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THE EFFECT -OF INTERCEPTED RAINFALL ON EVAPOTRANSPIRATION RATES

OVER A MIXED HARDWOOD FOREST IN SOUTHERN QUEBEC

B. Singh
Doctor of Philosophy Ph.D. Thesis
August, 1976 Departmént of Geography
McGill University
Montreal, Quebec
ABSTRACT

This thesis investigates the difference in latent heat

transfer for a wetted as opposed to an unwetted forest canopy. Previous
work has shown that the rate of evaporation (LEw) of intercepted rainfall
from vegetation is several times that of the transpiration (LEd) of

Soil moisture, were the canopy dry, assuming the same weather conditions.

*
The present investigation usés the results of two seasons of field

observations conducted in a mixed hardwood forest. Field measurements
were designed so &s to measure or estimate all the components of the
hydrologic c¥c‘1e .

The results substantiate the view that LEw is several ﬁimes
greater than LEd. Furthermore, the maAgnitude of LEW/LEd or LEw - LE

4
is in turn dependent upon soil and plant factors and weather conditions.

I

Because LEw is several times greater than LEd' rainfall interception by
vegetation constitutes a significant loss of water to the soil and

hence affects the computation of the water balance.
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L'EF}:"ET DE L'INTERCEPTION DE LA PLUIE AU NIVEAU DU FEUILLAGE SURB TA

D'EVAPOTRANSPIRATION DANS UNE FORET DECIDUE MIXE DU SUD DU QUEBEC

/-

: B. Singh
Docteur en Philosophie Thase Doctoral
’Aoﬁt, 1976 . Départment de Géographie
Université McGill
Montréal, Québec
RESUME

Cette thése examine les differences de transferts de chaleur
latente entre un feuillage forestier sec et un feuillage forestier mouillé.
Des études précédentes onk démontré que, pour des conditions atmosphériques
semblables, le taux d'évaporation (LEw) a l'intérieur d'un feuillage
mouillé est, par suite de 1l'interception de la pluie A ce niveau, plusieurs
fois supérieur au taux de transpiration (LEd) de la vapeur d4'eau par c¢e
méme feuillage & 1'état sec. Cette étude est le résultat d'observations
effectuées, dans une forét décidue mixte, sur une période de deux anndes.
Tous les termesde bilan hydrologique y ont été soit mesurés, soit estimés.

Les résultats appuient le point de vue stipulant la supériorié%
de L.Ew sur LEd. De plus, le rapport dg grandeur LEw/LEd ou LEw - LEd est
directement relié & des variables concernant le sol, la végétation et les
conditions atmosphériques. Du fait de la supériorité de LE  sur LE,

résultant de l"interception de la pluie au niveau du feuillade, ce dernier

fait doit &tre tenu compte de dans les calculs de bilans hydrologiques.
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CHAPTER 1 [
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4

1.1 The Problem

At the present time there is a good deal of contréVersy
regarding the effect of intercepted rainfall on the water balance of
forested wate;sheds. The core of the argument is whether rain retained
by vegetation grepresents a total loss, a partial loss, or no loss of mois-
ture beyond the normal evapotranspiration of the canopy. The disagreement
stems largely from the way in which intercepted rainfall is viewed. If
interceptional loss is viewed as a reduction in rainfall reaching the
ground because of water retention by the aerial parts of veqetation; then
it can be considered as a total loss. But if the entire water cycle of
the soil-vegetation complex is considered, then intercepted rainfall may
not constitute a total loss, in that when the foliage 1s wetted the trans-
pirational withdrawal of sc1l moisture is subdued.

The magnitude of transpirational saving during the ?vaporatiOn
of intercepted rainfall is critical in determining how much of a moisture
loss interception constitutes. If the rate of water Gapor loss is the same
whether the vegetation is wet or dry, then it matters very little whether
the evaporative demand of the atmosphere is satisfied by intercepted water
or soil moisture. If on the other hand, the evaporation of intercepted
rainfall (LE,) proceeds at a faster rate than the transpiration of soil
moisture (LE3) for an unwetted canopy, then, assuming the same weather con-

ditions, there would be some amount of transpirational saving. The magni-

tude of this saving depends on the ratio LEy/LEy éj/}he“ﬂﬁfference LE,, - LEg.
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Both the ;atio LEyw/LE3 and the difference LE,, - LE;y depend
mainly on soil moisture availability, plant physiology and weather condi-
tions. Soil and plant factors control the degree of stomatal opening
through which water vapor must diffuse into the free atmosphere, which in
turn regulates the amount of water which becomes available for transpira-
tion. Weather conditions are important in that they dictate the amount of
evaporation from the canopy during rainfall and the rate at which the
wetted canopy dries out following rainfall. Light intensity rainfalls are
usually more conducive to the evaporation of intercepted water than heavy
intensity showers. Also, the weather after the canopy has been wetted
controls the rate of evaporation of the water retained by the canopy.
After a shower followed by clear, windy conditions for instance, the canopy
can be dried out rapidly, thereby restricting any significant, transpira-

tional saving.

1.2 Approach to Problem

To fully comprehend the effect of intercepted rainfall on
the water balance of a forested watershed, the movement of moisture in all
phases and for all components of the hydrologic cycle must be examined.
In the present research two full growing seasons (1974 and 1975) of field
experimentation were carried out at Mont St. Hilajre, Quebec, to examine
the role of interceptéd rainfall on evapotranspiration rates over a beech-

maple forest ,,~«\

Rain in the open, together with thfoughfall and stemflow were

measured for each fall of rain so.as to obtaih a measure of the amount of

intercepted ralnfall. Also evapotranspiration estimates were made for
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1 .
both dry and wet canopy conditions in order to gauge the magnitude of

the ratio LE,/LE, and the difference LEy ~ LE3. Over the course of both
growing seasons soil moisture content was also measured. Soil moisture

% depth not only provided a measure of a component of the water balance, but
ﬁ also served as the basis for the development of a predictive model for

mean stomatal resistance to vapor diffusion. To provide an overall check

on the accuracy of the other calculations of the water balance, runoff

|

was measured in a small experimental basin near the main site. These

various measurements were then analyzed so as to highlight the effect of

e et

intercepted rainfall on evapotranspiration and soil moisture withdrawal.
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CHAPTER 2

Background Objectives and Methodology

2.1 Views on the Role of Intercepted Rainfall

The literature regarding the effect of intercepted rainfall
on the hydrologic cycle contains a number of different, often conflicting,
arguments. These conflicting viewpoints have arisen from either a change
in thinking as greater understanding of the subject developed, or from
research being conducted over varying vegetation types in different
environments. There seem to be three basic points of view. Firstly, it
is argued by some people that intercepted rainfall constitutes a direct
loss of moisture to the canopy-soil complex unless some of it is absorbed
by leaves before it is evaporated. Horton (1919) for example, maintains
that interception repregents a loss of precipitation which would otherwise
be avallable to the soil. This viewpoint is shared by several other
researchers (Kittredge,l4948; Law, 1957; Delfs, 1967; Helvey and Patric,
1965 and Patric, 1966). The basis for this first line of argument is that
rainfall interception id viewed only in terms of the input segment of the
hydrologic cycle. As aresult, the direction of earlier studies has
mainly been to examine variations in interceptional loss in terms of

g

More recently, however, it has become apparent that the
“

&vegetation type and seasgn of the year.
interception of rainfall by vegetation also affects the consumption of
water by regulating the water available for runoff and also the storage
or soil moisture component of the hydrologic cycle. Jones (1957) for

example, discovered that during the evaporation of intercepted rainfall

‘
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transpirational water loss by the plant was subdued,/hencé resulting
in a saving on soil moisture. Similar réggﬁfs were obtained by Rutter
(1959) and Therud (1967). Out of this awareness has stemmed further
points of view.

Some investigators arque that evaporation of intercepted
water fully compensates for transpiration that would otherwise have
occurred if the canopy were dry and is therefore¢§ot a loss beyond the
normal evapotranspiration. Burgy and Pomeroy (1958) found that in
vigorously growing laboratory grass plots the evaporation of a given
amount of intercepted moisture was accompanied by an equal reduction in
the amount of transpiration from the plants. In other words, total
molisture loss was approximately the same in plots with wet and dry leaf
surfaces. Field studies conducted by McMillan and Burgy (1960) gave
similar results. Thus it makes no difference to water loss whether the
evaporative demand of the atmosphere is satisfied by soil moisture or
water withheld by the leaves. Leyton and Carlyle (1959) maintained that
since a given supply of thermal energy will only evaporate a certain \
quantity of water, then the evaporaLion of water retained by the foliage
must be compensated by a like reduction in trangpiration.

Obviougsly the basis for this form of argument is that the

amount of energy available for evapotranspiration for both a dry and a

wetted canopy under a given set of atmospheric conditions is a constant

fraction of the net available energy. In other words, surface conditions

are always assumed to be potential, which is very likely for a well-

watered grass cover.

P,
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There are however, other twists to this viewpoint. Goodell
(1963) argued that if the transpiration rate of the entire plant is
reduced when leaves are wetted by rain, the essential effect might be a
period /of replenishment of water within the plant tissues followed,
after drying of the leaves, by a higher rate of transpir?éion. He main-
tains that this sequence may be especially likely if rain occurs during

the night or early in the morning. The morning rate of transpiration may

be réduced while the leaves dry, but this may simply shorten or eliminate

-a’ midday period of reduced transpiration with little or no effect on

M N

trangpiratiom loss for the day as a whole. He even extends this form of
reasoning to a seasonal pattern claiming that rainfall interception

during the growing season may simply prolong the period of high rates of

~

transpiration. '
1]

»

There also exists ;_ﬁﬁird school of thought. Experimental
results from a variety of researchers show that thd rate of evaporation
of intercepted rainfall from a wetted canopy is greater than the rate of
transpiration from an unwetted‘can?QQ, where poteqfial conditions are
not satisfied, under similar'Weatger conditions. thter (1959} found\
that the weight of cut, wet branches decreased much faster than the
weight of transpiring branches %n a laboratory experiment. F;;m this he
concludes that the rate of evaporation oé intercepted water exceeds the
transpiration rate by several times. Subsequent investigations (Rutter,

N

1967) showed that the rate of evaporation of intercepted water is, on the
average, about four times as greét as the transgpiration rate in the same
environmental conditions. Similarly Frankenberger (1960) using turbulent

transfer methods found that the total evaporation from tree stands
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immediately after a rain was greater than that from the same stands

1]

after the foliage had dried.

Penman (1963) too remarked that the evaboration of intercepted

rainfall from a wetted canop;( is effectively the same as from an open
water surface. However, a forest surface is rougher than a normal water
surface. Conseguently the rate of evaporation from a forest will be
greater, during the day, than that of the transpiration of soil water,
and can even go on at night. Leyton et al (1967) supported this conclu-
sion by obgerving that the rate of evaporation of intercepted water from
shrubs and trees occurs at a greater rate than that of transpiration
under similar environmental conditions.

Thorud (1967) working with small potted ponderosa pine trees
found that water applied to foliage reduces the transpiration rate by an
average of 14 percent, or 9 percent of the water applied and thereby
conserved soil moisture. However the net effect is small when compared
with the amount of water applied. Shindel (1963) and Harr (1966), also
working with small potted trees, found similar results. Also Waggoner
et i&. (1969) found that the rate of evaporation from a wetted corn crop
is at least twice the transgpiration rate when the same crop is dry.
Stewart and Thom (1973) further remarked that assuming identical weather
conditions, intercepted rainfall can be expected to evaporate at about
five times the corresponding transpiration rate. Finally McNaughton
and Black (1973) found that evaporation from a wetted young Douglas fir:’
forest in coastal British Columbia proceeds at a rate 20 percent faster

than the expected transpiration from the same canopy when it is well

supplied with water, but dry. Evidence of this kind has led Rutter (1968)

2
N . il
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to remark that a high proportion of the water intercepted by a forest
is evaporated without any saving of stored water in the soil.

In the wake ofvthese developments came attempts to explain,
in physical terms, how it is that the rate of evaporation of intercepted
rainfall is greater than the rate of transpiration under the same weather
conditions.

Monteith (1965) envisages this difference as being attribut-
able to changes in surface moisture conditions. He proposed that the
latent heat flux over a plant cover could be examined in terms of poten-
tials and resistances, where the potentials of the system Are the net
available energy and the evaporative demand of the atmosphere, and the
resistances are the aerodynamic resistance to vapor transfer and the
stomatal resistance to vapor diffusion. When the canopy is dry there
exists a finite stomatal or plant resistance, depending mainly on light
and soil moisture conditions, but when the canopy is wetted, the plant
resistance reduces to zero, since the moisture demand,yf the atmosphere
can.now be satisfied by the readily available film of Qater on the leaf
surfaces. In other words, he saw the difference as a case of potential
(wet) as opposed to non-potential (dry) evapotranspiration conditions.

Rutter (1968) sees the fact that the evaporation of inter-
cepted rairifall proceeds at a faster rate than the transpiration of
soil moisture as being due to increased available energy for a wetted as
opposed to a dry canopy. He maintains that there is a sizeable transfer
of sensible heat to wetted vegetation at the expense‘of the surrounding

region especially if the vegetation occupies 4 small area. More recently

Murphy (1970) and Murphy and Knoerr (1975) have suggested that the
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increased latent heat exchange for a wetted canopy octurs at the expense
of long-wave terrestrial radiation and sensible heat transfer. '

It would s?em that_ these latter viewpoints in fact~concPr .
with Monteith's earlier observation in that added energy through advection -
or through the reduction of sensible heat transfer and the suppression of

terrestrial long wave radiation, would be evident in the form of an

increased vapor pressure deficit of the ambient air.

2.2 Aims of Research

The foregoing discussion indicates that there is general
agreement with the view that the evaporation of water from a wetted
canopy proceeds at a rate that is greater than that from an unwetted
canopy. This belief may be attributable either to a greater abundance
of energy for latent heat transfer from a wetted canopy or to the greater
availability of surface water, which thereby creates potential evapotrans-
plration conditions, or to both.

The intent of the present research is mainly to provide some
experimental evidence for these arguments so as to xedefine and elaborate
upon some of the earlier conclusioens. Firstly, following the lead of
Monteith (1965) and Rutter (1968), an attempt will be made to substantiate
the view that the rate of evaporation of intercepted rainfall (LE,) is
several times that of transpiration (LEg), assuming the same weather
conditions. A mixed hardwood forest in Southern Quebec is to be used as

the experimental site. Furthermore, it will be shown that the magnitude

of the ratio LE,,/LEy is not constant, as implied in earlier investigations

a
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(Rutter, 1967; McNaughton and Black, 1973 and Stewart and Thom, 1973),
but rather undergoes both diurnal and seasonal ch{nges.

Diurnal changes are mainly related to weather and soil
moisture conditions. It can be shown that the ratio LE,/LE4 is mainly
a function of the ratio of the canopy resistance (rc) to the aerodynamic
resistance (r,) (see section 6.3). Also the canopy resistance (r;) has
a diurnal regime whiich is characterized by stomatal behavior (see section
5.2) and has a largé amplitude, whereas the aerodynamic resistance that
is mainly a function of wind speed, is by contrast conservative. The
ratio LEw/LEd is thelrefore to a large extent controlled by the parameter
(rg), which in turn is regulated by radiant energy and soil moisture
depth (see chapter 5)i.

It can also be demonstrated that diurnal changes in the ratid
LEw/LEd are rela£ed td weather conditions, namely the distribution, dura-
tion and intensity of rainfall and post-wetting synoptic conditions (see
chapter 7). In other rds, it*can be demonstrated that the mégnitude
of the evaporation of i%tercepted rainfall (LE,) during a light prplonq?d
shower is greater than buring a short intense rain-gtorm (see section i
7.1). Furthermore, intérmittent rainfalls separated by periods when the
c;nopy is allowed to drﬂ out partially or completely through evaporation
cap_bé conducive to greater interceptional losses. Also rainfall periods
followed by sunny or windy conditions or both would allow intercepted
water to be evaporated at|a faster rate than under calm or cloudy condi-

tions orx both, since the former conditions would enhance energy receipt

and/or turbulent transfer.\
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Seasonal changes of the ratio LEy/LE3 on the other hand
are mainly related QO soil moiséure and vegetal conditions. As will
be demonstratad latér (see section 5.4), the canopy resistaﬂce (rc) 1is
controlled to a large extent by soil moisture depth. When soil moisture
availability at the root of the plants becomes limiting canopy resistance
(re) generally increases, thereby increasing the ratio LEW/LEd. The
natural life cycle of deciduous hardwoods also creates seasonal differ-
enges in the parameter (rc). Usuélly, stomatal resistance becomes higher
begause of senescence of the leaves at the end of the growing season.
This effect creates higher rc and hence LE,/LEq values.

The%magnitude of the ratio LEw/LEd is however not the critical
factor in evaluating the amount of water loss for a wetted as opposed to a
dry canopy. As will be”sho;;\ghbsequently (see section 6.3), the value of
the difference LE,, - LE4 is a better gauge for comparing the evaporation
of intercepted rainfall to transpiration, under the same weather condi-
tions. It can be shown that the difference LEy =~ LE3y is usually gr aﬁest
when the ratio LE./LEq is least. The reason for this is that althé%?h
canopy resistance (r.) is lowest when solar radiation is greatest a%
around mid-day, thus giving lower r./r, and hence LEw/LEd values, the
greater available énergy and the increased saturation deficit of the

-

ambient air causes the rate of latent heat transfer to increase. But
tﬁis increaseé evapotranspiration rate is greater for a wet canopy where
potential surface conditions are satisfied, than it is for an unwetted
canopy, especial}y if a shortage of soil méisture makes surface conditions

N

highly non-potential. Also, as will be further ‘démonstrated (see section

... 6.2) a wetted canopy acts as a strong sink for both incom%ng solar energy
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q

and for advected energy, and the rate of evaporation of 1nterceptéd -

rainfall thus often exceeds tpe rate of supply of net radiant ene;qy.‘
As a result the magnitude of the difference LE, -~ LEy is greatast when
available energy and the vapor pressure gradient, between the c¢anopy and
the ambient air, are greagest.

As noted earlier however (see section 2,1) transpirational
water loss is suppressed during the evaporation of intercepted rainfall.
This effect causes a certain a:nount of,s0il moisture }saving, the magnitude
depending upon the ratio LEw/LEd or the difference LE,, - LEj. It will
be shown later {see section 6.3) that on the average only a small percent-
age of intercepted rainfall goes towards soil moisture conservation while
the remainder is lost to the atmosphere._ In terms of the present experi-
mental basin, therefore, water retained by the aerial parts of the vege- ‘
tation can be congidered as more of a loss than a saving of soil moisture.
Consequently, when tomputing the water balance, the effect of the inter-

cepted rainfall must be cons:.déred, since neglect of this component can

lead to a sizeable underestimation of evapotranspiration.

2.3 Methodology

In order to attain the goa;s set forth in the preceding
section the research will lead thf\pugh several phases. Since the intent
of this thesis is to highlight the e‘ffect of intercepted rairffall on
evapotranspiration rates oSer a beeéh-—map],_e forest in Quebec, it is
necessary to devise a method whereby comparisons between evapotranspira-

tion estimateg for an unwetted (LE4) as opposed to a wetted (LE,) canopy

can be made.
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Different methods are available for the measurement of latent
heat transfer over either wetted or unwetted vegetation. As will be
explained later (see section 3.1) however, a general combination-type

model that 1s attributable to Monteith (1965) will be used in this

}

research. One of the main problems encountered i1in uging this variant of
the combination model 1s beind able to derive heurlyﬁés§imates of the
canopy resistance (r.) to vapor diffusion when the leaves are dry. As a
solution to this problem, a model that predicts hourly values of the para-
meter (r.) is proposed (see chapter 5).

To derive this model and to be able to make %eanianul and
objective comparisons of latent heat transfer over a wetted as opposed to
an unwetted canopy for the forest under copsideration, field measurements
are necessary. In addition to evapotranspiration estimates for)both wet
and dry periods, other components of the water balance, namely precipita-
tion, i1nterceptional loss, channel runoff and soil moisture depth are to
be measured. These supporting measurements will be used mainly to check
the evapotranspiration calculations. The field methods and procedures
utilized will be discussed elsewhere (see chapter 4).

Various forms of analysis are then to be performed on the
field data. The results however will concentrate upon the particular
effect of intercepted rainfall on evapotranspiration rates, and under
different weather conditions (see chapters 6 and 7). Before any further
discussion on the topics i1temized in this section, some further theoreti-
cal considerations on the evapotranspiration - interception link are in
order. This will adcordingly form the subject matter of the next

chapter.

3
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CHAPTER 3

The Interception - Evapotransgpiration Relationship:
Theory and Measurement

3.1 Measurement of Evapotranspiration

Numerous methods are available for the measurement or estima-
tion of evaporation and transpiration (W.M.O. Tech. Note No. 83, 1966;
Federer, 1970). However the measurement techniques for the evaluation of
the evaporative flux over natural surfaces and under natural conditions
are still very much in the developmental stage, especially for non-
potential surface conditions.

There are basiqplly two main types of methods that are used
to measure latent heat transfer, namely direct and indirect. Direct
measurement techniques consist of two categories. The first group operates
on the principle of the conservation of matter in that the change 1in volume
of water over a defined time period forms the basis of the calculation.
There are three types of instruments that adopt this principle, namely
atmometers, evaporation pans and lysimeters. The first two types are
designed to estimate the evaporative flux over a free water surface. But
faijlure to fully répresent natural conditions have limited their use.
Lysimetry on the other hand, though suited for use over a crop or bare
soil cover does not lend itself for use over tall vegetation. Besides,
cost factors make other methods such as micrometeorological techniques
more attractive.

The other direct method is the eddy - correlation technique

H
that is attributable to Swinbank (1951). This method is based on the

instantaneous fluctuations in the vertical component of the wind velocity
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and specific humidity about their mean values. However the extreme sophis-
tication of the instruments and techniques required for the adoption of
this method has limited its use.

Indirect methods also consist gf two groups: the soil-water
budget method and micrometeorological methods. The water budget method
is simple in principle. Ignoring the contributions of lateral inflow or

outflow and ground water seepage, evaporation is computed as:

E=P-R* Asm (3.1)
where

E = evaporation

P = precipitation

R = channel runoff

4 sm = change in soil moisture or lake storage. -
This technique however is only suited for use over long time periods such
as a growing season or year. Micrometeoroclogical methodyon the other
hand are m;ainly theoretical in that they are attempts to measure the
rate of latent heat transfer in teérms of the physical principles controlling
the vaporization process. The magnitude of the evaporative flux is basically
governed by three processes: one is the rate of energy input necessary to
change liquid water into vapor; another is the ease with which the vapor
1is removed from the evaporating surface;and the other is the rate of water
supply to the vaporizing surface. For an open water surface only the
first two conditions apply. The last parameter is however extremely
important for non-potential surfaces such as vegetation or bare soil.

The most common and widely used micrometeorological techniques

are the aerodynamic, the energy budget and the combination methods. The
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aerodynamic or mass transfer approach is a profile technique concerned

o
with the turbulent transfer of water vapor between two levels in the
ambient ajir, a small distance above the evaporating surface. The eddy
motions associated with the turbulent flow of the wind give rise to the
transport of water vapor and heat, the concentrations of which vary with
height above the evaporating surface. By analogy with molecular and

other transfer processes, basic transport equations for water vapor, heat

and momentum may be stated as:

LE = E Ky, ﬁe , {3.2)
2
H = -pPcpka At, (3.3)
‘ Az
r - PXy _Au, (3.4)
Az

where

LE, H and T = the vertical fluxes of water vapor, heat and
momentum respectively

P = air density

cp = the specific heat of air at constant pressure

p <= atmospheric pressure

€ = the ratio of the molecular weight of water to the
molecular weight of dry air

L. = latent heat of vaporization

Ky, Ky and Ky = the eddy diffusidties of water vapor, heat
and momentum respectively

_%_ %t and Au _ the vertical gradients of vapor préssure,
Az temperature and horizgntal air velocity,
with height (z) regpectively.
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The problem with this approach is that i{ is generally not %
|
possible to measure Kw or KH directly. However it is possible to calcu-

-

late Km using wind profile theory, and on the assumption that Km = Kw it
is possible to determine the evaporative flux as:

LE = peLk2 Au Ae (3.5)
p[1n(z/2z,)] *

This equation (3.5) is the classical Thornthwaite and Holtzman (1942)

A I bt e B e W T A

relation

where

k = von Karman's constant

2z the roughness length

[s]

In the base of natural logarithm

and all other'terms are as previously defined.

The major drawback of this method is that it is only valid
under conditions of neutral stability, when Fhe lapse rate is adiabatic.
and when the assumption K; = K, holds true (Munn, 1961). For non-adiabatic
conditions corrections for stability must be made. How;ver for h;ights of
about one metre and less from the evaporating surface these corrections
can be ignored (Sellers, 1965).

The energy balance method is also a profile technique, and is
based on thedprinciple of the conservation of energy. A measure of the
amount of’;ater transferred to the atmosphere is obtained by assessing

*

the heat flux associated with the energy used to converf’iiquid water to
vapor. Ignoring horizontal divergenﬁes of the heat fluxes and the storage
of energy in the biomass, in air within the plant communitys and in

photosynthesis, the energy balance for a vegetated surface can be written
o
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5

LE+ H+ G (3.6)
where

Rn = the net radiation flux
IE = the latent heat flux

H <= the sensible heat flux

G = the so0il heat flux.

Ordinarily LE is solved as a residual in the above equation.

Both Rn and G are readily measurable but there is no simple method of i

measuring H. This difficulty is overcome by using the ratio H/LE = ﬂ

(Bowen, 1926) to solve for LE. Rearranging equation (3.6) and dividing

by LE gives: ¥
- Rn -G . (3.7)
1 + H/LE

Now from the mass transfer equations (3.2 and 3.3) presented
earlier, and assuming that AT and Ae are measured at the same heights

one can deduce:
C K 3.8
H = .?f. _f.l.éT___ ( )
LE Lé Kw Ae

The te’rm Cpp/L€ is known as the psychrometric constant, 7 (0.66 mbaroc-l) .

The Bowen ratio ( B ) can then be calculated by:

;. A‘i‘ . (3.9)
8 "R, A=

If it is assumed that KH = K.w, it is possible to reduce equation (3.7) to:

IE =R -G . (3.10)
1+,

o AR b, Pt v 2 i AR Kbt o i bt s B

' i
As in the case of the aerodynamic approach, the short-coming

() of the energy budget approach lies inyithe agsumption K;i = Ky, which

i
strictly speakirg holds true only for neutral conditions. However,

|
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Swinbank and Dyer (1967) and Dyer (1967) have shown that this assumption
is valid for a wide range of atmospheric stability.

Both the aerodynamic and the energy-budget methods are
basically profile techniques and they require measurements of the
fluxes of momentum, heat and water vapor at more than one height. For

tall vegetation such as a forest, the setting-up of instruments at more

than one level is an extremely difficult task. Also becauge of the strong
turbulent mixing caused by the rough forest canopy differences in the
fluxes of temperature and vapor pressure with height are very small near
the canopy top. As a result extremely sensitive and hazard-prone instru- i
mentation is required. A method that requires measurements at only one.

I4
height above the canopy is therefore desirable. Such a method is pro-

b st sl st sl

vided by the combination model, and this is the technique to be used in i

this thesis.

3.2 Combination Model

. The success of both the energy-balance and aerodynamic methods
depend on the measurement of surface temperature and vapor pressure, both :
of which are very difficult to measure (Penman 1955). 1In order to '
eliminate the measurement of surface parametels Penman (1948) combined
the energy-budget and aerodynamic approaches, hence the origin of the )
term combinatign model. Penman (1948) started out with the simg}est case,’
an open water surface where potential conditions readily apply. Restating
the aerodynamic equation (3.5) in its simplest form and which he called

the "sink strength” term; Penman (1948) wrote:

E = (eg - eg) £ (u) (3.11) ‘ b
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where

E = evaporation rate in unit time

eg ® saturation vapor pressure at the evaporating surface

eq ® actual vapor pressure in the air at some height above
(equivalent to the saturation vapor pressure at dew
point temperature)

f(u) = a function of wind speed

Then, %Fnoring soil heat‘storage, he restated equation (3.6),

which he labelled the energy term as:

H=E+K (3.12}
where A

H = the heat budget (net radiation)

E = evaporation (latent heat transfer)

K = heating of the air (sensible heat transfer)

[
Again, assuming that the transfer coefficients for heat and water vapor

are the same, the Bowen ratio is stated as:

8

Y (Tg - Ta)/leg = eg) (3.13)

where

™
!

= Bowen ratio

3
1

= surface temperature

3
w
[}

= air temperature

~
t

= psychrometric constant
and eg and ey are as defined previously (3.11). Froi'ééuations (3.12)
and (3.13) then, it follows that:
-
E= H/(1+B) \ (3.14)
If it can be assumed that air femperature (T,) near to the

evaporating surface is equal to the surface temperature (Tg4), then by

'4: T
substituting E; for E in equation (3.11) and replacing eg by e (the

-
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saturation vapor pressure at (T;)), one can derive:

Then from (3.11]) and (3.15):

which can be simplified to:

where

Ea = (e3 - eyq) £(u). (3.15)
Ea/E = 1 - (eg - e,)/(eg ~ ey), (3.16)
E,JE=1- ¢ (3.17)

d = (eg - ey)/leg - eq).

Now from equations (3.13) and (3.14)

E= H/(L4p) = H/(L+7 (Tg - Tp)/(eg - eg)). (3.18)

By setting (Tg ~ Ta) = (eg - e3)/s, where S is the slope of the satura-

7

tion vapor pressure curve at T,, then:

H/E = 1+7 (es - ea)/Sleg - gg) = 1 +7@/s, (3.19)

From equations (3.16) and (3.19) Penman (1948) finally derived the

expression:
- hA
)
E = (SH + YEa) /(S +7), (3.20)
which can be further simplified to: .
. (S/Y)HB+Ea . (3.21)

T (s/r)+1

Note that in equation (3.21) S is the slope of the satura-

tion vapor pressure curve at air temperature (Tg). Also the aerodynamic

component (E,) of the equation is a measure of the drying power of the

*air, in that the term (ej ~ eg) in equation (3.15) is the saturation

deficit of the air at mean air temperature. Thus the measurement of

surface temperature and vapor pressure is eliminated. Air temperature

and humidity both of which *are elements that are easy to measure can now

be used.

I
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, n
Equation (3.21) is the well-known potential evaporaticn

formula since it was designed for use over surfaces for which water
supply is non-limiting, namely a free water surface. For surfaces, such
as vegetation or bare soil, where the supply of water/ﬁor latent heat
trangfer can be a limiting factor, alternative methods have to be used.
Different methods for the estimation of evaporation or transpiration
have been presented by Slatyer and McIllroy (1l96l), Tanner and Fuchs (1968),
Fuchs et al (1969) and Monteith (1965). Since the primary aim of the
present research is to compare evaporation over a wetted canopy ta trans-—
piration over an unwetted cancpy, the Montaith variant of the combination
médel, common1§ known as the "canopy Fesistance" model is to be used
since it can be readily applied to wetted or unwetted vegetation.
Furthermore, the method allows for an examination of how the
soil-plant complex controls latent heat transfer. Plants ought to be
treated as aerodynamically rough and mainly dry surfaces. The concept
of potential evaporation being a water loss that encounters no restriction
to vapor flow even from unwetted leaves, must therefore be re-examined.
When a leaf surface is not wet, it is realistic that the rate of evapora-
tion is less than the potential rate because of stomatal control that
introduces a resistance to the diffusion of vapor. This latter aspect

forms the basis of the "canopy resistance" model.

£

3.3 Canopy Resistance Model

- The theory of the canopy resistance model is based on the
assumption that exchanges of matter and energy betwedn plant communities

and the air can be described by an Ohms law relationship of the type:

3
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Flux = PoRential Difference/Resistance,
where the potentials ofjthe system are the concentrations of diffusing

AY Ve
gases and the heat cogﬁent of unit volume of air, and the resistances
e

~—

are both external, characterizing the aerodynamic properties cf the
plant—atmosphergxsystam, and internal, simulating the physiologic proper-
ties-of the soil-plant complex (Monteith, 1963).

The concept of diffusive resistances in the plant atmosphere
system was first introduced by Penman and Schofield (1951) in a crop
model describing transpiration and the flux of carbon dioxide in photo-
synthesis: In an attempt to extend Penman's (1948) original combination
method so as to consider non-potential evaporating conditions, they
hypothesized that over plant communities, transpiration will proceed at
a rate that is less than the potential evaporation rate because of a
stomatal factor which impedes vapor diffusion and because of a daylength
factor, since stomates are closed during the night. This was éxpressed
by Penman (1952) in the following form:

S H+vy(e, -eg) f(u) (3.22)
T~ (S+ Y)/s*D .

where

Eq = transpiration rate in appropr}ate units

8* stomatal factor

]

D daylength factor,
and all other terms are as previously defined.

It was Monteith‘(1965), however, who developed thé "resistance"
combination model. He maintained that evaporation over non-potential

plant surfaces is sustained by a supply of heat from the atmosphere and

by 4 movement of water within the plant preventing the desiccation of the

"
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leaf tissue. Furthermore, the path %or the diffusion of water from
leaf cells to the free atmosphere is \@ivided into two parts: across
a canopy resistance (r.) determined primarily by the size and distribution
of stomatal pores and by the leaf are; index, and across an air resistance

(rz) determined by the wind speed and the aerodynamic properties of the

Plants.

'

Restating equation (3.21) in terms of potential differences

and diffusive resistances Monteith (1965) wrote:

S Rn 4 pcleg (T) - e} /ra (3.23)
LB s+ Y w |

1]

where
LEy = potential evaporation rate (cal., cm™2, sec.”l)

1

Rn = net available energy (cal., cm™2, sec. t)

eg(T) = saturation vapor pressure of air temperature at
height 2 (mbar)

e = actual vapor pressure of air temperature at height |
Z (mbar)
= aerodynamic resistance to vapor transfer at height
z (secs cm.” 1) \
i
l
pc = volumetric heat capacity of the air (2.9 X 10 4
cal. cm™3 O¢c71)
S <~ slope of the saturation vapor pressure curve at
air temperature T (mbar %)
¥ = psychrometric constant (o0.66 mbaroc)\

It is readily apparent that equation (3.23) is exactly the
same as equafion (3.21) except that pc (e (T) - e)/ry = (e, - eq) f(u)
2 YEy or more precisely pc/ry = £(u).

Neither equations (3.21) nor (3.23) aﬁp valid for a surface .

where the vapor pressure is less than the saturati&y vapor presgure at
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surface temperature. For an unwetted leaf, water @®vaporates at the
surface of the cell walls surrounding the sub-stomatal cavities and

s
reaches the outer surfaces of the leaf by molecular 3fffusion through
stomata and cuticle. When a leaf has a uniform temperature T,, the
vapor pressure of air in caontact with the stomatal cell walls'is usually
very close to the saturation vapor pressure eg(T,). At the dry leaf
surface however, outside the cell walls, the vapor pressure (e5) during
transpiration is always less than eg(T,), ard surface air in contact
with the leaf is never saturated. As a rasult, the unsaturated air at
the leaf surface has a finite wet - bulb depression, a parameter which is
difficult to measure. Following the lead of Perman (1948), Monteith
(M265) resolved this difficulty by eliminating ‘surface parameters and
replacing them by ambient air conditions.

By assuming that the transfer coefificients and hence- the
resistance to diffusion (r,) of heat and water vapor are the same, the
transpiration rate can now be given &8s (e, - e)/ra, where eo is the
vapor pressure at the leaf surface. Similarly the rate of vapor diffusion

within the stomates of the leaves is proportional to (eg(Tp) - eg)/re
A

where ro is the internal stomatal resistance. Since within a thin leaf,

- <
A a

the temperature of the stomatal wall and the surface can be assumed equal,
the rates of diffusion within the leaf and external air are then also
equal and:

- _2g(To) - e,
E(YL/pc) = = = —

'
i

ey -~ e (3.24)

r

where the constants (7Y L/ pc) preserves the consistency of units. By

Y

rearranging terms:
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r, (3.25)
es(Tg) - e = {1 +—-—} (eo- ¢)
Ta

Equation (3.25) sho%s that a leaf with internal resistance (r.) can be
treated formally as a free water surface if the total vapb£ pressure .o
drop (e, - e) is replaced by eg(T,) ~ e/(1+ ro/ry)

Returning to equation (3.23) and replacinq surfa;e;temeera-

ture (Ty) by air temperature (T) as suggested by Penman (1948), the

latent heat of transpiration from a leaf becomes: e
S Rn+ pcleg(T) - e)/ry (3.26)
LEg = *

S+ y {1+ rx./r,)

It should be noted that equation (3,26) applies to both
a wetted and a dry canopy. When leaves are wet (ey -~ e) = (eg(Tqy) - e).
In other words the stomatal resistance (r.) becomes zero and equation
(3.26) is reduced to equation €3.23). Both equations (3.23) aﬁg (3.26)
show that the rate of evaporation over a vegetated surface depends on
three wea;her parameters: net available energy, humidity of the ambient
air and wind speed at some fixed height above the canopy,’ and a plant
parameter, namely canopy resistance to vapor diffusion., The methods
used to measure or est}mate these components in the present research

will be discussed at length in the next chapter.

3.4 Measurement of Interception ,

as in the case of evappratlon and trgnspiration, different
methodé\égn be used to measure intercepti&n. By definition the intercep-
tional loss ig the amount of precipitation that is prevented from\reachinq
' the ground By the aerial parts of veéetati;n. This loss is accounted for'

’

by two processes: evaporatioubof water fram the canopy during the period
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of wetting or rainfall, and evaporation of intercepted rainfall following

wetting. Interceptional loss therefore depends on weather conditions
during wetting since they control the amount of evaporative loss and on
canépy characteristics which determine the retention capacity of the

4
stand.

Although the woody parts of vegetdation such as branches and

stems retain some moisture, by far the greater part of intercepted rainfall

18 withheld by leaves. Generally a leaf aborbs little, if any, water from

1ts surface (Rutter, 1963). Its storage capacity may therefore be con-
sidered to be the amount of water it can retain on its surface. This
amount is a fuhction of leaf size, 1ts configuration and composition,
together with the7€§éc031ty of the water and the external pressure on
the liquid, as well as the amount of precipitation (Leconard, 1967). The
alignment of branches, canopy density and smoothness of the woody parts,
such as the bark, are other determining plant factors.

Weather factors or more precisely rainfall characteristics

also affect interceptional loss, 1in that evaporation of intercepted

rainfall can occur during wetting. Wilm and Niederhof (1941l) observed

that about 19 percent of each storm 1s lost to the ambient air by avapora-

tion from the canopy during rainfall. As will be seen later (see chapter
7) intérmittent and light intensity rainfalls allow for greater evapora-
tion of intercepted y¥ainfall during wetting than moderate}and heavy
intensity rainfalls. This is attributable to the longer duration of

the former category ;nd also to the greater vapor pressure deficit of

the ambient air that accompany these rainfalls. Windiness that producedf:

shaking of the branches, and the impact .of velocity of raindrops during

e At
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severe storms also affect the interceptional loss, because they lessen

the retention capacity of the canopy.

have been evolved for the measurement of interceptional loss.

In view of the preceding, both direct and indirect techniques

The most

commonly used direct method is 3 water-balance technique based on the

conservation of matter:

residual after accounting for water input and output.

simplest form,

#here

(3.27).

-

1

I,
P

T

£f

the equation is:

P-(T+9

¢

= interceptional loss

(3.27)

precipitation above the canopy

throughfall

stemflow.

interceptional loss in considered to be a

Written in its

Other direct methods are basically extensions of equation

They however regard the interceptional loss as dynamic rather

than passive in nature and as a result are more process-oriented. Horton

( 1919) observed that the amount of interceptional loss is equal to the

sum of water stored on the plant surfaces at the end of a storm and

subsequently returned to the atmosphere by evaporation, plus evaporation

from the wet plant surfaces during the storm.

ship in an equation in the form:

I,

Iy,

S+RET

o

He expressed this relation-

(3.28)

3

interception loss in unit depth over the projected

area of the canopy

o

the water stored on vegetation in unit depth over the
projected area of the canopy

&
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= the ratio of vegetation surface area Eo the projected
area of the canopy or leaf area index

x
[}

=1
1]

evaporation rate in unit depth per unit time during
the storm

T = duration of storm in unit time.
Alternatively, he expressed the relationship in the form:

Iy, = S+K P (3.29)

where

~
1]

(RET/P), i.e. the fraction of precipitation lost by
evaporation to the ambient air and absorption by
the plant, if any during the storm

L]
1}

storm precipitation in unit depth and I; and S are
as defined above.

This second formula (3.29) only applies when P is greater than S. Other-
wise Iy is nearly equal to P. .

Linsley et al (1949), however, arquaa that equation (3.28)
yielded a value of interception which was independent of the amount of
precipitation, since it assumed that the rainfall in each storm filled
interception sto§§9e. As an alternative it was suggested that if it
could be assumed that the interception loss given by (3.28) could be

¢

treated exponentially in terms of rainfall increasing from zero to

somé higher value, for a specified duration then:

cP

Ip, = (S+RET) (1 - &™) (3.30)
where ' ‘
e = the base of Naperian logarithms

c =

constant
and all other termgiwere~as defined before.

Merriam (1960) however questioned the application of an expon-
ential factor to thé evaporatiorn (RET) portion of the equation. Alterna-

{

tively he suggested the following equations:

e e
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I, = S(1 - e¥) + RET for PSS (3.31)

and -
Iy, = s(1 - e%F) + kP for P>s (3.32)

He further differentiated both equations with respect to P, and equated
¥ GIL/ 8P to unity as P approached zero, and from this he derived that c

is equal to 1/S and the general eguation thus becomes:
B/

/

Iy = sS(l -e S)+RET for P< S (3.33)

IL=S.(l—eP “)t+kp forP>s (3.34)

where all values are as defined previously.

More recently Rutter et al (1971/72, 1975) proposed a running

ol »

watey-balance technique to measuré the interceptional loss. The canopy

is regarded as having a surface storage capacity, S, which is charged
¢

by rainfall and discharged by evaporation and drainage. The rate of
water inflow, Py, to the canopy, is given by:

Pp=(l-p) P (3.35) 4 e

where p is the fraction of the precipitation (P) which falls through

gaps in the canopy. The rate of wateroutflow via evaporation, E, when

»

the c'anopy is wet is given by: < Ty

E = Ep(C/s) (3f3@)
where

Ep = evaporation rate as given by equation (3.23)

(@]
0

the amount of water present on the canopy
- 8§ = canopy storage capacity. .
When C = s\then\, E = Ep.
_ The rate of drainage, D, from the canopy is given 22}'

lnD = a + be (3.37)

"

where

b » a drainage coefficient




a = constant
ln = base of natural logarithm.
In terms of a water balance it follows that:

Pr ¢ E + D. (3.38)
The interceptional loss I; can then be said to equal E in equation (3.36).

B Indirect methods on the other hand are basically empirical

techniques whereby the interceptional loss Iy, is expressed as a function
of precipitation, P, above the canopy (2Z2inke, 1967). The general form
of the relationship is:“

I =~lQL:Fa (3.39)
where b and a are the slope and intercept respectively of the linear
regression equation.

It is implicit that the constants and coefficients in all
of the equations for medéuring or estimating the interceptional loss
presented thus far refer to a particular vegetation stand. Since the
vegetal cover being examined in the pres;nt thesis is in a sense uniqueé
in terms of regional climate and canopy characteristic, new formulations
must be developed. Also the emphasis in the present study is not to
describe the interception procéss, but rather to compartmentalize it
so as to be able to ¢ompare evaporation of intercepted rainfall during
and af£er the period of wetting. The effect Qf wetting on water consump- i
tioqgand hence Fhe water balance of the forest basin is also of major

B .
relevance. The equations that follow then are the ones used in this, . N

thesis. N

i 2

If the interceptional loss, (Ipp) were to bé viewed .as being

a passive process in the sense that the amount of, interception is onky

f
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o

a function of bhe retention capacity of the foliage, then the following

expression could be written:
‘\“ [AY

I;p = CS (3.40)

whare

ILP passive interceptional loss in mm depth of water

o] can&py retention storage in mm depth of water.

It should be noted that in this equation canopy storage (CS)
is different from Merriam's (S)/i£ that Cigmore precisely refers to
canopy retention, or "residual storage" (a%ah and Wilson, 1944) which
could be equal or less than the saturation“;alue.

But as suggested earlier (Hortoh, 1919) interceptional loss
is more a dynamic process, in that évaporatiqn of intercepted water can

occur\during a rainfall. Thus the dynamic interceptional loss (Ip) can

be found from:

Ip = sz LE, <87 (3.41) ,

where .

Ip ® dynamic interceptional loss in mm depth of water

T1 = time of beginning of rain event

T, = time of ending of rain event )

LE, = evaporation of intercepted rainfall durimg the rain

. event, as dgiven by equation (3.23).

From equations (3.40) and (3.41) it follows that canopy
detention storage (CS) can be calculated from: v

.c§ =z TJ"s LE, 8T (3.42) (
where o,

i)

ma = time of complete disappegrancg‘offintercepted~rainfall
from canopy o
¥

and all other terms are as previocusly defineds
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Finally, the total interceptional loss during and following

each rain event can be calculated as:

Ip = Ip+ CS ' (3.43)

whare

"

total interceptional loss for each rain event in mm
depth of water.

Iy

Equation (3.43) can then be simplified to give:
T LE {3.44)
IT-ID+ w
T =T

and finally, by considering equations (3.41 and 3.42), to:

T
3

= LE % (3.45)
Ip v S
T =T T

Equations 3.4l to 3.45 can he used to measure interceptional
loss both during and after the wetting period. The method for estimating
-
LE, has been discussed to some extent (see section’3.3). To estimate
Ty and T, traces from the rainfall intensity gauge (see section 4.3) dre

utilized. T3 can be measured by means of a moisture sensor whose method

of use will be described later (see section 4.7).

3.5 Interception - Evaporation Relationship

So far discussion on interception and evaporation has been
kept somewhat apart. If a plant canopy is wetted by rainfall however,
interesting inter-relationships between these two processes emerge. When
a leaf canopy becomes wet, the plant no longer needs to act as a pump
to supply the water for evapotranspiration in the sense that transpiration-
al cooling is effected through evaporation of intercepted rainfall. In

Q

general, therefore, evaporation of intercepted water reduces transpira-
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tional losses from the soil, or, looked at in another way, the transfer
of water from soil to air is actually short-circuited.

As mentioned previously (see chapter 2) however, and as will
be seen later (see section 6,3), the evaporation of intercepted rainfall

usually proceeds at a faster rate than the transpiration rate for an

"
1

unwetted canopy and for which non-potential conditions apply, hssuming
the same weather conditions. The approximate ratio of evaporation of
intercepted water to transpiration can be gauged from equation 3.46
given below. The equation (3.46) assumes that the net radiation and
the saturation deficit of the ambient air do not change appreciably
following a period of wetting. Writing equation (3.23) for r, = zero
(LE,) and r, = finite (LE4) then:

M _ (8/M)+ 1+ re/ra (3.46)

LEg s/ M + 1

where

LE,;, ¥ evaporation rate when the canopy is wet

LE4 = transpiration rate when the canopy is dry
and all other terms are as defined previou4ly.

When r. is zero, the fraction LE /LEj is unity. But when
the plant resistance (r_.) takes on a finite value, the ratio LE_,/LEg
becomes greater than unity, the magnitude depending on the value of
the ratio ro/ra and S, which is a function of air temperature.

Rutter (1967) following the lead of Rijtema (1965), suggested
an alternative method for estimating evapotianSpiratibn from vegetation,
which takes account of the separate contributions of intercepted and

transpired water. In order to express total evapotranspiration in a

— —
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form consistent with equation (3.46) so as to appraise the significance
of interception in the wa?:er consumption of forests, he suggested )
another approach.

In his formulation Rutter (1968) viewed interception as a
potential loss. He accepted that equation (3.26) which contains an
internal diffusion resistance, is strictly an expression of a transpira-
tion rate (LEg)}. Also, if r, (canopy resigtance) is set equal to zero,
the equation becomes an expression for the rate of ewvaporation of inter-~
cepted water (LE,;), which is the same as equation (3.23). Furthermore,
Rutter (1967) found that on the average LE,, was four times as great as
LE4. If it is assumed, therefore, that there is no transpiration while
intercepted water is being evaporated, then one quarter of the intercepted
water is equivalent to transpiration that would otherwise have occurred
in the same atmospheric conditions, while three quarters was evaporation
that would not hawve occurred in the absence of prec{pitation and inter-
ception. Rutter (1968) therefore contended that the additional evapora-
tion consequent on interception (Iy} which is the same ag the net intex-

ception loss of Burgy and Pomeroy (1958).can be stated as:

Iy T I(LE, - LEq)/LE,. (3.47)
where
I * the unit depth of water intercepted.
. 13hen Is= LE,, equation (3.47) simply becomes:
Ig IN - (LBW - LEd) (3-48)

Equation (3.47) can also be simplied to

Iy ™ (1 - LEy/LE)T (3.49)

- 4 . P - o~ P
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Remembering that the inverse of squation (3.46) can also

be written as:

LE./LE = S + 7 (3.50)
W SF A((r, * ro)/ra)

where all terms to the right are as in equation (3.26), then:

vrol/z, (3.51)
S + ’y((ra+ rc)/ra) ‘

(1 - LE /LE)T =

From equations (3.49 and 3.51) the net interceptional loss (Iy) ca}x then

be written as:

[
1

- Y Ta (3.52)
N s+ 7, + .

It is apparent from the above equation that the nd:ft ihter-
ceptional loss is dependent upon the ratio ro/ry and S which is tempera-
ture dependent. In other words, when r; is large relative to r, and S
is small, the fraction of I approaches 1, and the net interceptional
loss is greatest. {

The preceeding sections have dealt at large with the theory
and methods of measurement or estimation of evaporation and interception,
and the relationship between these two components. In order to test and
to validate the concepts that highlight the effect of intercepted rainfall
on evapotranspiration rates field experimentation must be attempted. A
mixed-hardwood forest in Southern Quebec is to be used as the test site.
The measurement techniques and methods of experimentation will be discussed

in the next chapter.




CHAPTER 4 -

Site, Instrumentation and Experimental Procedure

4.1 Physical Characteristics of Site

The field rese;rch for this experiment was conducted at Mont
st. Hilaire (45° 33'N, 73° 10'W) Quebec, about twenty miles east of
Montreal. The mountain is one of a group of landforms known collective-
ly as the Monteregian Hills which are believed to be igneous intrusives
that have been exposed by various erosional processes (Phillips, 1972).
Mont St. Hilaire rises very sharply, in most places, from the St. Lawrence
Lowlands up to a height of approximately 410 metres above sea level, which
is about 370 metres above the surrounding plain. Seven distinct peaks on
the perimeter of the mountain enclose a central basin, the lowest part
of which is occupied by a shallow lake named Lac Hertel. The local relief
of the mountain is about 250 metres. \

The main experimental site chosenwas at the southern gently
sloping base of Lake Hill (see figure 4.1). ‘A small tributary basin of
West Creek was also selected for testing the water balance. '

Soil types in the region range from a clay to a sandy or
gravelly loam texture belonging to the Dystric Brunisol group (Canada
Department of Agriculture, 1974). Soil' depths vary considerably from
place to place, but seldom exceed 1 metLe (Wilson, 1968).

with the exception of the lake, various steep rock surfaces
on some of the outer slopes and an orchard in the interior basgin, ihe
mountain is completely foresteé. The forest is an undisturbed mixture

of deciduous hardwoods, the dominant species being American beech

(Fagus Grandifolia Ehrhd and-.sug8r maple (Acer Saccharum Marsh).

’
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H

4.2 Measurements and Procedures

The period of field measurements 'spa;med two growing se‘asons.
namely May tc; October, 1974 an! 1975. Datal collection during the first
summer was delayed by instrumentation problems. During the following
season, however, measurements were not only uninterrupted but were also
refined based on the previous season'ssexperience. Since the ultimate
aim of the research was to evaluate the effect of intercepted rainfall

on the water balance, all components of this balance were feasured.

4.3 Precipitation Measurements

Incoming precipitation in all forms over and within the forest,

namely open, throughfall and stemflow and interception were heasured. All
i -~ o™

measurements, except interception, were made directly. using different

!

forms of qauges:i

(a) Rain: Above Canopy

Because of the extreme difficulty in ihstallinq gtau‘ges above
the canopy, two open sites were used to measure incoming precipitation
(see figure 4.1). One gauge (12.7 cm diaméter) was placed in an\ opening
in the forest near the main expérimem;al gite. Appropriate‘
exposure standards were satisfied by the loca.tiot"x choqen; ‘I‘lze ‘\othér
gauge was located in the open orchard where a‘climatoyogincal s“h'ation is -
in operation. This was an M.S8.C. pattern tipping".b\x/ket rain g‘.k’uge'p
with a 25.4 cm diameter receiver, and a,;:ecorde:; to /ke'ép a txfacié of rainfall

intensities. Rain recordé were measured or checked fellowing %at‘:h rainfall.
( ' ! | . ' .o
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(p) Throughfall

Throughfal} can be described as that portion of the rainfall
which reaches the ground directly througi'i the vegetative cahopy, through
openings and asg drip from leaves, twigs apd stems. Two .methods are
commonly used to calculate throughfall. The first technique estimates
throuughfall from gross or above-canopy rainfall by means of a simple
linear regression equation (Leonard, 1961; Helvey and Patric, 1965; 2Zinke,

1967) . The general form of the relationship is:

P e bP - a ) (4.1)

where

T = throughfall in appropriate units

P 2 gross rainfall in the same units,

and a and b are the regression ¢oefficients.

The other method is measuring throughfall directly by means of
a number of gauges. Since the regression coefficients in equation (4.1)
are’'not universal, in that théy are unique fqr esach forest stand, the

latter technique was used.

a N £

Throughfall was accordingly measured by means of 6 gauges
located within the main experimental area (see figure 4.2). Because of
the lengthy and arduous task of measuring large volumes of water by hand

the numbar of gauges was kept at a minimum. The gelection of gauge )
N . r

locations can best be déscribed as systematic rahdom, in that gauges were

placed so as to samplé the whole rang? of throughfall values: at le@st'

G

one gauge was placed where the canopy was thick, one where it was thin,

[

and one where there was an opening. ’
N ' B

- The type of gauge used was a table with a.1.2m X O.6m ° o
by S . - ‘ e D R
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corrugated plastic top that sloped at an angle, from the horizontal, of
about 10 degrees, and drained into metal eaves troughs that in turn
directed the water into plastic garbage pails (0.6 m tall, 0.45 m upper
diameter) (see figure 4.3). A measuring plastic jug, calibrated against
a measuring jar whose capacity was the equivalent of 12.7 c¢m of through-
fall was used to facilitate measurements. As with rainfall measgfements
in the open, the measurement ®f throughfall wag made after each period

of rain.

{(c) Stemflow
According to Zinke (1967) stemflow can be described as that
portion of the rainfall which, having been intercepted by the canopy,
reaches the ground by running down the stems, and branches, and draining
down the trunks. As in the case of throughfall, two methods are available
for the measurement of stemflo;. The indiféct technique consists of using

a regression equation whose form is:

S =bP - a -(4.2)
#
where
S = stemflow in appropriate units and
P = gross rainfall in the same units

and a and b are the regression coefficients. For the same reasons
as given for throughfall, the following direct measurement te?hnique was
used.

Stemflow was measured by taking a sample of tr;es that varied
both in species (4 maple and 5 beech) and in trunk diameter. Again, sample

size was restricted by the time-con§uming task of measuring large volumes

of water. The stemflow gauges consisted of ordinary 2.54 cm diameter
; ] e

"
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gayden hose slit into two and wrapped around the trunks (see figure 4.4).
The semihose was secured to the trunk with small tack nails and the ’
remaining spaces weré sealed with rubber caik. The lower end of the
hose was left intact and draiped into covered garbage pails that varied
in size (0.6 m tall X 0.45 m diameter to 0.91 m tall X 0.61 m diameter)
according to tree size.

Judging from visual checks both during and after rain events, |,
this design of gauges performed remarkably'well under most weather
conditions. Only during rainfall of very high intensities was there a
small amount of overflow from sections of the rubber collars. Dﬁring

heavy rainfall accumulation ( > 1.27 cm) gauges for the bigger

trees had to be measured and emptied occasionally during the rainfall

-
-

to avoid overflows.
The area of each stemflow gauge was derived by tracing the
outline of the tree canopy as accurately as possible on"the graund, and
then estimating the area of the outline. This area was also calibrated
against the area of a 12.7 cm diameter gauge. the same plastic jug as

used for throughfall was used to facilitate peasurements.

Ll

(@) Interception : ; a
! The definition of interception used in the present work:is
that suggested by z¥nke (1967)L rainfall retained on s;anding vegetati;n
and evaporated ;ithout dripbing off or running down the stems. This is
the same as the "residhal,sfzraée" of Grah and Wilgon (1944).

Several methods are also availagie for the measure@ent of
interceptional loss. For the same reasons :‘ given earlier‘(seb section 3.4)

~

interceptional loss, for the purposes of this research, is calculated
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]

firstly by subtracting the sum of throughfall plus stemflow from gross
rainfall (see equation 3.27)‘and secondly by estimating the total evapora-

tive loss when the canopy is wet (see equation 3.45).

<

4.4 Evapotranspiration Measurements

As was mentioned earlier the surface resistance version of
the combination model as expressed by equations (3.23) and (3.26) can be
used to estimate evapotranspirational losses over the forest.

The model is ideally suited for an experiment of this nature
in that it only requires measureménts at a single heiqht.‘ This is justi-
fied in terms of the difficulty of setting up profile methods ahove tall
vegetation such as would be necessary for the energy balance technique.
Also because of the very rough nature of the forest extremely sensitive
and hence hazard-prone instrumentation would be required. Most important-
ly, however, the model can be used to estimate evapotranspiration losses

: .Y
for both a wet and a dry canopy. The greatest problem with using this
model, however, is deriving estimates of the aerodynamic and canopy resis-
tances. These problems will be discussed in greater detail subsequently.
As is evident from the model the meteorologic parameters that need to be
measured are net radiation, soil heat flux, wet and dry-bulb air tempera-
t;re and the aerodynamic resistance to vapor di?fusion at an appropriate
heigﬁt above the canoﬁy. The surface parameter which must be obtained is
basicaily the degree of wetness of the canopy, a feature which is charact-
erized by either a canopy re§istance to vapor diffusion (r, finite) or
the presence of intercepted rainfall (ro zero).

\

Except for the measurement of the soil heat flux all %ariables/

} R )
need to be measured at some height either withkf' or above the forest canopy.

. /
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To achieve this end two triangular television towers consisting of 2.5
metge steél sections and rungs 0.7 metre apart were constructed 2.5
metras épart. These towers were secutred by guy wires attached to neigh-
bouring trees and protruded to a height of about a half-metre above the
forest top. A three metre mast with instrumentation for measuring above-
canopy parameters, namely net radiation, dry and wet-bulb air temperatures,
and wind speed, was then attached to one of the towers, with its top at
a reference height of about 1.5 metres above the mean height of the
canopy. Above this was another smaller mast with a pulley attachment
which was used to lower the instrument mast on occasions when instrument
repairs had to be performed. A lightning rod with an insulated ground
wire was also installed to protect the egquipment from voltage overload
during thunderstorms.

In order to provide a working base for instrument installation
aé& repair, and for taking leaf resistance measurements, as well as for
adding further stability to the towers, two wooden platforms (2.5 m X 20.32
cm) that connected the towers were erected at heights of 12 metres and 15
metres. Wooden railings were also mounted about 1.5 metres above each plat-
form, and these.served as safety devices as well as supports for permanent
clip-boards for writing data. An electrician's climbing belt was also
us:d to ensure safety and to facilitate manoceuvrability. A detailed
description of the towers, platforms and mounted equipment is given in
figuré 4.5.

Signal &utputs were led from the equipment on the mast to
a control box at the bottom of the tower by a series of wires where fuses
were installed for safety purposes. From here the signals were fed over

a distance of a couple hundred metres to a laboratory where a further




- - had - T ugw - - - = - — —
/ ot e
# .
. L
47
tightning rod
19m pulley ]
. . solarimeter
met radiometer
/ anemometer
-~ Kﬁpsychrometer
rinstrumem mast
]
railing
upper platform
§/+ lower platforrh
7l ;
R, R R S
AT }
.1 / ; |
l ‘ j |
f N ,
t /2
/ , ;
u j
instrument bo /
‘
.



e o ———— TR 5

Q

48

) ax
+ '
set of fuses was used before the wires were connected to continuous chart

recorders. Continuous recordings were restricted mainly to the duration
of daylight.
Checks at the beginning and end of each season's experimen-

tation showed no depreciation in ﬁ&qnal output from tower stte to labora-

tory.

(a) Net Radiation

‘ Net radiation was measured as stated previously at a height
of 1.5 m above the canopy, using an S.R.I1. net radiometer. The sensing
element was on a long enough arm so as to avoid tower interferences.

In order to equalize convective heat losses from both sides of the
thermopile plate the polyethylene domes were kept inflated by an aquarium
pump housed at the bottom of the tower. The air was however first blown
past a reservoir of silica gel so as to prevent internal condensation.
The proper pressure adjustment of the pump was made through manipulation
of the bubble rate (4 - S per minute) in a water bottle, into which the
back pressure was fed. The ;ignal was continuously recorded on an I.C.A.
model 400 strip chart recorder running at a speed of 2.54 cm per hour.
Mean hourly values of these traces were then derived, using the constant

calibration factor of the net radiometer of 55.8 MV ly min 1.

(b} Wet and Dry-Bulb Air Temperature

The dry and wet~bulb temperatures of the air at reference

leight were measured by means of home-made copper-constantan thermocouples,

with a calibrated sensitivity of 39.5 mv/°c. The thermocouples were

shielded and insulated by 2 sizes of P.V.C. pipes, the outer one being

.
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coated with aluminum foil to restrict radiation absorption. Both sensors
were held tightly within and away from the inner tube by two wooden
shafts that were anchored in a tightly sealed rubber cork at one end of
the tube. Artificial ventillation was used to aspirate the thermometers
by drawing air past the bulbs at a rate of about 4 metres sec:..l with a
vacuum fan.

‘ The thefmocouples ware set up in such a way that the dry '
bulb acted as the common' hot junction. The cold junctions consisted of
the wet bulb thermocouple and a zero °c reference point. The ice point
reference consisted of a Zeref chambher located .at the foot of the tower
that continuously maintained an oil bath at zero °c.

Maintaining the proper water supply to the wick of the
wet-bulb thermometer was rather problemaﬁical, in ﬁhat the water reservoir,
at the top of the mast\;eeded to be refilled about every three weeks.

The wick encasing the wet bulb consisted of a white cotton shoe-lace
that was fed from a one-litre volume plastic bottle through a 1 am
diameter plastic tubing. -

In order to avoid having to lower the mast, which was prac-
tically impossible without disrupting the otger instruments, the following
bottie ref;llinq procedure was devised. One end of a plastic Y-junction
was fitted to a l-litkre volume squeeze bottle. Another outlet was fitted
to a 1 cm diameter plastic tubing that led down from the top of the
regervoir to the upper platform. The remaining outlet was fitted to an
ordinary hand pump with an extension of 1 cm~diameter plastic tubing.

{
With the squeeze bottle filled and sealed tightly and all other outlets

air-tight, pressure was applied using the hand pump. The pressure buildup
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inner tube

‘ squeeze '
bottle

Figure 4.6 Psychrometer design
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in the squeeze bottle was sufficient to take the water all the way up
to the reservoir, a head of about 4 metres. A tiny hole’ at the top of )
the reservoir was utilized €0 release the back-pressure. It took only
about ten minutes to re;‘.'ill the reservoir using this tec;hnique. The
only drawback of the method, hoviever, was that with <‘=.xcess alr pressure
in the reservoir, the wet-bulb wick became saturated, so that it sensed

water temperature rather than evaporative cooling. Fortunately, this

anomalous condition only lasted about 10-15 minutes. Greater details

'of this and the psychrometric design are shown in figure 4.6.

{c) Soil Heat Flux

The soil heat flux represents changes in energy storage in

the ground, and theoretically this flu{.must be determined at the soil

surface. Energy storage in the biomass, and that used in photosynthesis

were ignored since these together account for a minimal amount of net

A

radiation (Allen et al, 1964).
A pair of home-made copper-constantan thermopile flux plates

(‘ calibrated against a commercially manufactured (Middletom and Co.) instru- 3
\\\_u(ent, in the laboratory, were used to measure the flux of soil heat.

' These were placed at a depth of about 5 cm in two locations about 5 metres
s apart adjacent to the tower site (see figure 4.2), and were connected in .

series thereby giving an average sensitivity of 1 mv/’0.0"I ly min'l.
" These signals were recorded on a Speedomax H continuous recorder at a

»

chart speed of 5.08 cm per hour.

A soil heat flux plate is subject to considerably different

O radiative, thermal and water-conducting properties from the soil around l 3

it, and‘this produces a certain amount of flux divergence (Tanner and

§
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Puchs, 1968). However, since the soil heat: component accounts for only
about 5 pércent of net radiation entering a forest, it Yme assumed that
the net effect of any flux divergence error on evapOtransﬁiration rateg
would be minimal. As a matter of fact the ;}ther shallow depths of the -

flux plates already precluded any significant flux divergence.

(@) Aerodynamic Resistance (ry)

By definition the aerodynamic resistance (ra) is the resis-
tance to molecular and turbulent diffusion of water vapor between leaf
surfaces and the air above the canopy at a referencé height (Robins, 1974}).

It is given by:

n
w -

(4.3)

Xa
where

cg' = vapor concentration at the leaf surface

c

vapor concentration at the reference height g

E

H

the vapor flux..

However, since the vapor flux is a parameter which aercdymamic

— g

resistance is being used to evaluate, the expression given above cannot be
used to calculate ry. Therefore, an alternative method must be adopted.
Monteith (1965) suggested that An estimate of ry can be derived from the
- “t
following relationship:
1 z-4,72 (4.4)
r a = m [ln (—z"a_‘)]

where <
K = Von Karman's constant

a4 zero plane displacement

Zo = roughness length
wk| : 3

[
"

wind speed at reference height 2.
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If it is assumed that the diffusion coefficients of momentum

=

I

and water vapor are aqual, then Equationé {4.3) and {4.4) are expressions
of ‘the same resistance, which in turn is inversely rela;gd to wind speed.
The problem with equation (4.4) is deriving representative estimates of

4 and 2o, which vary depending on canopy characteristics and stability
conditions. ‘%stimate;’of these parameters are available for other vege~-
tation types (Thom et al 1975, Hicks et al 1974), but not for a hardwood
forest, ,»

s 1
In an independent study (Singh, 1976) of the canopy under

\;onsideration, wirnd profile measurements, at three leve}s above the

canopy were made between August 19 and 28, 19;5. Selected profileg for

periods when stability conditions were assumed to be neﬁr-neutral were

used to solve for d and Zo from the logarithmic wind prgfiie equdtion.

The method of soplution was graphical, and the results gave values of

S 0.83(H) and Zo = 0.072(H), where H is the mean canoby height,

Equation (4.4), thever, strictly describeq the resistance

to tke transfer of momentum between wind and the canopy in conditions

of neutral stability. Stewart and Thom (1973) mentionld that a stability
" i

correction factor should be applied to ry for conditio‘s other than

neutral. Also Chamberlain (1966) argued that a further quantity should be

added to r, to account for the incomplete analogy betweéen the transfer of

mass and momentum at rough surfaces: Szeicz gg_g&n(IQ 9) however main-

tained that in climatological -and hydrological investigations restricted

to temperate climates, buoyancy corrections can be saf 1y neglected. 1In

»

this study therefore r, is calculated using equation (4.4), with @he

values of 4 and Zo equal to thbst‘qnoted above.

-

)

e 1 g w3 0k W B TR, [T b s TR o et e .

et g S e )

R PSP 3 0+ SRS SR

JRPPTSY WO X+ NN RN ST T



P

(e} Canopy Resistance (rn)

.

1

54

Wheh leaves transpire, water evaporates from cell walls and

1}

sscapes to the atmospherp By diffusifi into substomatal cavities, fhtough

stomatal pores and finally through the leaf boundary layer into the free

atmosphere (Monteith, 1973). The resistince of stomatal pores depénds

on the geometry, size ‘and spacing of the pores, on associated anatemical

features, and onrenvironmentai Eanditioaﬂ‘(haidner and Mansfield 1?68). ’

The canopy resistance of a‘plant cover is cod%osed mainly of the stomital

registance Qf all the leaves in parallel, -

2t

i

Several methods can be used to estimate’ the surface or canopy

registance. Szei¢z and Long (1969) have Squé;ted several metaofo}pgical

'

techniques, all of which yield satisfactory results. The problem with

.

these methods however is that they not only require a prior estimate of

the transpiration rate (LE3) and_the potential evaporation rate (LEy)

1

but also either surface or profile measurements of témperature, humidity,

wind speed, and in one case the net avéilgble energy. Since the primary

use of the canopy resistance in this thesis is to derive an estimate of

the latent heat flux, the applicability of these methods is precluded.

o

An alternative method,which is utilized in the present research,

makes use of the fact that when evaporatién from the s0il ‘is negligible,

‘

the surface or canopy resistance of a plant cover is estimated from the

compound resistance of all its leaves in parallel.

In other words, if

the effective leaf area index of the vegetation (LAI) and the mean

A

stomatal resistance of a singll leaf of the same séecies (rg) is knewn,
- * '

then the following relationship can be used to calculate. the canopy.

.

1

-
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resistance (rc): N

rc = rg/LAI secs cm (4.5)

The difficulty in using equation (4.5) arises from the fact
that in a fully developed canopy, the lower leaves may not be illuminated
well enough to fully open their stomates, and as a result the leaf area
index effective in transpiration (LAIgff) may always be less than the
total (LAI). Also, deriving hourly measurements of the parameter fs,
especially for tall vegetation whose leaves are not readily accessible,
can be rather arduous. As will be seen later however (see section 4.7
and chapter 5) both these problems can be bverccme.

There are basically two methods, namely, indirect and direct,
that can be used to calculate the value of a single leaf resistance (rs).
Indirect methods are basically attempts at expressing leaf resistance
as a function of some forcing parameter such as solar radiatioxr. !

Gastra (1959) has shown that the total leaf resistance (rg)
of well watered plants can be derived from the following empirical rela-
tionship, on the assumption that there is a constant relationship between

solar radiation (Q + q) and the bands to which stbmates respond:
re = rgm + [A/{(Q +q) + B}] (4.6)
where rgy is minimum leaf resistance, and A and B are constants.

Szeicz et al (1973) working in terms of conductances found

that the re9pon§e of sorghum leaves to solar radiation (Q + q) can be

-

given by:

T (K- Re) = (Km - Kc){l - q’} . (4.7

where Kcis the cuticula¥ conductance, anhd k and km are the epidermal

N
conductances (stomatal and cuticular) in normal and in maximum irradiance,

’

N
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e is the base of natural logarithm and @ is a constant.

Another model, that is developed for the vegetal cover under
congideration, namely a mixed hardwood forest, and that is suited to the
aims of this research will be discussed later (see chaptéer 5).

Direct measurements of single~leaf resistance, either in
the field or in the laboratory are also possible., Barrs (1968) suggests
a number of techniques that can be used to measure stomatal aperture,
but not necessarily stomatal resistance. Kanemasu et al (1969) however,
following the lead of van Bavel et al (1965), have designed a stomatal
diffusion porometer that permits direct field measurements of leaf
resistances. The principle of operation in porometry is simply recording '
the tfme‘required for a given quantity of water vapor to/aiffuse from
the stomatal walls into a sensor ¢up, when placed over a leaf, and become
absorbed by a humidity sensing element housed inside the ?up.

In the present study, a Diffusive Resistance Meter, manufactured
by LAMBDA Instruments Corporation (Brochure A-174) was used. Since the
canopy type be{ng sampled is ha;dwooé deciduous, the horizontal type sensor
{Model LI 155) with the accompanying meter (Model LI 60) was obtained.

The sensor was calibrated in the laboratory using the specially-prepared
resistance plate at a room temperature of 25°C. For field use, the meter
was fitted with straps so that it‘coﬁld be hung around the neck of the ;
experimenter so as to~ facilitate ¢climbing of the que;'and reading of the
meter while in use, and to ensure safe}y of the equipment. An electrician's
climbing belt was also used during measuremégts\to ;nsure safety of the
egperimenter. ‘

Preliminary test runs were made hourly at the beéinninq of

3
3
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the 1974 growing season to determine the final frequency of measurements.
Sampling periods, that included getting up and down the tower, usually
lasted from 15 to 30 minutes. The task of taking hourly leaf resistance
measurements daily at heights of 12 metres and over proved to be rather
arduous and dangerous. Also the tegt results showed that bi-hourly
sampling periods for selected days were adequate for the purpose at hand.
As a result, sampling periods were restricted to bi-hourly‘measurements
twice weekly fo£ daylight periods, and at least once daily, usually
between 10.00 a.m. and 2 p.m. EST., for the other days.

Measurements of ldaf resistances as described above were
taken at two heights within.the canépy. for both maple and beech trees
from the two wooden platforms mentioned earlier. One leaf from each
species was sampled éurghg each meaqerement. The sampled leaf or leaves
during the course of the day were always from the same branch. This was
both because of accassibility and the desire to keep measurementsbas uni-
form as posgsible. Beéide;, preliminary measurements taken from different
sized leaves from different branches for both species did not show any
siékifipant dissimilarity. The higher level measurements were taken at a
height of about 17 metres which is close to the canopy top. éecause of
the oval outline of the canopy (see figure 4.5) these leaves were fully
axposed to the sky and were thus fully illuminated during bright sunshine.
The lower level measurements were tgken at a height of about 14 metres.

This height corresponded to the shaded lower portion of the canopy. It

was found that shaded leaves had higher resistance values than fully -

‘illuminatéd leaves, as might be expect in view of varying'light’iﬁten-

sities within the -canopy.
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Since evapotranspiration wag to be calculated for hourly

periods, it was necessary to devise some method for filling in for the

times when stomatal resistances were not measured. For this purpose an

empirical model was developed using the measured values and relating
them to both net and globa; radiation. The discussion of this model

is reserved for the next chapter since its nature and reliability form
an integral and important part of the research project, yhich neéeds to be

discussed separately.

4.5 Runoff Measuraménts

The preceding section has outlined the methods used for
measuring evapotranspiration. As a means of checking the accuracy of

these estimates, in terms of the water balance equation (3.1), .surface

runoff measurements are needed. For this testing, a tributary of the

West Creek basin (see figure 4.1) which is located within the experimental
area, was chosgen. |
Discharge was meagured at the mouth of the.tributary. ‘The
. mathod used for measuring the volume of streamflow was a 90 degree
V-notch weir of the kind suggested by Gibson (1957). During the fir;t ) ]
season of measurement a dam congisting of 2.54 cm thick wood was used.
The V-notch itself however, consisted of 1.59 mm thick ply-wood. This

method was found to be inadequate, however, in that leakage at the sides
\
and bottom was common, especiafily following periods of intense rainfall. |

During the second experimental season, therefore, a concrete dam,

~ *

:~I (:> ] ' reinforch with steel rods and wire mesh, was constructed (see figure 4.7).°
» To pkeveht leakaée at'thahsidee, the dam was extended weli fnto the channel
“ : ne’ . ) : ’
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embankments. Leakage at the base of the structure was prevented by
L

lining the channel bottom with a heavy plastic sheet that extended about
3 metres upstream. The actual V-notch itself was made of a 12 mm thick
iron sheet that was casted into the concrete structure. The lip of the
V-notch was ground to a fine sharp edge. The base of the V-notch was
about 40 cm above the bottom of the channel.

According to Gibson (1957) the volume of flow for a 90 degree
V-notch weir is

0= o0.305 B2"O, (4.8)

where : 4
Q = streamflow in cubic feet per minute

H = height in inches of the water head ahove the'vertékx of
the V-notch

, For daily periods equation (4.8) can be written as:

Q = 439 82’5 cubic feet per day (4.9)

From (4.9) it follows that hourly discharge rates can be
found firom:

J - 2.5 .
Q= 18.29 H cubic feet per hour (4.10)

For calcplat;ing the water balance the depth eguivalent of
discharge was obtained by dividing the volume of discharge by the total

area of the watershed as:

Q= (18.20 H*>/3) 304.8 mm/br. (4.11]

where A is basin area (510,950 sq metres) that was calculated by means

of planimetry and H is in the same units as in eguatiod (4.10).
. The height of the head of water was measured at a éoii:xt upstream
by means of a porta.ble liquid level recorder (Belfort Instrument Company,

™

Ca.t:alog'- No. 5-FW-1), that was positioned about 2 metres from the V-notch.

PP
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The recorder was fitted with a gear wheel that made the drum, on which

the chart paper was mounted, complete one revolution every 8 days. The
tracing pen had a range of zero to 10 inches. The latter height was never
exceeded during the experiment. The recorder was housed in a pad-locked
wooden box placed abcve a stilling well which had a height of l-metre and
a diameter of 30 cm. The float mechanism of the recorder was then housed
into the stilliq? well. R

The height on the recording drum was calibrated against a

yard-rule divided into sixteenths of inches. To ensure the proper calibra-

tion, hejght mea!urement! were checked at least twice weekly, and after

each rain event in that the calibration changed with changes in the stream

1

bed level folleing sediment deposit. Both stilling well and stream bed

were cleared occasionally, after a significant amount of sediment build-up.
By means of this technique a continuous record of discharge

for the sample basin was available for all of the 1975 and part of the

1974 growing seasons., The data obtained were in close agreement with

previous measurements (Rouse, 1965) of a similar nature.

4.6 Soil Moisture Measurements

The need for soil moisture measurements is desirable for two
purposes. Firstly it serves as a check on evapotranspiration estimates
through the use of equation (3.1). Secondly it pro§idas a measure that
can be used to.gauge stomatal behavior (see chapter 35)..

In view of the rocky nature of the soil in the experimental
area, soil content in depth units was calculated ﬂy means of a gravimetric

technique suggested by Hoover (1962).

’
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To utilize this method, the perc“ent moisture by weight and
the bulk density of the soil hasg to be known~. The product of these
two quantities gives the percent of soil volume occupied by water.

Percent moisture by w;oltme multiplied by the depth of the layer consider-
ed, divided by 100 gives the depth of soil moisture in the layer. The
total moisture content in the soil profile in unit depth of water is then
found by summing the depths of the individual layers.

During the first experimental season (1974) soil moisture
measurements were taken at 3 different sites (see figure 4.2). Each
site consisted of a plot of about one metre square, and successive
samplings were taken #4n an organized manner at distances of approximate-
ly 30 em. Soil moisture content was measured at successive depths of
15 cm down to a total depth of 60 cm which i:s close to the total de;;th
of the soil profile (Wilson, 1968). Cores of s0il samples were extracted.
by means of an auger, and after each boring the holes were refilled so
as to avoid future uneveh water accumulation.

Measurements were taken on a regular basis, namely every
seven days, except when rain was falling or when the soil'did not have \
sufficient time to drain out completely. On these exceptional occasions,
measuremenffs were taken on the next day, and the following week the
initial 7-da§ cycle was returned to.

Soil samples were placed in tightly sealeq and labelled plas-
tic bags in the field and transferred«t\:he same day to the laboratory where
th;y were placed in tin-foil cm'u:a:l.ne::7s then weighed and dried ov;rnight

(4

in an oven set.at about 105°C. The géllowing morning the dry soil samples
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were then weighed. From these measurements the percent moisture by weight
was derived.

The values of so0il density uged were the same as thoge which
had been found by Wilson (1968) at adjacent and similar sites. Correction
for rock content was also taken in‘té‘ consideration. The values of soil
density used for the different sites at different depths are given in

table 4.1.

TABLE 4.1 Soil Density (gm cm °) at Different Sites and Depths

Soil Layer Density gm cm -
cm Site 1 Site 2 | Site 3
0 - 15 0.50 0.52 0.44
15 - 30 0.57 0.60 0.45
30 - 45 0.65 0.59 0.43
45 - 60 0,68 0.77 0.47

During the second year (1975) only 2 sites (1 and 2) were
sampled since data frqm the previous y;ar {1974) showed that/%se gave
a mean value not s'ignifica.ntly different from that utilizing three sites
(see figur.es 5.3 and 5.8). The net change in soil moisture ( A sm) for
evaluating the water balance (see equation ¥.1) was simply taken as the
difference of soil moisture content between succaessive time iaeriods.

The results obtained by using these methods gave values of soil moistu‘re

content that corresponded to those measured by Wilson (1968) .

»
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4.7 Supporting Measurements .

The preceding sections have outlined the methods and pro-

cedures used to measure or estimate the various components of the water
balance. As mentioned earlier however (see section 4:4) hourly sequences

? of the canopy resisgtance (ra) are required to derive the evapotzl'anspiration
rates. Since these were not measured on a regular hourly basis, a method
had to be developed to estimate them. In the next chapter a model that

predicts mean leaf resistance for dry conditions from net or global radia-

tion will be presented. Equation (4.5) which requires a measure of leaf

area index is then used to compute the canopy resistance. For wet condi-

tions however a technique that shows the presence of water on the leaves
is required. To get an overall picture of the canopy resistance then
further measurements, nafnely global radiation, leaf area index and leaf

wetness are needed. . +

{a) Global Radia.t;.ion

Global’' radiation was measured at a height of about 1.5 metres

. U
above the forest, using a Lintronic Dome solarmeter (Serial No. 5540).

o This instrument is sensitive to short-wave radiation in the range of 0.3

.
i

= 3.5um. The sensor consists of an 80-junction thermopile plate, without
temperature compensation and housed in a frosted glass dome. The instru-
Wl mant was calibrated against another commercially calibrated brand (Talley

’ Sol~a-meter), and it showed a’sensitivity of 22.8 mv/ly mint,

-

; ’ ' ' . _The instrument was positioned at the top ©f the mast, and

was free of obstacle étfgcts;, Signals were continuously recoxded duriné
" the daylight.period on an I.C.A. model 400 strip chart recgtder at a

' speed of 3.8 cm. per hour. Mean hourly values were then derived using

"

%
i
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the same method as that used for net radiation.

(b} Leaf Area Index

|

Since the resistance to the vapor flux over the forest is
treated as beifnig from single leaves in parallel a measure 6f leaf area
index is desireable. This index is the ratio of total leaf area to unit

ground area. Several methods can be used to estimate the leaf area index

(Chang, 1974). For the purposes of this research however, éhe following

simple and convenient method was adopted.

Four collection wooden boxes, each one metre square in

area and 15 cm deep and underlain by a heavy plastdic material, were ran-
domly placed around the tower site (see figure 4.2). Theseé were anchored

to the forest floor by means of wooden spikes. The boxes were installed

in September 1974 towards the end of the first experimental season, which

was just before leaf fall had started. By the first week of Novémber,

1974, the trees had completely shed their leaves. The contents of each ,
box were then emptied into labelled plastic bags and taken to the labora-
tory for analysis.

Firstly, samples of 30 leaves were randomly selected from
each bag. These were then pasted unto sheets of blank white paper andl
their images were xeroxed. The photocopied images were then planimeter-
ed to give the total area (AS) og&e‘.h sample. These sampled leaves
were then oven-dried avernight at 105°c and suhseqnently.weigﬁeg to
give their dry weight (Ws). ‘ '!

~

‘ The remaining leaves Ln each bag were also oven d:ied to give

their dry weight (WR), care being taken to ramove twigs, nuts and other,

extraneous matarial.
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Then the area of the remaining leaves in the boxes (AR)

were derived by means of the following relationship:

AS _ AR
We' b WR (4.12)

where ) . 2

AS = area of sample square cm

WS = weight of sample gm
AR = area of remaining leaves (unknown) square cm
WR ¥ weight of remaining leaves gm. '

Equation (4.12) was then transformed to solve for AR, which °
was then added to AS, to give the total area of all leaves in each box.
To finally derive the leaf area index (L.A.I.), the sum of‘ AS and AR was
divided by the area of each hox (10,000 square cm). The following table

(table 4.2) gives a summary of the variocus measurements ‘obtained by the

method just described.
TABLE 4.2 Leaf Area.Index Calculations [
Area of Weight of Weight of Area of Leaf Area.
Box | ' Sample (AS) | Sample (WS) | Remaining Remaining leaves | Indek
No. 8q. cm - gm Leaves (WR) gm| . (AR) sg. cm | L.A.I,. "
. 1 | 1089.33 4.7 212.49 50283.47 5.03
2 1427.82 5.5 188.43 50344.93 5.03
3 1455.13 K i'.Q 209.30 51744.42 5.17
4 1406.74 %o 184.01 50755.17 5.08
.y L . The table shows that the values of leaf area index did not )
B v . ! ) 7
vary congiderably among boxes. The raxige' of values was 5.03 - 5.17. The
mean value of the four boxes (5.08) was therefore taken as the final value
£ of leaf area index for the whole cariopy.
R ' »
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: []
With this method no attempt was made to differentiate between .

Pbeech and maple species since their resistances were similar (see chapter

| 5) . Besides, working on the premige that maple leaves were greater in
area than beech leaves, but were fewer in number, a method whereby the
area of beech and maple leaves wera ceiculated seper tely, d&id not give

a f£inal leaf area index that was very different from the values presex}ted

L above. The derivation of the values in table 4.2 e therefore based

on the assumptions that unit area ¢f beech leaf has |the same dry weight

-,

as unit area of maple leaf .and that the sample ratid of maple to’ beech

leaves repregsented the sample ratio for each box as/a whole. Also it
. ‘ : € )
was assumed that the leavés collected by each box fell from unit area

within the canopy.

o

{e) Leaf Wetness

Because one of the primary aims of thid research is to 1

compare evepotrangpiretion rates for an unv(retted opposed to-a wetted

cenopy sqme method that differentiates between the e two atates ig .

1

'nacessaz’y An cbjective method is provided throu the use of a home-

!

made meisture sensor thet‘. was designed hy St. Laur nt (1973) (see
‘\ﬁ.g\ure 4.8). The instnnnent is' an excellent device for detectinq the ]
Praesence of wate:: on a leafvsur‘face.“ ‘The princip e of-q:eration is thet . 1
whenever there is moisture preSent between the pair of probe tips ceneist—

ing of high—conductence wire e.nd connected to a ir of resist;ors, a 1ow- \

level positive voltaqe passes thrqugh the two :es stors to. the gate of a,
silicoﬂ controlled rectifier (SCR) ' which when f rad triggers an alarm

or. 1ight slqnal. 7 \
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-and kept separate by epoxy cement. visual'chgcks showed that the pnper.,
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. _ To avoid having to reset the sensor everytime the SCR was
fired, stepped-down AC voltage (12 volt) was used, utilizing a miniature
transformer. The power leads were then Pitched to a light bulb fitted
to a rectifier to obtain DC output. This in turn was connected tqyaﬁ’
1.C.A. model 400 recorder with a chart sﬁeed of 2,54 cm/hour, via a
voltage divider, so that when the sensor was triggered a deflection was

recorded.

To obtain data for the needs of the experiment two sensors

o

were positioned at heights .corresponding to the levels at whith leaf
resistances were maasureé. These were connected in series, so that when
the canopy was qompletely wetted and both sensors were fired a full scale

deflection éfsso mv was recorded. When only one of the sensors was

fired, as-was the case when the top of the, canopy dried before the shaded

) portion or when only the leaves at the top were wetted fdllowing a light

s

drizzle, a deflection of 30 mv was recofded.'

The circuit board of the sensor itself was blaced into a
tightiy-saaled'plastic jar, while‘the protruding ‘probes were connectéd
to a tortuous pair of fine copper wgrés'ghat'sat on a paper base that

A

- . - '91/ . “
resembled a leaf (see figure 4.8). The pait of wires was held in place

Y

AR

basi with a layering o{ roughened expoxy cement dragd out aﬁlhpproximatef"
. 1y the same.rate as a leaf. The moisture sensor therefors, provided a

» ' . Yoy .
,good estimate of thé duration of wetness for both levels of qpa canopy.

f
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"\ r . CHAPTER 5
\

Predictive Model for Canopy Resistance

5.1 Background ) - )
The previous chapter (section 4.4 ) has described the \ .

ﬁntho;:i:;;\pﬁiggiples that can be used to darjve

(rc). For reasons given earlier the leaf residtance ~ leaf area " index

concept, as stated in equation (4.5), has been adopted. Also direct
measurements of single-leaf resistance (rg) thrpugh the use of porometry

have been utilized. As mentioned previously (;;e-section 4.4 (e)) however,

obtainihg houfly measurements of single-leaf resistancés for tall vegeata- ‘

tion is an extremely arducus and difficu;; undertaking. Since hou{}y‘ ¢
measurements could not pé taken on a regular basis then, and since one
of(the aims of cﬁgorésearch was. to obtain mean hourly e?apbtranspiration ‘
rates, some method hagd to be devis;d whefeby mean canopy resistance for

’h&urly periods could be derived. In the present chapter, a'modél‘thét 3

fulfills this nded, is presented. . The model is based on two cf the main

a

physical factors that control stomatal behavior, namely irradiance and .

-

§ soil water qvgilability. ) noel : ,"‘ ot

L3

5.2 R&sgggg of Stomates to Radiation4and SOiI Moisture

! B - Lent resistance to vapor diffusion is basically a function

of ttonatal oponing Tha degree and extent of stomatal opcning and
<
clociqq howuver is a rathor ccmplex phenomonon, bocaule it depends not

1

,‘only on a wide vqricty of: wnathor oonditionl, “but also on such internal -

It

factors as.moisture lqpply and type aud age a: ‘species. Phynicaliy

. fommny howwor, it app.arn o Be w.u .-ubutm me mcrum in quua gell B

»
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turgor, absolute or relative to that of the adjoining epidermal cells,
causes opening of the stomatal pore, while decreas;e in turgor produces
closing (Meidner -and Mansfield, 1968).

: . Guard cell movements on the other hand seem to be injtri- i
cately related to co, concentr’at;.on in ‘the intercellular spaces of
leaves. Below a certain critical value of CC)2 opening is initiated
and above a similar limit closing commences. These critical limits

, vary according to species and lie‘ between 0.0l percent (100 ppm), which
is the lower limit for leaves, ar;d 0.03 percent (300 ppm), which is the
normal atmospheric concentration (Siatyer, 1967). Purthermore, internal
co, ?mcentration is related to and is contro\lled by such physical
factors as light inte\nsity_, leaf te;ﬁperature and moisture stress. 1In
the absence.of soil—water‘deficit'. "light is probably more important in
determining stomatal behavior than any other‘comgpnent of the environl\ment\:.

. On a quantum basis, blue ligl?t geems to b; the most important in this
respect (Virgin, 1956). In most plants stomata normall; open during the ’
day and close &t r‘:ightl..‘ but the Qpeed of res.lponse to light varieg consider-
ably among species. . In some®cases the opening is' gradual and may tal;e
several hours, wheréas in others the movement is more rapid, and maf be
nearly comple e‘in about half an hour.

Opening increases with light intensity up to a satuation

vaI:u; that is X}en of the same order of magnitude as moderate sunlight

, (!hi.‘dner and Mansfield, 1968)./ The higher the light intcnsity. tha‘yigher.l
the CO, concentration requi:ed' to gr;:duce a given dégree‘ of stmtal

- - 3
closurs, in that there is a greaﬁq: consumption of coz in photosynthesis
, : 5 "

- .
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therefore appears to be mediated by the'photosynthétic,reduction of

intercellular C02 concentration.

The degree and extent of stomatal opening in response to
light is however controlled by soil moxsture availahillty'at the roots

of the plant. Water deficits can clearly exert a direct effect on

stomatel aperture by their effect on relative and absdlute turgor levels
in guard cells and surrounding cellg (Me}dner, 1965). Two types of
reaction are recogﬁfg.able, one being a transient change in stomatal
aperture as a result of changes in guard cell turgor relative to spa)

of adjacent cells, and the other a longer term change associated, with

&
A ’

severe stress. .
-

Tﬂe first type of response is the well-kn?wn‘midday closure

which results from water stress caused by extreqaly higﬁ‘evaporative
.deinands. The second type of response occurs at different values of soil
water potential for different species and for plants grown under differ:
ent environmentg; condiﬁiona (Bhlig and Gardner, 1964). It appears that
water deficit, ih itgelf, may not ;ffect stomatal agertufe until a ‘ﬁ
critical Yaluc is reachedf and then, as‘the water deficit ificreases,
progressive .decreases in stomatal aperture occur until almost ;;omplete
closure e;i;tz. Both these’responsus are also mediated £& some degree
by internal °°z ‘conccnt:'rat:l.on. since reduced photosynt_:hésis caused by
water stress lead to increased internal GO, levels which in turn influence . .
aporture (Shtyﬁ 1967). . | ‘

Y It appuxl ‘then, that_ abov- a cmain tiéal level'of soil

moisture, . light: is the dojnimnt factor that contxol- stomatal aperturas. : .
A
Beneath this critical lavcl howevor, 'the off.gét f soil moisture ava.tl-

N - P . ’ ‘H

e - T
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ability becomes increasingly important. In 2 sense then, soil moisture
exerts the final control onxstcmatalxgperﬁure.

In the light of the preceding factors, preliminary tests

were conducted during the 1974 growing geason, in an attempt to formulate

a rélationship‘between leaf resistance, irradiance and soil moisture
. I ’
depth At first, insthntaneous values of leaf resistarice for individual

P
-~ -

.
maple and beech leaves for both levels of the canopy were plotted against

net radiation (see figura 5.1). Because of instrumental problems net

radiation was the only irradiance parameter measured. The results show

-that exgept during periods of midday closure, there exists a well defined

N ’ 5* >
inverse relationship between stomatal resistance (rs) and net radiation
. ? S ,

‘o (Rn). Also, stomatal response.to increasing or decreasing radiation is

fﬁ}rly rapid, attaining maximum openi;q or complete closure in less than
a couple of hours. Note also that except for periods of closure shaded

v

#F leaves consistently displgy higher'resiatahce values than sunlit leaves

hecause of uneven illumination. y

If the mean resistances of bgth speciés (rg),-for upper
»

loavcs, are plotted aqainst net radiarion above the canopy. for selected
days spanning part of the growing season (see figure 5 2), then the

scatter of points again show the exlstence of an inverse non*linear

A

relutionship. Stomatal openinq is initiated at a net radiation value of
about 0 0 ly min t Also, the saturation point of lowest resigtance or

* greatest opening, depending on soil'wmgisture depth, is attained at a

| . . . . ) 1 T
! ‘7////nat radiation value of approximately 0.25 ly min l, which is equivalent
| ' . . o - ,

[}

g g to mpderate sunshine. ' ; "
T LR ' ) . L .
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e Mean soif moisture depth ,‘
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Figure 5.4 Change in r§ with change in mean soil moisture contant, 1974.
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" the can0py..based on radiation and soil moisture conditions.

4
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Furthermorq, it can be seen that the approximate 1evel‘of
the minimum resistance, as characterized by the ho;izcntal agymptotes
(seewfigure 5.4) shows marked seasonal changes that are relatable to
soil moisture depth conditions (see figurée 5.3). It is therefore
possible to divide the growing season into separate §ériods, each of

which is characterized by a certain mean value of minimum resistances

* which in turn is affected by soil moisture content. Generally minimum

stomatal resistance is lowest when soil moisture depth is greatest..

An exceptional condition arises during leaf senescence (phriodLA¥in,ﬂ~’~ﬁ’*/‘

figure 5.4), when wilting of the leaves naturall gives higher resistance
values, regardless of soil moisture conditions.
From the féregoing then, it is pogéible to formulate a

model that predicts mean hourly stomatal /fesistance, for esach level of

v

oy

5.3 The Predictive Model . a

Based on the preliminary tests described in the preceding

N L1
saction, the following empirical model that’ predicts mean stomatal

..ﬁ‘ - v
resistance (rg) from radiative and soil-meisture conditions, is propnsed.

In (Y-~ ;) = Ln a + b La(X + Cp) (5.1)
where ¥

Y = the mean stomatal resistance (rg) (secs cmrl)
4

X = net or global radiation above the canopy (ly min-l)

® an astimate.of the minimum mean stomatal resistance
that can be obtained under a certain range of soil
moisture depths (secs em-1)

1

Cy ® an approximatiqn of the critical level of’f&diation'
that initiates: stamatal  opening (ly min® '

and a and b art conctantu, and Ln is ‘the base of natur&l 1ogarithml.
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Equaticn (5.1) is an extensiqn of a linear regression equation.
A constant (C2) is added to the X-axis and another constant (Cl) is sub-
tracted from the y-axis to attain symmetry. -kog transformationg are then
applied to both dependent and independent variables to cobtain line?rity.

The equation (5.1) is essentiall rical since the constants (C1 and Cz)
were determigggwbnyfIEI/;;d error, so as to give the best fit line, as
/

e

//zcﬁEEEE;erized by the highe;g correlation coefficient (r), and delimitation
of their actual values is imprecisé. )
The value of Y or r3, the mean stomatal resistance for each
level of the canopy, in equation (5.1) was derived by taking the mean
conductance of single ma;le and beech leaves, so as to appropriately
weight the leaves that were more actively transpiring. In mathematical

terms then, this relationship can be expressed as:

r3 = 1/{ (1/tem + 1/rsb)/2} (5.2)

P

whére
r3 = mean stomatal resistance (secs a1
rsm = stomatal resistance of a single maple leaf (secs cm-l)
rqy, = stomatal resistance of a single beech leaf (secs cm-l).

" .

The predicted value of Y or rg is then derived from radiation

once the regression coefficients have been.&alcqlaﬁgd from equation (5.1),
by first exponentiating Y and then adding the apéropriate constant (Cé).
Mathematically this is expressed as: a N ' -
rz = (exp. sc'n-"c2 (5.3)
where exp. has natural base, and all other terms are as defined in equg-
’tions (5.1 and 5.2).

In 6rdor to derive a final value of the -surface or canopy

resistance (x|} of the vegetation as a whole, which can be.used in equation

e e
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(3.26) an extension of equation (4.5) iy utilized. As indicated earlier
{see section 4.4 (e)), the canopy is considered as being bi-level, con-

sisting of fully illuminated and §haded lejves. Because of the near-oval

e

nature of the outline of indivigual trees (3dge figure 4.5}, it is

assumed that 2 units of total-leaf area (5.08) are fully illuminated , -

and the remainder (3.08) are shaded. Again, donductances are used so
as to weight the resistance of the generally mpre qigorOusly transpiring
sunlit leaves appropriately. The formulation ¢f the relationship then

)
becomes:

(5.4)

——

r, = 1/ {2(l/r§u) + 3.08 (1/rg;)

where

-1
r, = mean canopy resistance (secs cm )

rguy = mean stomatal resistance of sunlit leaves (secs ém-l)

rgl = Mean stomatal resistance of shaded leaves (secs cm-l).

Both rg, and rgy are derived according to equation (5.2).

o

-4 Verification of Model

(a) Estimates from Net and Global Radiation

In equation (5.1}, it was menéioned that the’mean single-
'iaye leaf resistance (r§) could be pradicted from either net (Rn) or
global radiation (Q +q) abovg~the forth. This is understandable in view

- of th fac£ that theraxg#ists a ‘linear relati;nship bet@een both paiameters,
as demonstrated by figure 5.5. Similar results were alao found by Davies

(1967) and Pblavarapu (1970).

A S

As willfbe seen later, there seems to be a strohger relation~.
. ‘e ».
ship between global radiation, and thé radiation bands to which stomates

respond than between tHese bands and net radiation (ses tables 5.1 and 5.2).

s . .
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both levels of the canopy are inversely related to soil moisture éepth,
in that resistances are generally higﬁ when solil moisture depth is lo‘i
The rather low values of rz during period 3 are not only attributable
to greater depths of soil moisture, but may dlso be due to the decreased
daily evaporative demand of‘ the atmosphere at this time of year, as
caused by shorter daylengths and generally cloudier skies, resulting
from more disturbed weather. The obvious anomaly during period 4 is
because of the fact that the leaves were wilting because of senescence.

During the exceptionally dry 1?975 growing Ceason however
the 'correspontlience i)etween mean stomatal resistance (r§) and soil

moisture depth was somewhat anomalous. Apart from the peried of
sengscer?c‘é (5) ‘there existed another discrepancy in this case, namely
period 4. During this period the mean stomatal resistance was slightly
higher than for period 3 when in fact soil moisture depth was greater
during tke former périocd. A possible explanation for this\occurrence
is that frost conditions at night were experienced at th{ 2§ginning

of period 4 and this might have caused a certain amount of tissue damage

to the stomatal pores. Or it might be that drought cond;tions may have
existed in the memory’of the plants and as a result they did not’ respond
accordingly to increased soil moisture conditions (Iijiﬁ, 1957). Also
this could have in fact been a peripd of premature senescence as was
evident from distinct discolorations on the leaf surfaces.

Soil water ayailabiligy at the roots of the plants during

-

certain times of day is also critical to stomatal response. |It is very

o co?ybn to have the plant suffering from stomatal or hyd&o-active closure.

during périods when it is vigorously transpiring. Claosure has been found

~
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to last for an hour, at most, around noon and more often affected
upper level maple leaves. This could be due to the greater sensitivity
of ﬁaple leaves to increasing light stimulation or their greater leaf
area index or both. Also as was mentioned earlier, mid-day stomatal
closure was more common when soil moisture was nonlimiting and when
the plants were actively transpiring. It was also more frequent when
the days were longer, since total evaporative demand was greater.
Accounting for this iatter phencmenon, namely hydro;active
closure, is thexmajor‘drawback of the model suggested here. Since the
wet-bulb depression of the atmosphere increases substantially during
periods of closure, it was thought feasible to account for stomatal
behavior by monitoring the vapor pressure deficit of the air. This
technique however proved inadequate in that the vaper p;essure deficit
of the air continued to rise after mid-day despite cessation of stomatal

*

closure, because of the diyrnal temperature regime. It is suggested

L

that if the leaf surface temperatures are available, the vapor pressure

_ gradient between leaf and atmosphere could probably be used to gauge

periods of stomatal closure. "

In the final analysis therefore, anomalous conditions such as
occurred.during periods of shading for uppér 1éve1 1e§bbs and vlosure, are
neglected in the derivation of the mean stomatal resistance (rgx) as given
by equation (5.1). This is justified on the basis of the rather infre-
quent occurrence -of these @ﬂ0m3¥°“5 conditions. AléB’only sunlit maple
leaves seemed susceptible to this effect. 1In the rllxt chapter, the per-

formance of the model, when applied to equation (3.26) will be examined.

3

&
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Chapter 6
Effect o} Canopy Wetness ;: Evapotranspiration Rates \ ?
N - * e
* 6.1 Preliminary Comments . g

The preceding chapter has discussed a médeé whereby hqurly
estimates of the canopy resistance (r,) can be défived from measurements
of either net (Rn) or global (Q + q) radiation. Since the model gave
better results when using global radiation, this will be the parameter
used to get hourly estimates of r,. jn the present chapter these
predicted values of t, will be used to calculate both the actual trans-
piration flux when the canopy is unwetted, and the Assumed transpira-
tional loss when the canopy is wetted by.intg;cepted rainfall. Comparison
of this flux (LE3) with the evaporation of intercepted rainfall (LE,)
will be stressed. Data for the 1975 growing season only, when refined

measurements were made, will be used for calculating the water balance. .

6.2 Transpiration dhring Dry Periods

-

As a test of the model used for deriving surfhce or canopy
resistance (r,) of the vegetation, transpiration rates were
according to equation (3.26). The weather variables, namely bt radiation,

soil hgat flux, vapor pressure defjicit\ of the ambient air and’ aerodynamic

}esistance, were measured as 593cri/, in chapter 4, e the surface &r

v (
canopy resistance (ry). is derivéd in accordance with equations (5.1) ‘f

¥

(5.4).

Figureg 6.1 and 6.2 show Ehe diurnal regimes of net radiation
(Rn), soil heat flux (G), the vapor pressure deficit of the ambient air
(Vv.P.D.) and the latent heat oftﬁranspiraticn (LEq) for two sunny days

N/

AR bt iR
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. Southern England, Stewart and Thom (1973) found that the fraction of net

107
_ F Ry
during the 1975 growing season. It is noticeable that the lateat

heat flux (LE3) is strongly depéndent on the Qapor pressure deficit
(Vv.P.D.) in the afterncon period. It seems likely that under these
conditions the leaves more or less tended to function as wet-bulbs
in that in t%e absence of stomatal closure there was a substantial
trans%er of latent heat at €@e'éxpenge of gensible hﬂat. This
rgsult is in agreement with the observation of Stewart and Thom (1973),;
namely, that transpiratién from the forest occurs at rates much lass. .2
)

dependent on net radiation than on ambient vapor pressure deficit, f
:provided that the latter is not less than a few millibars.

The daily totals of transpirative water loss (3.9 to 4.0 mm),
if the LEg curves are integrated in figﬁres 6.1 and g.2, are also‘within

the range of values found.by Szeicz et al (1969) fof pine forests in

more extreme enviromments. They derived transpiration rates for Southern

Engighd, a relatively wet climat?, that ranged from 1.0 to §;7 mm/day.

Similarly for the relatively dry climate of Southern Califqinia, transpira- ,

tion estimates ranged from 2.10 to 5.05 mm/day, during the growing season.
The proportion of the daily total of net available energy

that goea into l;tent heat transfer (LEd/(Rn - G) & 0.50) is also congis-

tent with the values meritioned by other researcherg. For instance, in

.available energy used to evaporate water seldom exceeds 0.4 over a pine
forest. On the other hand, Monteith (1965)ufound that this ratio varies,
on an annual basis, between 0.69 in the Thames Valley of Sout?eén_zngland
and l.OOyin the Sacramento)Nalley of Northern California, over a pine

-

forest in both cases.
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B The model that is proposed (see chapter 5) for estimating

2

the canopy resistance (r.), when uged in equation (3.26), therefore,

: f .
appears to give reasonable estimiates of the transpirative latent heat

flux. It is now necegsary to examine the evaporative flux, when the

canopy is wetted and r. is reduced to zero.

6.3 Evaporation of Intercepted Rainfall

When the canopy is wetted by intercepted rainfall, the

rate and amount of evaporation can be calculated according to equation |,

(3.23). As was mentioned in thg;previous section, the weathgr variables
were measuted directly. Surface conditions, as characterized by the

presence or absence of water on the leaves, wefe measured as described

- -

in section 4.8. To provide a check on the.magnitude of the evapomative
" -

loss, when the canopy was wet, the amount of interceptional loss, calcu-
AN - '
lated as described in section 4.3 was derived.

Pigures 6.3 to 6.6 describe the diurnal regimes of latent-
) ¢
heat transfer during campletely wet, partiafly wet, dry and assumed dry

canopy ¢onditions, for selected days during’the 1975 growing seasqn.

It is readily apparent from these diagrams that the evaporation rate (LEy),

when the‘canopy is wet, is several times the trangpiration rate (LE3)

which would occur if the canopy were assumed to be dfy in the same

14

weather conditions. In fact the ratio LEw/LEd ‘was found ?o range between
4.0 and 35. 0, the magnitude depending on the ratio of the panopy to the
aerodyngmic resistance (r./r,)”and weather conditions, mainly ‘the temp—
erature and saturation deficit of the ambient air.- Figure 6.4 shows’
that this iattef effect also holds true when ;,wet as oppdsed’to%a

. - ‘

unwetted canopy is exémfned: the rate of evaporation follqwing‘

]
1)
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7
interception in the afternoon is observed to Be several times the

transpiration rate in the morning when the canopy was hry, although

radiative and ambient-air conditions were more favorable for latent

heat transfer in the morniég. ) L

Furthermore, during the majority of instances when the

L 4 »
canopy was wet, the rate of latent heat transfer (LE,) to the ambient

air was found to be. greater than the supply of net radiant energy (Rn)
N
(see'figures 6.3 to 6.6). This would imply that when the forest is
wetted by intercapted raiqfall, it , becomes a strong sink for advected
energy. This conforms with‘the findingssof Rutter (1968) who suggests
that there is a si;eable transfer of sensible heat to wetted vegetation
at the expense of the surrounding area, especially where the vegetation ,
occupies a small part of a much larger enclosing area, as is very much
the case at the present ;ite. McNaughton (1976a, 1976b) refers to this
effect as "advective enhancement". It could also be, as suggested by
MUIP{IY and Knoerr (1975) ,that a wetted canopy conserves most of the
incident radiant energy for latent heat trapsfer by suppressing long=-
wave radiative loss and sensible heat exchange. )

In order to assess the accuracy of the estimated amount -

of latent heat exchange during wet periods, the fbtal amGiunt of evapora-

tion of intercepted water during and after each rainfall, as calculated
by equation (3.45), is compared wish the amount of ingerceptional loss,
measured a; described in section 4.3 (see figure 6.7).
‘ It is readily noticeable in figure 6.7 ghat except for the
higher values of evaporation or interceptional loss (i.e. > 10 mm),

there exists a close correspondence between estimated evaporation of

&
e vt i R s et e pemie g Tt Mt bt ey
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intercepted rainfall and measured inggrceptional losas. The discrepancy

for the higher values is mainly attributable to th;kfact that ewaporative

logsses were not measured during the night. As remarked by Penman (1963),
there can however occur a substantial amount of evaporation at night, in
the presence of a pronounced vapor pressure deficit in the ambient air
and a relatively low aerodynamic resistance, as occurs during periods

of strong windiness. As a result if night-time conditions are omitted,
there will be a significanthunéerestimation of the evaporation of inter-

cepted rainfall. This effect was especially common wh&h the forest

remained wet at night, following a late afternogn or early evening shower.
Othef inconsistencies arose mainly from measurement errors for both
vari;bles, especially for the evaporation of intercepted raigfall where
the delimitation of a wet or ga?tially wet, as opposed tc a dry canopy,
was somewhat imprecise. 1In the calculation of the water balance however,
interceptional lpss is gauged Ey means of equation (3.45).

: ' The results given above/;petefore show that the evaporation
of intercepted’/rainfall (LEy) proceeds at a much faster rate than the
transpiration of soil moisturé, when the canopy is dry or assumed to be

dry, under similar weather conditions. In the next section, the inter-

relationships of these varying rates of vaporization will be discussed.

L3
[ 4

6.4 Wet Versus Dry Canopy

In order to gauge the ratio of the rate of evaporation of

intercepted rainfall (IE,) to that of transpiratjon (LE4), assuming the
same weather conditions, equation (3.46) is utilized. Reference to
figures 6.8 and 6.9 shows tﬁat the magnitude of the ratio LE,/LE4 is

related to that of the ratio ro/r,. Also the greatest values

‘
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of the proportionality LEw/LEd océur during the early morning _and late
afternoon. This diurnal trend is due to thééfact that diring these
periods of low radiative>inputs, the stomates of the leaves are either
clos;ad or approaching closure, thereby giving the highest canopy resis-
tance (ro) values. Since the aerodynamic resistance (ra) which is
nomal.ly of A lesser magnitude than r,, is ratl;er conservative in
value, stomatal behavior is the dc:yminant factor, and as a result the
ratio ro/ra, and hence LE,/LE3, is greatest during the low sun periods.
The ratio LE,/LEy by itself, however, does not truly reflect
the differential in water loss through evapotranspiration for a dry as
opposed to a wetted canop&, assuming the same weather conditions. Both
figures 6.8 and 6.9 show that the walue of the difference LE, - I‘Fd’

[
as given by equation (3.48) is more convenient as a means of exploring

the magnitude of water .loss consequent upon inte\rception. In actuality
LE, - LEq is greatest when the ratio LE /LEy is least. This result

is obviously related to therdiurnal regime of latent heat transfer.
Despite the fact that the differential between potential (wetted) and
non-potential (unwetted’) surface conditions is least when radiant energy
‘is greatest because of stomatal behavior, the accompanying increase in
;.:he evaporative demand of the atmosphere, as ev?.;lenced mainly by a
greater saturation deficit, causes greater latent heat transfer. But
the water loss via latent heat exchange is greater for potential than
for non-potential surface conditions, since surface resistance (r]) to
vapor diffusion is reduced to zero in the former situation. Thig effect

causes the greatast difference in LEy, - LE4 to occur during the time of

peak evaporative demands by the ambient air. The magnitude of this
’

P SR it 12
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difference depends, in turn, on the ratio rc/ra, as observed earlier,
and prevailing weather conditions. Because of the unique cqnttoi of
weather conditions on the evaporation of intefceptec; rainfall, a fuller
discussion of their effect is reserved for elsewixere ( see‘ chapter 7).

It is also noticeable in figure 6.10 that the ratio LE,/LE4
is subject to seasonal changes. The ratio is seen to be consistently
greater in late September than in late May because of higher stomatal
resistances in the former period, as was observed earlier (see section
5.4). However the latter effect is slightly reduced by the higher
temperatures in May (see figﬁre 6.11) when higher saturation vapor
pressure conditions (S), resulting from higher temperatures, give more
weight to the denominator of equation 3.46, which in turn causes LEy/LE4
to be lower.?

The preceding sections have shown that the evaporation of
intercepted rainfall proceeds at a much faster rate than the transpiration
of soil moisture, were the canopy assumed to be dry. Also this ‘difference
in the rate of latent heat exchange undergoes both diurnal and seasonal

°

changes.

6.5 Effect on Soil Moisture Withdrawal

If it is assumed that the transpiration of soil moisture is
suppressed during the evaporation of intercepted rainfall, then a certain
amount of soil moisture saving can result. Furthermore, if the evapora-
tion of intercepted rainfall proceedsat a much faster rate than the ,
transpiration of soil moisture, were the canopy not wet, in the same
weather f:gnditions, then the evaporation <;f water consequent upon intef-

ception constitutes a greater water loss than if the moidture were to
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. -4 s
transpire through the leaves of the vegetation.

An examination of figure 6.10 shows that,.on .the averaga,
the rate of evaporation pf intercépi':ed rainfall (LE,) ranges from about

4 to 30 times the rate of transpirition (LEg) , under the same weather

-~

conditions. Assuming, therefore, that there is no transpiration while
intercepted water is being evaporated, it can be shown ;hrough us& of

equations 3.50 to 3.52 that about a quarter to one thirtieth {25 percent

to 33 percent) of intercepted rainfall is equivalent to transpiration
that would otherwise have occurred in the same atmospheric conditions,
were the canopy dry. On the other hand, about tffree-quartezs to twenty-
nine thirtieths (75 percent to 96.7 percent) Qf intercepted water fs &

3
attributable to evaporation that would not have occurred in the absence

of precipitation and interception. -\

<

Equation (3.52) is used to calculate the additional evapora-

tion consequent on interception (Iy), for selected days during the 1975

growind seagson. The values dﬁrived are shbwn in t#®ble 6.1. It is
" () . '

readily apparent from this table that on the average the additional

- -

evaporation consequent on wetting is ‘greater than 70 percent of uthe
total interceptional loss, and that less than 30 percent of this total
goes towards conserving soil, moisture through the supposed suppression
of transpiration. & sizeable portion of intercepted rainfall (>70

. v

percent) 1is therefore lost to the soil beneath. This figure may be

somewhat high as a generalization for the forest in question in that

1

“

the summer of 1975 was ynusually dry thereby giiving‘ higher than average

ro/ra and. hence LE,/LEa \qti,oa. ’ ,"
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TABLE 6.1 Net Interceptional lLoss (Iy) for Selected Days, 1975

1
Period-Date ) LE - LE I In
1975 me | mm” mm

mm %
1 -.June 6 0.324 (°2.260 3.403 2.1955 85.7
1 - June 12 0.815 1.819 1.752 0.9674 55.2
1 - June 19 0.487 3.112 3.073 2.5924 84.3
2 - July 19 1.462 6.831 6.706 5.2667 78.6
2 - July 24 0.687 6.988 7.138 6.4363 90.1
3 - August 4 0.660 | 2.318 2.363 1.6903 71.5
3 - August 29 0.370 1.422 1.422 1.0520 73.9
4 - September 6 0.471 2.5&7 2.261 1.8013 79.7
4 - September 19| 0.471 1.693 l.5§4 1.1000 72.2
4 - October 1 0.225 2.616 2.362 2.1589 91.4
LE& = Transpiration rate assuming a dry canopy (mm)
LE = Evaporation of intercepted rainfall (mm)

I = Interceptional loss (mm)

Net interceptional loss (mm) .

4
L]
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AN

It can be concluded therefore that although intercepted
rainfall by the forest under consideration contributes to soil
moisture saving, the bulk of it is lost to the soil beneath. Inter-
cepted rainfall can therefore be viewed ag a significant loss of
moisture to the forest basin, and its effect, when calculating the

water balance, must be considered.

6.6 Effect on the #Mater Balance

It is quite conceivable that the much greater rate of evapora-
tion of intercepted rainfall as compared to transpiration, under the
same weather conditions, can significantly‘affect water consumption over
the forest and hence the water balance.
In order to highlight the effect of intercepted rainfall,
the water balance, for each of the periods mentioned earlier ‘(see
section 5.4) and for the 1975 growing season as a whole, are calculated
by taking account of interception on the one hand and by ignoring
its effect on the other.
The form of the water balance equation can be written as:

Ppt = E+ Ro + ASm (6.1)

it

where

Ppt = precipitation in the open (mm)

E = evapotranspiration (mm)

Ro runoff (mm)
Asm = change in depth of soil moisture (mm)
Raihfall in the open (Ppt) and runoff were medsured as

described previously (see sections 4.3a and 4.5 respectively) while soil

moisture change (Asm) was found by taking the difference °5¢F°11

e b w

e A -



. TABLE 6.2: Water Balance Calculations, 1975 (all values mm water)
Evapotranspira- Contribu- Difference
. tion of
tian Intercept- Includ- Trans-
Period Ppt Includ- | Trans- Ro Asm ed Ralz- ing W % -pira- %
ing Wet | pira- fall Period tion
g Onl
‘ Periods &iﬁi (1y) 2 Yy
1 - May 29
~July 1 120.520 | 129.080| 104.201 | 58.063 | -70.50| 24.879] 19.3 -3.8771] -3.2 -28.756 |-23.4
2 - July 7 -
96.770 92.504 56.451] 22.439}] ~13.60{ 34.053| 36.8 4.570}] 4.7 -29.480 {-30.5
-July 30 »
3 -_'::;Z 3; 84.074 101.563 79.7301} 24.218{ -43,50 21.833] 21.5 -1.794| -2.1 -23.626 |-28.1
4 - Sept. 6 -
- 133.858 42.180 17.647| 19.606 80.05| 24.533} 18.3 7.978] 6.0 -16,555]-12.4
. =Sept. 29 h . ‘
5 -_(s)zit"?:w 9.906 7.671 5.294 8.007 -5.90 2.377] 24.0 1.8721 10.8 -2.505|-25.2
. Total ;
Sa 445.128 372.998] 265.323 132.333‘ ~52.50] 107.675f 28.9 7.703 1.7 =99 972 (|~22.5
Seéason .
L

D e e
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moisture depth between the beginning and end éf each period. Evapb-
transpiration was calculated according to equations 3.23 and 3.26
depending on surface wetness conditions.

Table 6.2 summarizes the results of these calculations. The
table also shows the magnitude of the errors when total avapotranspiration
on the one hand is estimated by including the effect of inter&epted
rainfall and by ignoring its effect on the other.

From table §;2 it can be seen that, for all periods, by
including the additional evaporation consequent upon the interception
of rainfall,\khe magnitﬁﬁe of the differences §gtween the left hand side
of equation (6.1) (input) and the right hand side (consumption plus yield
pius storage change) ranges between 2.1 percent (undé}estimatién) for
period 3 and 10.8 percent (overestimation) for period 5. For the grow-
ing season as a whole the value is only 1.7 percent (ovefestimation.
TRese values are entirely satisfactory for the water balance in that
they lie wi}hin the bounds of a reasonably allowable measurement error
of about 10 percent.

| By disregarding the additionallevaporative loss caused by
interception on the other hand, there results a consistent underestimation
of water congumption Ehit ranges between 12u; percent (periocd 4) and 30.5
parcent (period 2). Over the entire growing season‘the underestimation
is 22.5 percent. These values are definiéély outside thé limits of a
reasonable allowable error which if'we follow acceptable limits of
measurement can belplaced at & 10 percent (Gray, 1970; Helvey and

-

Patric, 1965).

RIS
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The added contribution to evaporative loss by intercepted

R,
rainfall therefore ranges frome18.3 percent (peéigd 4) to 36.8 percent
{period 2) of total evapotranspiration. The value of the extra water
loss congsequent on interception, for the growing season as a whole is

107.67 mm of water or 28.9 percent of the total water lost through

b
MR

evaporation and transpiration.

. ) The calculations presented in table 6.2 then, substantiate
.. x
’ : "-the view that the evaporation of intercepted rainfall (LE,) proceeds

at a faster rate than the transpiration of soil water (LEq), assuming
the same weather conditions. Because of the fagter rate of LEy than
that of LE3 a 'substantial percentage ( >70 percent3 of 1n£egseptedl
rainfall is lost to the soil beneath. Neglect og the additional eva-
porative loss produced by interéapfed rainfall can therefore lead to__
sizeable un&erestimations of water consumption over the forest and c;ﬁ

thus significantly affect the calculation of the water’balance,
: : . o
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_the amcunt.of concurrent evaporation from the canopy during the period
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Chapter 7
The Effect of Weathe? Conditions

\ .
7.1 Preliminary Remarks . f\\\v//

In the previous chapter it was shown that su¥face conditions,

as characterized by canopy wetness, affect the rate of evapotranspiration
J

‘ i
over the forest being discussed. It was also indicated that the ratio

LEW/LEd and the difference LEw - LE. were largely determined by the ratio

d
r/r, and weather conditions. This chapter will attempt to demonstrate’
the fact that the rate of evaporation of intercepted rainfall is deter-
mined by such weather characteristics as rainfall amount, in®&nsity

durationxand frequency, and post-wetting synoptic¢ conditionms.
U\ \

7.2 Evaporation During Rainfall

In section (3.4) it was shown that total interceptional loss
through vegetation is more a dynamic rather than a passive process. In
other words, the amount of precipitation withheld from the ground depends

not only on the intercepting capacity of the forest stand but also oﬁ

of rainfall. As mentioned previously, Wilm and Niederhof (1941) observed

W

that about 19 percent of each rainfall is lost through evaporation from

the canopy during wetting. Rutter et al (1971/72; 1975) found similar
¢
values. The degree and amount of evaporation during rainfall is, on the

e

other hand, a function of raiy characteristics and prevailing weather.
An 9xamination of figure 7.1 shows that for a very light rain

that fell throughout the day,gevaporation of intercepted rainfall ocdurred
* '

throughout the period of wetting. Saturation of the ambient air actually

- ‘S o
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A
never took place because of windy conditions that provided continuous

ventillation. Over a period of about 1l ‘hours an accumulated total of
3 mm of eéaporation occufted. Most of this amount was accounted for
during the initial gtages of the rain, when the saturation deficit of
the air was still rei;tively high.

During rainfallg of medium and heavy intensity (see section
7.3) however, evaporation oflintercepted rainfall was found to be
minimal (sée figure 7.2). On these occasions saturation or qfar—satura-
tion of the ambien£ a%’ was quickly obtained. The rather short durations
of these showers also inhibited sizeable evaporative losses during wetting.
In excepfional cases however a small amount of evaporative loss was
observed to occur during the initial stages of these rainfall types. These
occasions occurred either‘when the rainfall arrived suddenly, thus allowing
the saturation deficit of the ambient air to be high initially, or when
extremely windy con;;tions advected unsaturated air, at least during the
early stages of_the rainfall.

From the foregoing then, it is conceivable that a significant
amount of interceptional loss through evaporation. that sometimes eizeeds
the intercepting capacity of the canopy, can occur during rainfall The

N
amount of interceptiocnal loss during wetting is in turn dependent upon

the nature of the rainfall.

7.3 Rainfall Characteristics . ‘N

+

Rainfall characteristics, namely amount, duration, intensity’

and frequency of occurrence, can affect the amount of evapération of
intercepted rainfall. The regime of evaporative loss varies in texrms of

\ -
rainfall characteristics bath during and after the period of wetting.
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Reference to figure 7.3 shows that, on the average, the
fraction of total precipitation intercepted is about 20 to 30 percent
for rainfall amounts greater than about 5 mm. S$Similar percentages were
observed by Horton (1919), Zinke (1967), Rogerson and Byrnes (i§68),and
Bultot et al (1972),for comparable vegetation types. For decreasingly
lesger amounts ( < 5 mm) the intercepted fraction increases exponentially
and a saturation point, at which almost all of the precipitation is
iptercepted, is reached, at rainfall amounts of about 2 mm and legs. It
must be cbserved that throughfall can occur, before saturation of tﬁg}
intercepting capacity is reached, since some raindrops can penetrate the
canopy through open spaces, or can splash off the edges of leaves. This
would suggest that the intercepting capacity of the vegetal cover being
discussed is in the vicinity of 2 mm of water.

In order to delimit the intarcepting capacity (passive) of
the canopy, gross precipitation (above canopy) was plotted against neﬁ
preéipitation (throughfall plus stemflow) (see figure 7.4). The data
points used aré for medium and heavy intensity rainfalls (>26 cm/hr)
of short duratioh (less than a couple of hours), so ag to subdue the
effect of evaporation during rainfall. Also only rainfall amounts
greater than 4 mm were used since, as observed in figure 7.3, and asg
noted in previous experiments (Horton, 1919; Rowe and Hendrix, 1951;°
Ley£on et al, 1967), the ;lope of the regression of net against gross
precipitation changes because net rainfall approaches zero beneath this
approximate critical value. The intgrcept of the best-fit line with the

-gross precipitation axis gives an estimate of th; intercepting capacity

of the canopy, which in this case happens to be 2.4 mm (see figure 7.4).
/




134

- Lt e e
L}

*Adoues jo .EE t°'Z) Aoedes ebesoys §0 vonewiueleg P/ 0inbiy
{ww) [uado) jiejuiel ssoI9)
Gl ot S

T : T T

rainfall ( infiltration} {mm)

Net




e ———————— g 5 v e e - —

135

Thig value is similar to that observed by Zinke (1967), and Bultot
et al (1972;; for a similar type of vegetation. The intercepting capacity
however varies according to‘windiness, reaching its‘ma#imum under still
conditions, since wind-induced shaking of thelbranches causes mechanical
removal of water fr;m the leaf surfaces.

Apart from amount, rainfall intensity can also be critical
in determining the amount of precipitation that is intercepted. Rainfalls
for both growing seasons (1974 and 1975) were classified into 3 iﬁtensity
categories following the classification of the Atmospheric Environment

Service of Canada, as set out in Manobs (1961): 1light ( < 0.25 em/hr),

- moderate (0.26 to 0.76 cm/hr) and heavy ( > 0.76 am/hr). Figure 7.5

shows that there is some relatiqggpip between rainfall intensity and the
fraction of precipitation intercepted. The most apparaent: result- is that;
except in cases where excessive windiness reduced tﬁe storage capacity
of the leaves, all rainfall amounts less‘than;theigénopy storage cap::ity
(2.4 mm) , were intercepted, regardless of intensity. When precipitation
totals exceeded the intercepting capacity’however, light intensi%y rains
usually had a greater proportion of the total amounts intercepted, phan
moderate and intense riinfalls, siqce a greater amount: of evapé;ation
occurred during light intensity rainfalls, as was seen in the pr:ceding
seqtion. On exceptional occasions however, as when windy conditions
adected drier air to the measurement site, a sizeable amoq&f of evapora-
tioh of intercepteg\fainfall occurred during moderate and heavy intensity
~ - .
showers. -Similarly, oﬂwsome occasions light intensity rainfalls were
preceded by extended cloudy and humid conditions, so that by the time the .

7

r7ﬁn commenced, the vapor pressure deficit of the ambient air was‘already
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quite low and reached saturation in a short time period, thereby
restricting substantial evaporative losses, and hence interceptional
loss, during the rainfall. '

Duration of rainfall is also critical in determining the
interceptional loss, especfally if non-saturation of the ambient air
were to prevail throughout the period of wetting. Figure 7.6 shows that
in most cases, for rainfalls exceeding storage capacity, the longer
lasting light-intensity type storms have a greater portion of the totals
intercepted. The interceptional fraction, however, was ggpatest for very
light intermittent showers in that under these circumstances not only was
the canopy allewed to dry out partly,.but also the evaporating power of
the air, as characterized mainly by its saturation deficit, was success-
ively increased, upon temporary cessation of wetting. The short-lasting
medium and heavy intensity storms on the other hand usually satigfied
canopy capacity almost instantly, at least for stormg whose amount exceed-
ed canopy storage, and most of the precipitation .reached the ground as
throughfall and stemflow.

Rainfall characteristics therefore, namely amount, duration
and intensity, can affect the amountof interceptional loss by ;he way
they control evapor;tion<ra%eshdufigz wetting. Rain types howe&er also
tend to have characteristic syﬁoptic conditions following rainfall cessa-

&

tion, and these post-wetting weather conditions also tend to have charx-

acteristic effects on evidporation of intercepted rainfall.

€

7.4 Effect of Post-Wetting Weather

Post-wetting weather conditions dictate the rate at which

canopy detention storage is depleted. Upon the cessation of rain both

S Sr——————————

R v * ameq 1 g
T TN 1425
! Letg b ShE e gl o
¢ o EREETINE % P PGt § Fig




4]
‘L

' ’ 139

1]

the input of incoming solar energy and the vapor pressur; deficit Pf thel
ambient air normally increase, at least for the daylight period. Clearing
following rainfall in the study aréa, was however found to be rather slow,
in that clgudy condftioés prevailéd, following,wetting, for extendeé
periods in‘the majority of instances. The vapor pressure deficit of the
ambient air, especially when windy conditions continually advected
warmer and drier air, was therefore found to be more critical than
radiation receipt in controlling post-wetting evaporative losses.

- ;n examination of figure 7.7 shows that theq @vapbratibn of

intercepted rainfall following wetting proceeds at a faster rate than

during rainfall. The amount of water to be evaporated is usually of the

Do

same order of magnitude as the storage capacié? of the vegetation. This
intercepted moisture can however be evaporated in from about one to
several hours, depending on post-wetting weather conditions.

<;~ On some occasions, as can be observed in figure‘7‘8,acalm, ~T7
cloudy conditions lasted for several hours, upon the cessation of rain-
fall. As a result, because of limited energy receipt and restricted ven-
tillation, the evaporation of intercepted rainfall proceeded at a rather
slow rate, so that the canopy remained wet for an extendeé period of time.

On other occasions however, especially when the rain had -

fallen overnight or early morning, relatively clear skigf together :ith
ﬁnsatufhted ambient air, followed wetting of the canopy (see figu%e 7.9).

o
On these occasions, drying of the canopy was achievad'fn a relatively

‘short time period, egpecially when wind conditions ;;gvided a continuous

153

supply of moderately dry air. . ; o
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It follows from the above t,}t‘en that the time when wetting
occurs is also important. Both figures 7.9 and 7.10 s_how that when rain
cessation occurrad during the morning or early afternocon, the canopy ‘
usually dried out before nightfall, the same day. But when the rain
stopped during the early evening or overnight (see figure 7.10), in most ..
cases, it was not until the following day that the canopy became dry. |
As can be seen from the early morning hours in figme 7.10, the greater

amount of overnight rains were usually préserved on the canopy until the

i

next morning, except in cases where strong winds advected a strong amount

of energy for latent heat transfer. Also, in exceptional cases, vgxere .
separate showers were closely spaced, the canopy wa; sometimes not allowed
to dry out compla;:ely before the onset of the folloéﬁ\g rainfall. In
these instances then most of the subsequent rain reached the ground in .
that canopy storage was already satisfied by the previous rainfall,

It follows from the foregoing discussion that post-wetting

weather conditions, as characterized mainly by the saturation deficit of \\

the ambient air, can also affect the rate of evaporation of intercepted

rainfall. These weather conditions are also controlled by the timing P
of wetting, mainly in terms of a day and night basis. The varying rates
of evaporation of intercepted rainfall that result then can in turn

influence the with:irawal of soil moisture.

7.5 Effect on Soil Moisture

4

The preceding sections have shown that rain chafacteristics
and weather conditions can significantly affect the nature and magnitude
of the evaporation of intercepted rainfall, and hence Jeil moisture with-

drawal. In instances where the canopy remained wet for extended durations,

o 3
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as during and following light intensity rains (see. figures 7.1 and
7.8) there was a substantial amount of transpirational saving by the
canopy. At the gane time however, it must be remembered that there‘
can occur a fair amount of evaporation during this type of rainfall
(see figure 7.1). Thus, although some soil moisture is conserved, a
lesser proportion of the total rainfall reaches the ground. On the
other hand, fl:r short~lasting, moderate and heavy intensity rainfalls
(see figure 7.2) there is very little time for evaporation of inter-
cepted rainfall during the rain. Consequently most of the precipita-
tion reaches the ground provided that tl:le rainfall amount is greater
than the canopy storage.
Moreover, depending on the post-wetting weather, the
duration of: soil moisture saving can last fron} one to several hours.
- On occasions when the intercepted rain is quickly evaporated there is
little saving of soil water. But when the canopy remains wet for an

s

- extended time period there is a substantial amount of daily transpira-

tional saving. Short, heavy intensity rains followed by a period of

slow evaporation may therefore be the most conducive to the conservation
of s0il water in that they not only provide a greater supply of soil

- ‘ moisture, but also subdue transpirational withdrawal for an extended

period. -®

- ¢
In the case of overnight and late evening rains, although ,

svaporation of intercepted moisture is restricted at night, there is < TN

. nevertheless very little transpirational saving in that st:;:matgs are
{ st

[N closed at night. -




. et e i ry vt e - “
& ( . 146
In summary, then it can be stated that rain characteristics,
" namely amount, duration, intenaity and frequency of occurrence contri-

bute to how much of precipitation is withﬁeld from the ground by the
vegetation. The efficiency of water loss from a wetted cahopy however,
is also dictated by post-wetting weather. Both of these factors in

turn affect soil moisture consumption and hence the water balance.
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Chaptex 8
Conclusion

8.1 Summary
In this thesis the problem concerning the effect of inter-

cepted rainfall on evapotranspiration rafes, and hence the water balance,
over a mixed hardwood forest, has been examined. The primary aim of the
research was to compare the amount of intercepted rainfall evaporated
from the canopy, with the amount of soil moisture transpired through

the leaves, under similar weather conditions. To this end, a model
which could‘be used to gauge latent heat transfer from a wetted or an
unwetted canopy, as proposed by Monteith (1965), formed the basis of

the method of analysis.

To provide experimental evidence, fileld measurements were
undertaken. All the components of the water balance were either measured
directly, or estimated by means of indirect techniques. Since evapo-
transpiration estimates were to be stressed, and s.ince the surface resis-
tance version of the combination model was being utilized, regular
estimates of the canopy resistance (r,) to vapor diffusion, when the
forest was unwetted, were required. To satisfy this need, a model ﬁg
outlined in chaptar 5 was formulated. |

The results of the experiment show that under the same
weather conditions, and assuming a dry canopy, the rate of evapox;at‘io?
(LEw) of intercepted rainfa:iijould be several times that of the trans~-
pi;'atian (LEd) of soll water, even when soil moisture is nlon-limiting.

Also the magnitude of this ratio (LE_/LE;) is primarily dependent upon

.the ratio of the canopy to the aerodynamic resistance (rc/ra) and

@
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5

prevailing weather conditions. Further analysis of the data shows !

thgt because of this Aifferential in latent heat transfer, a substantial

amount ( > 70 percent) of intercepted rainfall is lost to the soil

4

beneath, and a lesser proportion ( < 30 per&ent) goes towards conserving

the transpirational withdrawal of soil moisture,

)

8.2 Conclusions

-~

In the light of the results from this research, the evapora-
tion of intercepted rainfall can be viewed a)hconstituting more of a

direct loss of moisture to soil water depth, than of a saving to the

transpirational withdrawal of soil moisture. 1If the effect of intercepted

rainfall is neglected therefore, there can arise a significant under-
estimation of water consumption, via evaporation, over the forest basin.

This neglect can in turn affect the computation of the water balance.

As a result of the present study, therefore it is suggested
that there are several improvements or refinements that can be made
-

to certain aspects of the research. 1In particular, it has heen shown

that the model for predicting leaf stomatal resistances (rz) breaks down

during periods of hydro-active closure. Thus the need }fot. a more
sophisticated model. As mentioned earlier, a possible solution to
this problem may lie in examining the temperature and vapor pressure

differences between the leaf surface and the .ambient air, since leaf

temperature can be agpectad to rise substantially when evaporative cooling
, L
ceases.

Also, during periods when the canopy was‘l\wet, it was very

A

common for the rate of latexit heat transfer to exceed\\the rate of net
. 5
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radiant energy input. It can be argued either that a wetted ca;xopy

acts in such a maslier as to promote latent heat transfer at the exﬁense

' ] of sensible heat transfer and terrestrial radiatio‘ne,loss, oF that a

!

ii{;‘ ) wetted canopy acts as a veritable sink for energy advected Ffxom the
o - &
T surrounding area. The relative contribution of thede two mechanisms

of energy hoarding by wetted vegetation is well worth further investi-
gation,

Finally, a more comprehensive and rigorous treatment needs

to be given to the effect of rain characteristics and post-wetting
weather on the evaporation of intercepted rainfall than was ppssible

here. This will require taking sample measurements over several

growing seasons so as to arrive at more typical ps;meters for the region
in question. Stochastic models can then be developed so that meaningful

forecasts of water consumption in forested areas can. be attempted in

-

terms of weather conditions and rainfall characteristics. i |

&
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