17 882 ° Ype?2 . (A2.18)
Y Je o

A sample tabulation of XQE is presented in Table 3.2.
' rms
When humidity differences are large (Ae > 25 Pa), AQE is estimated
vith relative, errors between $5% and *12%. At smaller Ae values, the
errors in AQE become very large.
The results of the error analysis presented herein for kQE find

approximate agreement with the findings of Fritschen (1965) ,- McCaughey

and Davies (1975) and Sinclair et al. (1975).

t
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.

SOLUTIONS FOR rST(P) ERROR ANALYSIS EQUATIONS

APPENDIX THREE

Leaf ada and abaxial conductances, 1/r,_ and 1/rAB

AD

respectively, visualized as parallel conductors of water vapour, can

be weighted by leaf ares index LAI to estimate bulk stomatal resistance

rST(P):
1 LAT  LAT ¢ , )
= . ' A3.1
rsplP)  Tap  Tap
Hence: -
-1
rop(P) = JLAT r_1_+ F}_] . (A3.2)
AD AB
The sensitivity of rST(P) to LAI error is
) ar_.(P) ) 1 1 -1
SEr - e [V o) 3.3
AD AB
and after differentiation, arST(P) is
BrST(P) = - rST(P) dLA . (A3.L4)

LAI .

Hence, the relative error in rST(P) is
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ar_..(P) JLAI :
ST - = - ——= | (A3.5)
' {Tgp(P) LAT ° .

The sensitivity of rST(P) to leaf conductance error is
ar_ . (P) 3 1 1 -1
ST = : LAI[I' * (A3.6)
9 [———- + ;——-] TaD Tag
. "AD TAB

and after differentiation, arST(P) is

—_— e —

o
arST(P) = - rST(P) [ (A3.7)

(A3.8)

arising from both LAI and leaf

The relative error in rs

T
‘gondmtmce error is obtained by summing equations A3.5 and A3.8:

al_;_ R _;_.I ‘
ér_(P) dLATL r r
s . _1Z= . AD " AB ) (A3.9)
r_ (P) LAI [__:.L_ +_1_]
ST ’ r r
AD AB
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APPENDIX FOUR

SOLUTIONS FOR rST(CM) AND rsT(OLA) ERROR ANALYSIS EQUATIONS

A. _rST(OLA) Error Analysis Equations

rST(OLA) was evaluated from

. pCp .[83 [G(Lﬂ - e(z)]
Y A B

rgp{OLA) = % vy (Al.1)
As such
2
drgm(OLA) 8 leg [eLy) - e(z)]
Srgp(OLA) g = a%s@(x,ﬂ - e(z)] -
3 )
2 2
9rg(OLA) 6r .. s drgn(OLA) 8XQ (o)
TaVH a;‘Qg .
in which I
3rST(OI;A) pCp ‘ \ .
] [es Ly - e(z)] = TAQ . (AL.3)
dr...(OLA) -
af-T“"‘ =-1 (AL )
aVvVH
7
and .
argp(ota)  ocp [e, B(LY - (]
33Q = 1q;? . {AL.5)
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.

B. _rST(CMf Error Analysis Equations

rST(CM) vas evaluated from

ram[S(Q'-—QG—AQE) - YXQEJ + pCp E!s [6(2:)1 - e(z)]

As such
2 2
dr.m(CM) &r ar..(CM) &Qw
ST aVH ST
8rgp(M) g = (W ) +(—3_Q-‘—'—“" ) )
2 2
arST(cn) 6Q, . arST(CM) § AQ . arST(CM) 83 .
Qg oAqg 3s
b
. 2
8rST(CM) 6[88 @(zﬂ - e(z] (AL T)
SE Elzn -—e(z)] A ’
s
in which
3\ »
rST(CM) s{(Q -QG-AQ,E) -YXQ,E
—_—— = : . (AL.8)
TavH Y QE
ar_.(CM) S r
ST aVH .
3Q‘ = YAQE » N ) (Al‘og)
>t e
ar ..(CM) Sr
8T aVH
z - N L (AL.10)
?QG YXQE . .
3 r..(CM) r (Q*-Q.-AQ..)
ST -« _avd " Q'E‘ . (Ak.11)

s LR leg
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or T(CM) pCp
e [Blz]] - elz = YXQE (Fth.l.?)

arST(CM) _ Tavw S(‘QG-Q') - &P[es E(z)] - e(z)] (AL.13)
akQE = Y AQEz . .13 -

C. Evaluation of &Q%, GQG, GAQE, GSLG[eS I-Q(L“ - efzil, GIeS[E)(z)] - e(z)_],

8y —

1. 8QY

6Q* can be evaluated from equation A2.12

3
GQ'ms = [(c dm)? + (m dc)z]_ (AL.14)

in which ¢ = 21.82 Wm-e/mv, éc = 1.091 wm’elmv and 6m = 0.29 mV.
2. 6Q. _

In this experiment, a relative error of *5% was assigned to

Qg‘ Hence:

= G .
GQG = QG - - 0.05 QG . {ak.15)

3. 8 _

GAQ.E can be evaluated from equation A2.1k

2 2 - 2
aQ, 6Q* axqg 6Q;\  faxrq, 6se
A = (aq- : ) *(a‘&&;) +(afm
: ]
2
33Q, She ‘
. (—-é-&e— ) . ‘ (AL.16)

—
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in which 6Q* and cSQG are calculated from eguations &h.lh and AL.15
and 8A8 and 6Ae can be assessed from equations A2.6 (6A8ms) and
A2.10 (GAems).
L. &5
S is given by
a' B' ¢' exp[B'6(2)/(B(2)+¢")]
S = (5la)re")? (AL.17)
As such
38 66(z)
§s = (AL.18)
36(z) ' =
in which
3S a'B'¢'\ exp[B'B(z)/(B(z)+¢’)] [B’¢' - 2(9(Z)+¢'j
36(z) [9(2) + ¢E] L . (Ah-.l9)

In equation Al.18, 86(z) can be evaluated from equation A2.h.

5. 6_[¢3E§L!l - egzil

Es [B(Lﬂ - e(z)] can be expanded to

-

[es [G(Lﬂ - e(z)] = a' exp[B'B(L)/(B(L)+¢')] - [(a' exp[B'Bv(z)/

8 (z)+¢']] -y (8(z)-8 (2)]] . (Ak.20)



As such

, a R 136
5[es [B(L)] i e(z)]ms i} (3 ES [z;?i]) - e(zi] 68(2)) .
%

afe, [ecL] -e(z)] S0\ a[es[_é(z,ﬂ -e(z)]é@v(z)g (Ak.21)
38(%) * )

36 (z
w

-

in which:

N 10

38 (z)

=y . (Ak.22)

ok, Bi] - ()]  amrer explre (2)/(0,(2)v00)]
—59 T i caer - v (Ab.23)

- ~

) -ez]  amer elprenizcarnreer]
3 0(L) T Te(Dven®

(AL.2L)

«
o
{ -
In equation AL.21, 86{(z) and éew(z) can be evaluated from equation &/’“
A2 L. 86(L) also can be evaluated from equation A2.4 with ¢ = 2.71025

K mv~>, 8¢ = +0.00792 K and &m = 0.003 mV.

6. c_S_[e Bl - e(2)] \

[es [9(2.3 - e(?)] can be expanded to

Ees [G(zg - e(z)] = a"‘exg[B'B(z)/(G(z?‘*W)] - N
(o exp[ro (2)/(0 (2)+0")] ~v(o(2)-8_(2)1] (Ak.25)
N ’ . -
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As such o
B ( - ef s6(z)
£ (B2 )
%
i @(z)] e(z)} Gew(z) ° (AL .26)
30, {z)
in which:

8(z)] - e(z) a'8'8'  exp[B'6(z)/(8(z)+¢')
S

36 (z) = TTe(z)+¢") 2 +v (AL.27)

and

e, B(z] - ez)]  aBre exp[Bre (2)/(e (2)ve )y A28
L(AL.2

36_(z) =—(6w(z)+¢' )?

In equation AL.26, 86(z) and Gev(z) can be evaluated from equation A2.L.

7. 8r

. aVH —
T VH .is defined by
TovH = FaM + ry (AL.29)
in which AN
z-d+z -2
1n __,_z,__Q_ +¢M
_ o
- Tam = ulz) k2 . (Ak.30)
and -
ARE
¥
Ve
Ty = 6.266 u'-2/3

- ;;'dg\\ -—1 "2/3 - )
. = 6.266 {u(z)k[ln( -~ 0) +\¢M] . {Ak.31)
Lol ' .



Hence:
GraVH = draM + &r (AL, 32)
rms rus rms
5 is given b
r s given by
am_ %
2 2 2
ar du(z) ar Sz ar 8d
6T o = (EE%ET_ ) -*(8 aM ) *( azM ) (AL, 33)
rms z ~ ZO
in which:
/ B z-d+zo 2
l Inf—2) + PM
araM - z, o
du(z) -~ ~ k* u(ez)? > (Ak.34)
3y -3 1n(-—z——°—-
aM - - o - z—-d
Bzo u(z) x? zo(z—d+zo) (Ak.35)
L N
and ;
z—-d+z
2 1n(—-—~‘—’)
BraM z, ’ ¢
3d u(z) k2 (z—d+zo) (Ah'? a
6r.- is given by
b
ms . %
2 2
Ir 6u(z)) ar. 8z ) 3r. 64
. b b [o] b
Sr = ( +( +( ) (Ah.:i?)
brms dulz) Bzo 3d
in which:
-1.667
arb . z—d+zo @ -1
m = -h.179 k u(Z)k ln‘_‘i'(')—- + M

(AL.38)
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~1.667
3r

z-d+2 -1
E;L:: -h.179.U(z)k u(z)k [ln( - o)*-‘t’M] ’

o Q

z-—d+z0 <2 (z-d)
. ln(._z_____)-l- q’M] —Z;m-:z—o—)— (AL .39)

and
~1.667
arb u(z)k 2-d+z -1
a7t Tamamay | (20K e )* M
L .
z-d+zo -2 )
. ln( ~ )+‘3’M . (AL ko) -
o] .

Evaluation of equations AL.33 and AL.37 requires estimates

of Sulz}, 620 and 8d. As these are difficult to assess- with confidence,

)

each has been set at a fixed relative error. Based upon ‘the

3

distribution of z and-d values about predicted model estimates in »

Figures k.5 and L.6, both z, &and 4 have been assessed relative errors

.

of 50%. . Hence:

8z =z ? =0.52 ' . (Ab . L1)

-

8d = 4 =0.54d . : (AL.L2)



o

\ ~ 1ko
relative error of 1% was assigned for u{z). Hence:

Su(z)
Su(z) = ul(z) YO 0.01 u(z) . (Ah.LB)/

4
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APPENDIX FIVE
SENSITIVITY OF EQUATION L.6 AND 2.20 TO rST AND T oVH
!
A. Sensitivity of Equation 4.6 to Fom an.d T vH
Latent heat flux density from equation 4.6 is given by
oce [e, (1] - e(2)]
AQ = . (A5.1) -
Y Tgp * Tavy -
The sensitivity of this equation to Tgp error is
' : %
: - et2)]
ey [p:pEs<[i(L){ - =) e
Irgp  3Tgy I_ ST~ aVH
and after differentiation,dAQy is )
pCp .[es @(L)] - e(z)] drgy
Qg = = e ; ; " fsT " r ' (AS.3)
Y Tgp * r&w) ST
The sensitivity of equation k.6 to r.yg €rror is
e ___a [P ES[G(L)} _ e(Z)l : (A5.4)
Bram araVH Y rST * TovH
and after differentiation, BKQ;E is -
aCp E (L} - e(z‘)} 2r \
aAQ =~ . Pl . ) L (A5.5). -
Y . (r "“1‘ )2 . aVH raVH . R
sT avH" -

. .
- R -
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B. Sensitivity of Equation:2,20 to TS and r.vH

Latent heat flux density from equation 2.20 is given by

.

\ S (Q* -QG) + pCp Es [6(2)] - e(zﬂ/ T VH ( 6
= y . A5,
e S+ vy + vy ‘ST

I-a\m

The sensitivity of this equation to r error is

ST

QAQE i 3 S(Q'-—QG) + pCp [es [9(23 - e(Z)] / TV

3T (AS.T)
ST 3rga S+ Yy +yY Tgp ° \
I.a.Vl-i
and after differentiation, 3*“5; is
Y [S(Ql-QG) + on[es [9(2?] - e(z)] / ra‘m] arST
I = - — - Tgp - —5— -(A5.8)
\ Tave '
' The sensitivity of equation 2.20 to T uVH is
»
3)Q _ 3 |s(a*—q,) + ocp ﬂe(zg - el2)| /Ty 3599
ar - . .
avi  Ar . S+Y+Y s ;

raVH

and after differentiation, 3 is B
)cQE ]
, aT . . .
[S(Q' - Qg) + oCp [es [9(z3 - e(z)]/ran [Y raVHE
A = ‘ —— 2 L , - L -
E [5 +Y* Y TsT ]2 - .

N raVH

' 2
[pdples [6(2_)1 - e(z) /ra‘ml,. TovH araVH - (A5.10)

r
[S*Y"VrST ] aVH
TavH
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APPENDIX SIX
LEAF AND BULK STOMATAL RESISTANCE

DATA SUMMARY
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APPENDIX NINE

NET PYRRADIOMETER AND PYRANOMETER CHARACTERISTICS

£> AND CALIBRATION SUMMARY
Characteristics of Net Pyrradiometer and Pyranometer
s Swissteco Net Eppley Precision
Characteristic Pyrradf%meter Spectral Pyranometer
Type S-1 Model 2
Response: 0.0L5SmV/Wn~2 (at 293K) 0.009mV/Wm™°
(approx.) ¢
Linearity of response: +1% +1%
(0-1.4xWm™2)
Temperature dependence: -0.05% (per K) *0.5%
(253 to 313K)
Cosine response: +h. 0% +1.0%
{at 80~ zenith angle) ,
Impedance: 150-200" 2 650-T700
(nominal?) :
Time constant: 5 S 1S

63.2%




v

. "NET PYRRADIOMETER AND PYRANOMETER CALIBRATION
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SUMMARY
ot
_ _ Calibration Constant': -
Sensor : - (mV/Wm™2)
- Pre-Season Post-Season Adopted
Swissteco .
Net Pyrradiometer . s
Type S-1 0.04550 0.0k61L 0.0k582
#6906
Eppley Precision . . -
Spectral Pyranometer ) - -
Model 2 . 9.00921 0.00921 0.00921
{11665 F3

1. .Sensor calibrations were conducted by the National Atmospheric Radiation

Centre, Atmospheric Environment Service, Toronto, Ontario.

calibrations on November 15, 19Th.

-

The pre-season
calibrations were conducted on March 1h, 1974 and the post-season

-



CONVERSIOR OF DATE TO JULIAN DAY OF THE YEAR
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Date JAN FEB MAR APR MAY JUNE JUtY' AUG SEPT OCT NOV DEC

O OO EWwN P

O O30 EW N

R N R S el o ol ol
rORNESL ARG ERLRED

32
33
34
35
36
37
38

52
53
54
" 55
56

5T
58 -

59

60
61
62
63

6L’
65’
66 -

" 67
68
69
70
11
o
73
7h
75
76
1
78

19,

80

81.

82
83

84 -

8s
86
87
88

90

91
92

- 93

9k
95
96
97
98
99
100
101
102
103
10k
105
106
107
108

-109
110

111
112

113-

11k
115
116
117

- 118

119
120

121

122

123
12k
125
126
127
128
129

130 -

131
132

133.
13k

135
136
137
138
139
1ko
141
1k2
1k3
1kk
145
1ké
L7
1L8
149

150

151

152 182 213
153 183 21k
1sh 184 215
155 185 216
156 - 186 217

157 187 218

158 - 188 219
159 189 220

160 190 221

161 191 222
62 192 223
163 93 22k
164 225

165 195 226
166 196 227,

167 - 197 228
168 .198 229
169 . 199 230

170 200 231

171 201 232
172 202 233
173 203 23k

Th 204 235
\\%75\\\232«/;36
176 237

_ 177 207 238

178 208 239
179 209 2k0
180 210 21
181 . 211 2k2

212 243

2hY
2Ls
246

274
215

276 -

277
278
279
280
281
282

283 -

284
285

286-

287
288
289
290
291
292
293

294

- 295
296
297
298
299
300
301
302
303

© - 30k

305
306
307

308

309
310

311.

312
313
314
315
316
317
318
319
320
321

322 -

323
32

326
327
328
329

330

331
332
333
33k

325

335
336
337
338
339
340
341
k2
343
3L

- »3’45

346
347
348
349
350

“ 351 -

352
353

35k . -

355
356
357
358
359
360
361
362
363
364
365
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