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ABSTRACT 

This thesis investigates the diffe~ence in latent heat 
f 

transfer for a wetted as opposed to an unwetted forest canopy. previous 

work has shown that the rate of evaporation (LE ) of intercepted rainfall w 

from vegetation is several times that of the transpiration (LEd) of 

,soil moi~ture, were the canopy dry, assuming the saroe weather conditions. 

The present investigation usè1t the results of two seasons of field 

observations conducted in a mixed hardwood forest. Field measurements 

were designed so à-s to measure or estimate al~ the compo~ents of the. 

hydroLpgic ~·le • 
. ~ 

Th_ results substantiate thé view that LE is several times w 

greater than LEd' Furthermore, the m&gnitude of LEw"LEd or LEw - LEd 

is in turn dependent upon soil and plant factors and weather condi~ions. 

Because LEw 1s several times greater than LEd' rainfall interception by 

'1' 
vegetation constitutes a significant loss of water to the soil and 

hence affects the computation of the wate~ balance. 
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RÉsUMÉ 

Cette thèse examine les differences de transferts de chaleur 

latente entre un feuillage forestier sec et un feuillage forestier mouillé. 

Des études précédentes ona démontré que, pour des conditions atmosphériques 

semblables, le taux d'évaporation (LE ) à l'intérieur d'un feuillage 
w 

mouillé est, par suite de l'interception de la pluie à c~ niveau, plusieurs 

fois supérieur au taux de transpiration (LEd) de la vapeur d'eau par ce 

même feuillage à l'état sec. Cette étude est le résultat d'observations 

effectuées, dans une forêt décidue mixte,~ur une période de deux années. 

Tous les termesde bilan hydrologique y ont été soit mesurés, soit estimés. 

Les ré sul tats appuient le point de vue stipulant la supériorit1! , 
de LEw sur LEd' De plus, le rapport de grandeur LEw'LEd ou LEw - LEd est 

directement relié à des variables concernant le sol, la végétation et les 

conditions atmosph'riques. Du fait de la supériorité de LEw sur LEd 

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

fait doit être tenu compte de dans les calculs de bilans hydroloqiques. 
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CHAPTER l 

Introduction 

1.1 The Problem 

At the present time there is a good deal of controversy 

regarding the effect of intercepted rainfall on the water balance of 

forested watersheds. The core of the argument is whether rain retained 
" 

'f 

by vegetation ~epresents a total 1055, a partial loss, or no 105S of mois-

ture beyond the normal evapotranspiration of the canopy. The disagreement 

stems largely fram the way in which intercepted rainfall is viewed. I~ 

interceptional loss is viewed as a reduction in rainfall reaching the 

ground because of water retention by the aerial parts of vegetation, 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 lS wetted the trans-

pirational withdifawal of sOlI moi sture is subdued. 

The magnitude of transpirational saving during the evaporation 

of intercepted rainfall is critical in determining how much of a moisture 

10s9 interception constitutes. If the rate of water ~apor 1055 is the same 

whether the vegetation i5 wet or dry, then it matters very lit~le whether 

the evaporative demand of the atmosphere is satisfiep by intercepted water 

or soil moisture. If on the other hand, the evaporation of intercepted 

rainfall (LEw) proceeds at a faster rate than the transpiration of soil 

moisture (LEd) for an unwetted canopy, then, assuming the same weather con-

() 
ditions, there would be sorne amount of transpirational saving. The magni-

tude of this saving depends on the ratio LEw/LEd o~fference LEw - LEd. 

, .~"--_ .......... -, .. - ..:.::-:- ... --~ 
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80th the ratio LEw/LEd and the difference LEw - LEd 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 th an 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 sav ing . 

1.2 Approach to problem 

Tc fully comprehend the effeet of intercepted rainfall on 

the water balance of a forested watershed, the movement of moisture in al1 

phases and for aIl components of the hydrologie cycle must be examined. 

In the present research two full growing seasons (1974 and 1975) of field 

experimentation were carr1ed out at Mont St. Hila~re, Quebec, to examine 

the role of intercepted rainfall on evapotranspiration rates over a beech-

maple fOr~ 

\ Rain in the open, together with thtoughfall and stemflow were 

() measured for each fall of rain so_as to obta~h a measure of the amount of 

intercepted raïnfall. Aiso evapotranspiration estimates were made for 

r 
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both dry and wet canopy conditions in order to gauge the magnitude of 

the ratio LEW/LEd and the difference LEw - LEd. 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 

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 50 as to highlight the effect of 

intercepted rainfall on evapotranspiration and solI moisture withdrawal. 

\ 
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CHAPTER 2 

Baekgxound Objectives and Methodology 

2.1 Views on the RaIe of Intereepted Rainfall 

The literature regarding the effect of intereepted rainfall 

on the hydrologie 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 fram 

research being conducted over varying vegetation types in different 

environments. There seem to be three basic points of view. Fir9tly, it 

i5 argued by sorne people that intercepted rainfall constitutes a direct 

loss of moisture to the canopy-soil complex unless some of lt is absorbed 

by leaves before it i9 evaporat~d. Horton (1919) for example, maintains 

that interception repre$ents a 10ss of precipitation which would otherwise 

be ava!lable to the soil. This viewpoint is shared by several other 

researchers (Kittredge, ,rl948: Law, 1957, Delfs, 1967; HelveY,and Patrie, 

1965 and Patrie, 1966). The basis for this first line of argument is that 

rainfall interception i~ viewed only in terms of the input segment of the 

hydrologie cycle. As a ''result, the direction of earlier studies has 

mainly been to examine variations in interceptional 1055 in terms of 

A vegetation type and seaSQn of the year. ~ 

Q 

More recently, however, it has become apparent that the 
'\ 

interception of rainfal! by vegetation also affects the consumption of 

water by regulating the w~ter available for runoff and also the storage 

or soil moisture component of the hydrologie cycle. Jones (1957) for 

example, discovered that during the evaporation of intercepted rainfall 

" 

•• ,J 
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• transpirational water 10ss by the plant was subdued, hence resulting 

in a sav1ng on soil moisture. Similar r~~~ts were obtained by.Rutter 

(1959) and ThQrud (1967). Out of this awareness has stemmed further 

points of view. 

Some investigators argue that evaporation of intercepted , . 

water fully compensates for transpiration that would otherwise have 

occurred if the canopy were dry and i5 therefore not a 10ss beyond the 
",>l,-

normal evapotranspiration. Burgy and pomeroy (1958) found that in 

vigorous1y growing laboratory grass plots the evaporation of a given 

amount of intercepted moi sture was accompanied by an equal reduction in 

the amount of transpiration from the plants. In other words, total 

moisture loes was approximately the sarne in plots with wet and dry leaf 

surfaces. Field studies conducted by MCMilian and Burgy (1960) gave 

similar results. Thus it makes no difference to water loss whether the 

evaporative demand of the atmosphere i5 sati5fied by soil moisture or 

water withhe1d by the leaves. Ley ton and carlyle (1959) maintained that 

since a givèn supply of thermal energy will only evaporate a certain 
, 

quantity of water, then the evaporation of water retained by the foliage 

must ae compensat~d by a like reduction in transpiration. 

Obviously the basis for this form of argument is that the 

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

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

fraction of the net available energy. In 9ther words, surface conditions 

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

watered grass cover. 
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There are however, other twists to this viewPoint. Goodell 

(1963) argued that if the transpiration rate of the entire plant 1s 

reduced when 1eaves are wetted by rain, the essential effect might be a 

period1of rep1enishment of water within the plant tissues followed, 

after drying of the leaves, by a higher rate of transpiration. He main-

tains that this sequence may be especia11y 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 

"/3:', midday period of reduced transpiration with little or no effect on 
, 

transpiratio. 10ss for the day as a whole. H€ even extends this form of 

reasoning to a seasonal pattern claiming that rainfall interception 

during the growing season may simply pro long the period of high rates of 

transpiration. 

There also exists a ifiird schoo1 of thought. Experimental 

results from a variety of researchers show that thé rate of evaporation 

of intercepted ralnfall from a wetted canopy is greater than the rate of 

transpiration from an unwetted ~an9PY, where potential conditions are 
• f '--. , .. 

not satisfied, under similar'weather conditions. ~utter (1959) found 

that the weight of eut, wet branches decreased much faster than the 

weight of transpiring branches in a laboratory experiment. From this he 

conc1udes that the rate of evaporation of intercepted water exceeds the 

transpiration rate by severai times. Subsequent investigations (Rutter, 

1967) showed that the rate of evaporation of intercepted water ls, on the 

average, about four tlmes as great as the t~anspiration rate in the sarne 

environmenta1 conditions. Simi~arly Frankenberger (1960) uSing turbulent 

transfer methods found that the total evaporation from tree stands 

, .' ..... -.~ _____ ~ _o. "_._ 
," 
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Ummediately alter a rain was greater than ~hat from'the same stands 

after the foliage had dried. 

Penman (1963) toc remarked that the evaporation of intercepted 

1 
~ 

rainfall from a wetted canopy is effectively the sarne as from an open 

water surface. However, a forest surface is rougher than a normal water 

surface. Consequently 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. Ley ton ~ al (1967) supported this conclu-

sion by observing that the rate of evaporation of intercepted water fram 

shrubs and trees occurs at a greater rate than that of transpiration 

under similar environmenta1 conditions. 

Thorud (1967) working with small potted ponde rosa 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 al (1969) found that the rate of Evaporation from a wetted corn crop 

i5 at least twice the transpiration 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 fram a wetted young Douglas fir 

forest in cOastal British Columbia proceeds at a rate 20 percent faster 

than the expected transpir~tion fram the sarne canopy when it is well 

supplied with water, but dry. Evidence of this kind has led Rutter (1968) 
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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 soi1. 

In the wake of these deve10pments came attempts to exp1ain, 

in physica1 terms, how it i9 that the rate of evaporation of intercepted 

rainfall is greater than the rate of transpiration under the sarne weather 

conditions. 

Monteith (1965) envisages this difference as being attribut-

able to changes in surface moisture conditions. He propo9ed that the 

latent heat flux over a plant cover cou Id be examined in terms of poten-

tials and r.esistances, 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 

stanatal resistance to vapor diffusion. When the canopy is dry there 

exists a finite stomatal or plant resistance, depe~1ng mainly oh 1ight 

and soi1 moi9ture oonditions, but when the canopy i9 wetted, the plant 

resistance reduces to zero, ainee the moisture demand~of the atmosphere 
" 

can.now be satisfied by the readily avaiIable film of water on the Ieaf 

surfaces. In other words, he saw the difference as a case of potential 

(wet) as opposed to non-potentia1 (dry) evapotranspiration conditions. 

Rutter (1968) sees the fact that the evaporation of inter-

cepted rairifall proceeds at a faster rate than the transpiration of 

soi1 moisture as being due to increased ava~le energy for a wetted as 

opposed to a dry oanopy. He maintains that tbere i8 a sizeab1e transfer 

of sensible heat to wetted vegetation at the expense of the 8urrounding 

C"\ 
7" ragion especially if the vegetation occupies a smal1 area. More recent1y 

Murphy (1970) and Murphy and Knoerr (1975) have suggested that the 

f 
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increased latent heat exchange for a wetted eanopy oceurs at the expense 

of long-wave terrestrial radiation and ~ensible heat transfer. 

It would Sr that. these latter viewpoints i\faet coneur ~_:;: 

~, 

with Monteith'g earlier observation in that added energy through advection 
,"l, ' 
;, , .... 

or through the reduction of sensible heat transfer and the suppression of 

ter,restrial long wave radiation, would be evident in the !onn of an 

increased vapor pressure deficit of the ambient air. 

2. 2 Aima of Research 

The foregoing discussion indicates that there i9 general 

agreement with the view that the evaporation of water from a wetted 

canopy proceeds at a rate that ls greater than that fram an unwetted 

canopy. This belief may be attributable either to a greater abundance 

of energy for latent heat transfer from a wetted canopy or ta the greater 

availability of surface water, which thereby creates potential evapotrans-

1 piration conditions, or to bath. 

The intent of the present research is mainly ta provide sorne 

experimental evidence for these arguments so as to ~edefine and elaborate 

upon some of the earlier conclusions. Firstly, fo1lowing the lead of 

Montelth (1965) and Rutter (1968), an attempt will be made to substantiate 
i' 

the view that the rate of evaporation of intercepted rainfall (LEw) 19 

several times that of transpiration (LEd), assuming the S8me weather 

conditions. A mixed hardwood forest in Southern Quebec is ta be used as 

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

() of the ratio LEw/LEd 19 not constant, as implied in earlier investigations 

l'" 

-----------
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(Rutter, 1967, MeN ughton and Black, 1973 and Stewart and Thom, 1913), 

but rather undergo s both diurnal and seasonal changes. 

Diurn~ changes are main1y re1ated to weather and soi1 

moisture condition. It can be shown that the ratio LEw/LEd ls mainly 

a function of the atio of the Canopy resistance (rc ) to the aerodynamie 

resistance (ra) (s e section 6.3). Also the canopy resistance (re ) has 

a diurnal regime w ch i9 characterized by stomatal behavior (see section 

5.2) and has a larg amplitude, whereas the aerodynamic resistance that 

is mainly a functio of wind speed, is by contrast conservative. The 
o 

ratio efore to a large extent controlled by the parameter 

(re ), which in turn s regulated by radiant energy and soil moisture 

depth (see chapter 

It can 
')" 

be demonstrated that diurnal changes in the ratio 

LEwiLEd are related t weather conditions, namely the distribution, dura-

tion and intensity of and post-wetting synoptic conditions (see 

chapter 7). In other rds, it'can be demonstrated that the magnitude 

of the evaporation of i~tercePted rainfal1 (Law> during a light pr91on~~d 
shower is greater than ~Urinq a short intense rain-storm (see section 

7.1). Furthermore, int~rmittent rainfa11s separated by periods when the 

~, canopy i8 a110wed to ~\ out partially or completely through evaporation 

ca~.be conducive to grea er interceptional losses. Also rainfall periods 

followed by sunny Or win y conditions or bath would allow intercepted 

water to be evaporated at a faster rate than under calm or cloudy condi-

tions or both, aince the rmer conditions would enhance energy receipt 

and/or turbulent transfer. \ 

, .. --~------"1"" 



(, 

() 

II 

Seasonal changes of the ratio LEw/LEd on the other hand 

are mainly related ~o soil moisture and veqetal conditions. As will 

be demonstrated latèr (see section 5.4), the canopy resi$tance (rc) i9 

controlled to a latge extent by soil moisture depth. When soil moisture 

availability at the root of the plants becomes limiting canopy resistance 

Cre) generally increases, thereby increasing the ratio LEwfLEd. The 

natural life cycle of deciduous hardwoods also creates seasonal differ-

ences in the parame ter (re ). Usua11y, stomatal resistance beèomes higher 
< 

be~use of senescence of the leaves at the end of the growinq season. 

This effect creates hig~~~. rc and hence LEwlLEd values. 
, 

The~qnitude of the ratio ~LEd is however not the critical 

factor in evaluating the amount of water 1055 for a wetted as opposed to a 

dry canopy. As will be .h~sequently (see section 6.3), the value of 

the difference LEw - LEd ia a better gauge for comparing the evaporation 

of intercepted rainfall to transpiration, under the sarne weath~r condi-

tions. l t can be shown that the ditference LEw - LEd is usually g~!atest 

wh~n the ratio LEw/LEd is least. The reason for this is that altho'1h 
(' ~, 

canopy resiatance (rc ) is 10west when solar radiation is greatest a~ 

around mid-day, thus giving 10wer rclra and hance LEw/LEd values, the 

greater available ~nergy and the increased saturation deficit of the 

ambient air causes the rate of latent heat transfer to increase. But 

this increased evapotranspiration rate ia greater for a wet canopy where 

potential surface conditions are satisfied. than it is for an unwetted 
, 

canopy, especially if a shortaqe of soil moi sture makes surface conditions 

hiqhly non-potential. Also, as, will be further ~d'émonstrated (see section 

~~< 6.2) a wetted canopy acts as\ a strong sink for both incominq 901ar energy 
) 

, ".~-*- "~, .. 
• ~ ~~\, ">, -y~: ~t':/~~>:,: \ ~'~'J\ i' ~' ~ 
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and for advected energy, and the ra~e of evaporation of intercepted 

rainfall thus oftèn exceeds the rate of supply of net radiant enePJr: 

As a result the magnitude o.f the' difference LEw -' LEd ie greatl!st when 

available energy and the vapor pressuré gradient, between the èanopy and 

If 
the ~ient air, are greatest. 

As noted earlier however (see section 2.1) transpirational 

water loss is suppressed during the evaporation of intercepted rainfall • 
.. 

This effect causes a certain amount bf~soil moi sture saving, the magnitude 
le 

depending upon the ratio LEw/LEd or the difference LEw - LEd' It will 

be shown later (see section 6.3) that on the average only a small percent-

age of intercepted rainfall goe5 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 v~e-

tation cao be considered as more of a 10S9 than a saving of soil moisture. 

consequently, when computing ,the water balance, the 'affect of the inter-
'0-

cepted rainfall must be consid~red, since neglect of this component can , -

,+-~ d lea to a sizeable underestimatio~ of evapotranspiration. 

2.3 Methodolo~y 

In order to attain the goals set forth in the preceding 

section the research will lead thrpugh several phases. 
1- , 

Since the intent 
1 

~f this thesis i9 to hiçhlight the e~fect of intercepted raidfall on 
_ 0 

evapotranspiration rates over a beech-map~_f6rest in Quebec, it is . . 

necessary to devise a method whereby comparisons between evapotranspira-

tion estimate,' for an unwetted (LEd) as opposet;i to a wetted (LEwY canopy 

o-an be made. 

, ,1~ 
~, , \ , . 

,1"; 

" . 

i. 
" 



'r 

( 
! 
f· 

t 
"l( 1 , 

( 

13 

Different methods are available for the measurement of latent 

heat transfer over elther wetted or unwetted vegetation. As 'wlll be 

explalned later (see section 3.1) however, a general combination-type 

model that lS attributable to Montelth (1965) will be used in thi5 

~esearch. One of the maln problems encountered ln u~ing thlS varlant of 'r r 
, 

the comblnatlon model 15 belng able ta derlve htilurlY''restimates of the 

canopy reslstance (re ) ta vapor dlffuslon when the leaves are dry. As a 

solution.to this problem, a model that prediets hourly values of the para-

meter (r c ) is proposed (see chapter 5). 

, 
To der ive thls model and to be able to make fueaningful and 

obJectlve comparisons of latent heat transfer over a wetted as opposed to 

an unwetted canopy for the forest under eopsideration, fleld measurements 

i'(' 
are necessary. In addltlon ta evapotransplratlon estlmates for bath wet 

and dry periods, other components of the water balance, namely preclplta-

tlon, lnterceptl0nal loss, channel runoff and soil mOlsture depth are to 

be measured. These supportlng measurements wlll be used mainly ta check 

the evapotransplratl0n caleulatlons. The fleld methods and procedures 

utlllzed wlll be discussed elsewhere (see chapter 4). 

Varlous forms of analysls are then ta be performed on the 

fleld data. The results however wlll concentrate upon the partlcular 

effec~ of lntercepted rainfall on evapotransplratl0n rates, and under 

o different weather conditlons (see chapters 6 and 7). Before any further 

dlScussion on the topics ltemized ln this sectlon, some further theoreti-

cal considerations on the evapotranspiration - interception link are in 

order. This will a6cordingly form the subject matter of the next 

chapter. 

"Ct-..,.'" 
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CHAPTER 3 

The Interception - Evapotranspiration Relationship: 
Theory and Measurement 

3.1 Measurement of Evapotransp~ration 

Numerous methods are ava~lable for the measurement or est~-

tian of evaporation and transpiration (W.M.O. Tech. Note No. 83, 1966; 

Federer, 1970). However the measurement techniques for the evaluation of 

the evaporat~ve flux over natural surfaces and under natura1 condit~ons 

are still very much in the developmental stage, especially for non-

potential surface condItIons. 

There are basiGrlly two main types of methods that are used 

to measure latent heat transfer, namely direct and indirect. Direct 

measurement techniques conslst of two categories. The first group operates 

on the princ1ple of the conservat1bn of matter ln that the change ln volume 

of water over a defined tlme period forms the basis of the calcu1at10n. 

There are three types of instruments that adopt this pr1nc1ple, namely 

atmometers, evaporation pans and lysimeters. The first two types are 

designed to estimate the evaporatlve flux over a free water surface. But 

fa~lure ta 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 

that is attributab1e to Swinbank (1951). This method is based on the 

~n9tantaneous fluctuations in the vertical component of the wind velocity 

\ r 
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and specific humi?ity about their mean valueS. However the extrema sophis-

tication of the instruments and techniques required for the adoption of 

this method has limited its use. 

Indirect methods also consist of two groups: the soil-water ' 

budget method and micrometeorological metl!lods. The wa ter budget method 

is simple in principle. Ignoring the contributions of lateral inflow or 

outflowand ground water seepage, evaporation i9 computed as: 

E • P - R ± ~Sm (3.1) 

where 

E = evaporation 

P = precipitation 

R = channel runoff 

A 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. Micrometeorologi'cal metho~n the other 

band are mainly theoretical in tbat they are attempts to measure the 

rate of latent heat transfer in térms 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 te 

change liquid water into vapor1 another is the ease with which the vapor 

is removed from the evaporating surface,and the other is the rate of water 

supply to the vaporizlng surface. For an open water surface only the 

firet two candi tions apply. The last parameter is however extremely 

import.ant 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 i9 a profile technique concerned 

with the turbulent transfer of water vapor between two levels in the 

ambient air, a small d.i,stance 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: 

where 

LE = -PEL Kw Âe 
p Âz 

(3.2) 

H =: '7 pcpKH At, , Tz (3.3) 

(3.4) 

LE, H and T ~ the vertical fluxes of water vapor, heat an. 
momentum respectively 

P - air density 

cp = the specifie heat of air at constant pressure 

p = atmospheric pressure 

E = the ratio of the molecular weight of water to the 
IIIOlecular weight of dry air 

L • latent heat of vaporization 

Kw, Ka and Km = the eddy diffusL'Ilties of water vapor, heat 
and momentum respectively 

~,' ''1 t and Au = the vertical qradients of vapor pressure, 
"'Ai A z Az temperature and horizfntal air velocity, 

with height (z) respectively. 
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The problem with this approac~,ls that ~ is generally not 
( 

possible to measure Kw or ~ directly. However it is possible to calcu-

late K using wind profile theory, and on the assurnption that K = Kw it m m 

ls possible to determine the evaporative flux as: 

2 
LE = pe L k Â u Â e 

P[ In(z/zo)] 2 
(3.5) 

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

relation 

where 

k = von Karman's constant 

%0 = the roughness length 

ln = the base of natural logarithm 

and aIl other terms are as previously defined. 

The major drawback of this method is that it is only valid 

under conditiQns of neutral stability, when ~he lapse rate is adiabatic. 

and when the assumption Km = Kw holds true (Mun~1961). For non-adiabatic 

conditions corrections for stab{Yity must be made. However for heights of 

about one metre and less fram the evaporating surface these corrections 

can be ignored (Sellers, 196~l. 

The energy balance method is also a profile technique, and is 
~ 

basad on the princip le of the conservation of energy. A mea~ure of the 

..... 
amount of water transferred to the atmosphere is obtained by assessing 

the heat flux associated with the enerqy used to convert'liquid water to 

vaper. Ignoring horizontal divergenqes of the heat fluxes and the storage 

of energ'y in the biomass, in air within the plant communi'~.J'jIÔ and in 

photosynthesis, the energy balance for a vegetated surface can be \ai tten 
"'-

( 
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Rn=LE+H+G (3.6) 

where 

Rn = th~ net radiation flux 

LE - the latent heat flux 

H - the sensible heat flux 

G = the soil heat flux. 

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

80th Rn and Gare readily meas~able but,there is no simple method of 

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

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

by LE give~: ... ~ 
LE = Rn - G (3.7) 

1 + H/LE 

Now from the mass tf'ansfer equations (3.2 and 3.3) presented 

earlier, and assuming that ~T and ~e are measured at the same heights 

one can deduce: 

H = 
LE 

Cpp 
LE 

(L8) 

The t/rm Cpp/LE 
o -1 

i9 known as the psychrometric constant, y (0.66 mbar C ). 

The Bowen ratio ( 8 ) can then he calculated by: 

B .. y~ AT (3.9) 
K A~ w 

If it ls assumed that ~= Kw' it is possible to reduce equation (3.7) to: 

(3.10) 

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

of the eQergy bUdg,t approach li~s i~lthe assumption ~~ = Kw, which .. 
strictly speaking holds'true only for neutral conditions. However, 

Jr 
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Swinbank and Oyer (1967) and Oyer (1967) have shown that this assumption 

ls valid for a wide range of atmospherlc stâbl1ity. 

Beth 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 i5 an extremely difficult task. Also because 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-

mentation is required. A method that requires measurements at only one. 

" height above the canopy i5 therefore desirable. Such a method 15 pro-

vided by the comhinat~on model, and this is the technique to he used in 

this the sis . 

3.2 Combination Model 

The ~uccess 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). In order to 

eliminate the measurem~mt of surface paramete~s penman (1948) combined 

the energy~budget and aerodynamic approaches, hence the origin of the 

term combinatiQn model. Penman (1948) started out with the simplest 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: 

~ = (as - ed) f (u) (3.11) 

1 
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E = evaporation rate in unit time 

es • saturation vapor pressure at the evaporating surface 

8d = actual vapor pressure in the air at some height above 
(equivalent to the saturation vapor pressure at dew 
point temperature) 

feu} = a function of wind speed 

Then. ignoring soil heat storaqe, 
\ 

he restated equation (3.6), 

which he label1ed 
, 

the energy term as: 

". 
H = E+K (3.12) 

where \ 

H = the heat budget (net radiation) 

E = evaporation (latent heat transfer) 

K = heatipg 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: 

(3.13) 

where 

8 = Bowen ratio 

Ta - surface temperature 

Ta = air temperature 

y - psychrometric constant 

and es and ed are as defined previously (3.11). From"equations (3.12) 

and (3.13) then, it follows that: 

E = a/(l+ B) (3.14) 

If i t CM be assumed that air tempera'ture '(Ta) near to the 

evaporating surface ls equal to the surface temperature (Ts )' then by 
~ ~> ... 

substituting Ea for E in equation (3.11) and ré~lacing es by ea (the 

" . 

-, 
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saturation ~apor pressure at (Ta», one can derive: 

Ea = (ea - e
d

) feu). (3.15 ) 

Then fram (3.11) and (3.15): 

(3.16) 

which can be simp1ified to: 

(3.17) 

where 

Now from equations (3.13) and (3.14) 

By setting (Ts - Ta) = (es - ea}/S, where S is the s!ope of the satura-

tion vapor pressure curve at Ta' then: 

HIE = 1 +" (es - ea)/S(es - ea) = 1 +"tP/s~ (3.19) 

From equations (3.16) and (3.19) Penman (1948) fina11y derived the 

expression: 

E =: (SH + )'Ea) / (S + 'Y ) , 

which can he further simplified to: 

E - (S/y)H+,Ea . 
- (S/y) + 1 

~ 
(3.20) 'li) 

(3.21) 

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

~ion vapor pressure curve at air temperature (Ta)' Aiso the aerodynamic 

component (Ea ) of the equation is a measure of the dryin<J power of the 

'air, in that the term (ea - ed) in equation (3.15) i9 the saturation 

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

surface temperature and vapor pressure is eliminated. Air temperature 

and humidi ty bath of which 'tare elements that are easy to mea8ure can now 

be used. 
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-Equation (3.21) i5 the well-known patential evaporation 

formula since it was designed for use over surfaces for which water 

supply is non-limiting, namely a frae water surface. For surfaces, such 

as vegetation or bare sail, where the supply of water Jor latent heat 
1 

transfer can be a limiting factor, alternative methods have ta be used. 

Different method5 for the estimation of evaporation or transpiration 

have been presented by Slatyer and McIlray (1961), Tanner and Fuchs (1968), 

Fuchs et al (1969) and Monteith (1965). Since the primary aim of the 

present rese~rch is ta compare evaporation over a wetted canopy ta trans-

piration over an unwetted cànopy, the Monteith variant of the combinatian 

mode 1 , commanly knawn as the "canapy resistance" model is to be used 

since it can be readily applied to wetted or unwetted vegetation. 

Furthermore, the methad 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 potentia~ evaparation being a water 105S that encounters no restriction 

ta vapor flow aven from unwetted leaves, must therefore be re-examined. 

When a leaf surface ia nct wet, it i9 realistic that the rate of evapora-

tion is less than the potential rate because of stomatal control that 

introduces a resistance ta the diffusion of vapor. This latter aspect 

farms the basis of the "canopy resistance" model. 

3.3 canopy Resistance Model 

r The theory of the canapy resistance model is based on the 

assumptian that exchanges of matter and energy between plant canmunities 

and the air can he described by an Ohms law rela tionship of the type: 

-" 
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Flux = Po~ential Difference/Resistance, , 
'-

where the ,potentials Ofjthe system are the concentrations or diffusing 
\ / 

gases and the heat con je nt of unit volume of air, and the resistances 
~ - ~.~-

are both external, characterizing the aerodynamic properties df the 

plant-atmospher~ system, and internaI, simulating the physiologie proper-

ties~f 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 combinat ion 

method so as to consider non-potential evaporating conditions, they 

hypothesized that over plant communities, transpiration will proceed at 

a rate that ls 1ess 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 èxpressed 

by Penman (1952) in the following form: 

S H + ""t(e - ad) feu) 
ET = ____ ~--~a~~------_ 

(s + 'Y) Is*o 
(3.22) 

where 

ET = transpiration rate in appropriate units 
1 

g* = stomatal factor 

o = day1ength factor, 

and aIl other terms are as previously defined. 

It was Monteith (1965), however, who deve10ped the "resistance" 

combination model. He maintained that evaporation Over non-potential 

plant surfaces is sustained by a supp1y of heat from the atmosphere and 

by a movement of water within ~he plant preventing the desiccation of the 
'" 
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leaf tissue. Furthermpre, the path ~or the diffusion of water fram 

\ 
leaf cel1s to the free atmosphere is divided into two parts: aeross 

a canopy resistance (re) determined p~±marily by the size and distribution 
\ 

of stomatal pores and by the leaf area index, and across an air resistance 

(ra) determined by the wind speed and tihe aerodynamie properties of the 

plants. 

Restatinq equation (3.21) in terms of potential differences 

and diffusive resistanees Monteith (1965) wrote: 

where 

= S Rn +, petes (T) - e} Ira 

S + "Y """ 

(3.23) 

LEw = potential evaporation rate (cal., cm-2, gec.-1) 

Rn = net availab~e energy (cal., -2 cm , 

es(T) • saturation vapor pressure of air temperature at 
heiqht Z (robE) 

e 

pe 

S 

= actual vapor pressure of air temperature at height 
Z (umar) 

= aerodynamic resistance to vapor transfer at height 
Z (secs om.-1) 

= volumetrie heat capacity of the air (2.9 X 10-4 

cal. cm-3 °C-1) 

= slope of the saturation vapor pressure curve at 
air temperature T (mbar oC) 

= 0 psychrometric constant (0.66 mbar C)~ 

It is readily apparent that equation (3.23) i8 exactly the 

same as equation (3.21) except that pc (es eT) - e)/ra • (ea - ed) feu) 

= "Y Ea' or more precisely peira = f Cu) • 

Nei ther equa tions ( 3. 21) nor (3. 23) d,a vaUd for a surface 

where the vapor pressure 1s less than the sa~urati~ vapor pressure at 
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surface temperature. For an unwetted 1eaf, water .vaporates at the 

surface of the cell wa11s surround1nq the sub-stomatal cavities and 
; ~ 

'-reaches the outer surfaces of the leaf by molecular ~iffusion throuqh 

stom,ata and cuticle. When a 1eaf has a uniform tempe rature Ta, t'he 

'\. 
vapor pressure of air in contact with the stomatal cell walls 18 usually 

very close to the saturation 'laper pressure esCTo)' At the dry 1eaf 

surface however, outside the cell walls, the vapor pressure (~o) durinq 

transpiration is always less than esCTo)' and surface air in contact 

with the leaf is never saturated. As a result, the unsaturated air at 

the leaf surface has a finite wet - bulb depression, a parameter which is 

difficult ta measure. Following the lead of Penman (1948), Monteith 

~5) resolved this difficulty by eliminating 'surface parameters and 

replacing them by ambient air cOnditions. 

By assuming that the transfer coefficients and hence'the 

resistance to diffusion (ra) of heat and water vapor are the s~e, the 

transpiration rate can now be given lB <90 - 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 (e9(~O) - ea)!rc 
,~. 

where rc is the internaI stomatal resistance. Since within a thin leaf, 

the temperature of the stomatal wall and the surface can be assumed equal, 

the rates of diffusion w~thin the leaf and external air are then also 

equal and: 

(3.24) 
E ( "Y L! pc) 

where the constants ("YL! pc) preserves the con,sistency of units. By 

rearranginq terme: 

\ i ~, •. ,' 
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es (To ) - e = {1 + ::} (eo'- e) 
(3.25) 

Equation (3.25) shows that a leaf with internaI resistance (re ) can be 
. , 

treated formally as a free water surface if the total vapor pressure '~ 

drog (eo - e) i9 replaced by es(To ) - e/U + rc/ra> 
1 

Returning to equation (3.23) and replaoing surfafé,tempera-
• f 

ture (To ' byair temperature (T) as suggested by Penman (194~), the 

latent heat of transpiration from a leaf becomes: ", . 
(3.26) 

LEg 

It should be noted that equation (3.26) applies to both 

a wetted and a dry canopy. When leaves are wet (eo - e) ~ (es(To) - e). 

In other words the stomatal resistance (re ' becomes zero and equation 

(3.26) is reduced to equation 4û.23). 80th equations (3.23) and (3.26) 

show that the raté~of evaporation over a yegeta~ed surface depends on 

three weather parameters: net available energy, humidity of the ambient 

air and wind speed at sorne fixéd height âbove the canopy,'and a plant 

paraméter, namely canopy resistance to vapoI' diffusion. The methods 

used to measure or estimate these components in the present researah 

will be discussed at length in the next chapter. 

3.4 Measurenent of Interception 

As in the case of evap?ration and transpiration, different 

m.thods~ë~n he used to meas~e interception. By definition the intercep­

tional 109S t; the amount of precipitation that ls prevented from,reachfng 
\ 

the ground by the aerial parts of vegetation. This loss ~s accounted 'for , 

" hy ~ processes: evaporation of water ~J!'qm the canopy durin,g the pt;!riod 

, 
) . / . 

1 

\ 
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of wetting or rainfall, and evaperatiort of 1ntercepted rainfaii following 
\ 

wetting. Intèrceptional loss therefore depends on weather conditions 

during wetting sinee they control the ameunt of evaporative 1055 and on 

1 
canopy characteristics which determine the retention capac1ty of the 

1 
stand. 

Although the woody parts of vegetation such as branches and 

stems reta1n sorne mois~ure, by far the greater part of intercepted rain!all 

19 w1thheld by leave9. GeneraIIy a leaf aborbs little, if any, water from 

lts surface (Rutter, 1963). Its storage capacity may therefore be con-

sidered ta be the amount of water it can retain on its surface. This 

ameunt is a function of leaf size. 1tS configuration and composition, 

4'-, 
together with the'viseoslty of the ~~er and the external pressure on 

the llquid, as weIl as the amount of prec1p1 tation (Leonard, 1967). The 

aIignment of branches, canopy denslty and smoothness of the woody parts, 

sueh as the bark, are other determining plant factors. 

Weather factors or more preclsely rainfall characteristics 

aIse affect interceptional loss, ln that evaporation of intercepted 

rainfall can occur durlng wettlng. Wilm and Niéderhof (1941) observed 

tha~ about 19 percent of each storm LS lost to the ambient alr by evapora-

tien from the canopy durlng rainfall. As will be seen later (see chapter 

7) intéhnltten,t and light intensity rainfalls allow for greater evapora-

tion of lntercepted ~infall during wetting than moderate ,>and heavy 

intensity rainfalls. This is attrlbutable ta the longer duration of 

the former category and also to the greater vapor pressure deficit of 

the ambient air that accompany these rainfalls. Windiness that produce!lf\ 

shaking of the branches, and the impact ~f velocity of raindrops during 

O.' 

\ 
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severe storms also affect the interceptional loss, because they lessen 

the retention capacity of the canopy. 

In view of the preceding, both direct and indirect techniques 

have been evo1ved for the measurement of interceptional 10ss. The most 

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

conservation of matter: interceptional 10ss in considered to be a 

residual after accounting for water input and output. Written in its 

simplest form, the equation is: 

IL • P - (T+~ (3.27) 

Mhere r 
IL = interceptional loss 

p = precipitation above the canopy 

T • throughfall 

~ • stemflow. 

Other direct methods are basical1y extensions of equation 

(3.27), They however regard the interceptional 109s as dynamic rather 

than passive in nature and as a resu1t are more process-oriented. Horton 

( 1919) observed that the amount of interceptional 10ss i5 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. He expressed this re1ation-

ship in an equation in the form: 

where 

IL = S + RET (3.28) 
-IV 

IL = interception 10ss in unit depth over the projected 
area of the canopy 

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

.( 
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... 
R = the ratio of vegetation surface area ta the proj ected 

area of the canopy or laaf area index 

E = evaporation rate in unit depth par unit tt,me during 
the storm 

T = duration of storm in unit tinte. 

Alternatively, he expressed the relationship in the form: 

where 

IL = 5+ K P (3.29) 

K = (RET/P), i.e. the fraction of precipitation 10st by 
evaporation to the ambient air and absorption by 
the plant, if any during the storm 

P = storm precipitation in unit depth and IL and 5 are 
as defined above. 

This second formula (3.29) only applies when P is greater than s. other-

wise IL is nearly equa1 ta P . 

. Linsley ~ al (1949), however, arqu~ that equation (3.28) 

yie1ded a value of interception which was independent of the amount of 

precipitation, aince it assumed tbat the rainfall in each storm filled 

interception sto~e. 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 increas1ng rrom zero ta 

somé higher value, for a specified duration then~ 

(3.30) 

where 

e : the base or Naperian logarithms 

c = constant 

and aIl other terms wereas defined bafore. 

Mérriàm (1960) however quêstianed the ap~lication of an éxpon-

ential factor ta t'~e evaporatiort (RET) portion of the. equation. Alterna-

tively he suggested the fo11owing equ4tions: 

, ~ '~---..,...----- -'- ~ - . 
, ,,"' ~ .. '\ 

, .. ~{ ~r _ .. !;,.. ~ 

-, 

i' t, 1 

1 

• 



( 

o 

------~------ ~""'----~---"-lI"r----------..,--__ 
-...:.- 'J: 

30 

(3.31) 

and 
- (1 cP IL - S - e ) + KP for P >5 (3.32) 

He further differentiated both equations with respect to P, and equated 

~ 6 ILl 6 p to unit Y as P approached zero, and from this he derived that c 

J.s equal to 1./S and the general equation thus becomes: 

IL • S (1 - e PIS) + RET for P < S 

IL - S . .(t eP/S) + KP ror P > S 

where aIl values are as defined previously. 

(3.33 ) 

(3.34) 

More rècent1y Rutter et al (1971/72, 1975) proposed a running 

water-balance technique to measurë the interceptional 1055. The canopy 

ia regarded as having a surface storage capacity, s, which is charged 

by rainfall and discharged by evaporation and drâinage. The rate of 

water inflow, PI' to the canopy, is given by: 

PI ,= (1 - p) P (3.35) 

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

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

... the canopy i9 wet is given by: - ~' 

1 
E = Ep(C/S) (3.36.> 

where 

Ep • evaporation rate as given by equation (3.23) 

C = the amount of water present on the canopy 

5 = canopy storage capacity. 

When C = \ ~~,~~ E = ~p. 
The rate of dr~inaqe, D, from the canopy 1s given 

100 = a + bc (3.37) 

where 

b." a drainage coefficient 

by: i" "'1" or • " . 
'. ~, 

) .'. 
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a = constant 

ln = base of natural logarithme 

In terms of a water balance it follows that: 

PI :: E + D. (3.38) 

, 
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Tne interceptional loss IL can then be said to equal E in equation (3.36). 

Indirect methods on the other hand are basically empirical 

techniques whereby the interceptional 10S9 IL' is expressed as a function 

of precipitation, P, above the canopy (Zinke, 1967). The general form 

relations\: is: '1 

IL = ~,,:~>.a 

of the 

(3.39) 

where b and a are the slope an~ intercept respectively of the linear 

regression equation. 

It is implicit tbat the constants and coefricients in all 

of the equations for measuring or estimating the interceptional 10ss 

presented thus far refer to a particular vegetation stand. Since the 

vegetal cover being examined in the present thesis is in a sense uniquè 

in terms of regional climate and canopy characteristic, new formulations 

must be developed. Also the emphasis i~ the present study is not to 

describe the interception process, but rather to compartmêntaliZe it 

so as to be able to compare evaporation of intercepted rainfall during 

and after the périod of wetting. The effect of wetting on water consump-

tion~~nd he~ce ~he water balance of the forest basin is al50 of major 
Il, 

relevance. The equations that follow thèn are the ones used in this._ ~ 

thesis • 
... 

If the in~erceptional loss, (Itp) were to he viewed,as beinq 

a passive process in the sens~ ~ the amoun~ of,interception 19 on~y 

1 

! 
! 
1. 
1 
! 



1 
1 ( 
! 

-- - ----~-",r- -\ -- ._--~~~~_~ ____ ,,. ......... ___ 

", 

--~- - -~ .. ------~-~;----~-

32 

a function of ~he retention capacity of the foliage, then the following 

expression could be written: 

where 

ILP = cs 

., , , 

(3.40 ) 

!LP = passive interceptional 10ss in mm depth of water 

cs = canopy retention stor~gê in mm depth of water. 

It should be noted that in this equation canopy storage (CS) 

is different from Merriam' s (S) in that C~,,.more precisely 
~f 

refers to 

canopy retention, or "residual storage" (.J:l.ah and Wilson, \j, . 1944) which 
" .' 

could be equal or less than the saturation value. 

But as suggested earlier (Horton, 1919) interceptional loss 

ls more a dynamic process, in that evaporati~n of intercepted water can 

occur'during a rainfall. Thus the dynamic interceptional 10ss (ID) can 

be found from: 

ID = TJ2 LEw ~6T (3.41) 

where 

ID :: dynamic interceptional loss in mm depth of water 

Tl :: time of beginnirtg of rain event 

T2 = time of ending of rain event 
'\. 

~= evaporation of intercepted rainfall duriag the rain 
event, as given by equation (3.23) • 

From equations (3.40) and (3.41~ it fol~ows that ~anopy 

detention storage (CS) can be calculated from: 

.CS' z Tf3 LEw 6T (3.42) 

where . . 
T~ :: time of complete disappe~ranc~ Qf,intercepted- rainfall 

from canopy 1 

and aIL other te;rms are 4S previously def ined. 
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Fina11y, the total interceptional 10ss during and following 

each rain event can be calculated aSI 

where 

(3.43) 

IT = total interceptional loss for each rain event in mm 
depth of wa ter. 

Equation (3.43) can then be simp1ified to give: 

and finally, by considering 
T 

IT = ~ LEw 

T .. Tl 

LE w 

equations 

l:-.". 

\? 

(J.44) 

(3.41 and 3.42), ta: 

(3.45) 

Equations 3.41 ta 3.45 can be used ta measure interceptional 

109S both during and after the wetting peri04. The method for estimating 

LEw has been discussed to some extent (see section ':3.3). To estimate 

Tl and T2 traces from the rainfall intensity gauge (see section 4.3) are 

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

of use will be described 1ater (see section 4.7). 

3.5 Interception - Evaporation Relationship 

Sa far discussion on interception and evaporation has been 

kept somewhat apart. If a plant canopy is wetted by rainfall however, 

interesting inter-re1ationships between these two processes emerge. When 

a leaf canopy becomes wet, the plant no longer needs to Act as a pump 

ta supply the water for evapotranspiration in the sense that transpiration-

al cooling is effected through evaporation of intercept~d rainfa11. In 

general, therefore, evaporation of intercepted water red.uces transpira-

',1 
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tional losses from the soil, or, looked at in another way, the transfer 

of water from soil to air i8 actually short-circuited. 

As mentioned previously (see chapter 2) however, and as will 

be seen later (see section 6.3), the evaporation of intereepted rainfall 

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

unwetted canopy and for which non-potential conditions apply, assuming 

the sarne weathe.r conditions. The approximate ratio of evaporation of 

intercepted water to transpiration can be gauged from eqJlation 3.46 

given below. The equation (3.46) assumes that the net radiation and 

the saturation deficit of the ambiene air do not change appreciably 

following a period of wetting. Writing equation (3.~J) for rc = zero 

(LEw) and re = fini te (LEd) then: 

LEw (5/ 'Y) + 1 + re/ra (3.46) ---LEd (5/ 'Y) + l 

where 

LEw = evaporation rate when the eanopy ia wet 

LEd = transpiration rate when the canopy 1s dry 

and all other terms are as defined preViO~lY. 

\~ 

When rc ls Z'ero, the fraction LEw'LEd is unity. But when 

the plant resistance (rc ) takes on a finite value, the ratio LEw/LEd 

becomes greater than unit y, the magnitude dependinq on the value of 

the ratio re/ra and S, which ts a function of air temperature. 

~tter (1967) fOllowing the leàd of Rijtema (1965), suggested 

an alternati~e method for estimating evapot~anspiration from vegetation, 

which takes account of the separa'te contributions of intercepted and 

transpired water. In order to express total evapotranspiration in a 

-. j .' .. .. _. - \~ .,." 
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. 
form consistent with equation (3.46) so as to appraise the significance 

of interception in the water consumption of forests. he suggested 

another approach. 

In his formulation Rutter (1968) viewed interception as a 

potentia1 10ss. He accepted that equation (3.26) which containg an 

internaI diffusion resistance, is 9trict1y an expression of a transpira-

tion rate (LEd)' A1so, if rc (canopy resistance) ls ~et equal to zero, 

the equation becomes an expression for the rate of evaporation of inter-

cepted water (!.Ew), which i9 the same as equation (3, ~3). FUrthennore, 

Rutter (1967) found that on the average LEw was four times as great as 

LEd' If it is assumed, therefore, that there is no transpiration while 

intercepted water ls being evaporated, then one quarter of the intercepted 

water is equivalent ta transpiration that would otherwise have occurred 

in the same atmospheric conditions, whi.le three quartera was evaporation 

that would not have occurred in the absence of precipitation and inter-

ception, Rutter (1968) therefore co~tenc1ed that the additional evapora-

tian consequent on interception (IN' which is the same as the net inter-

ception 10ss of Burgy and pomeroy (1958), can be stâted aSI 

(3.47) 

where 

l = the uni t depth of water intercepted. 

. !!hen l • LEw' equa tion (3. 47) simpl y becomes: 

(3.48) 

Equation (3.47) ca", a1so be simplied to 

(3.49) 

........ , 
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Remembering that the inverse of equation (3.46) can also 

be written as: 

(3.50) 

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

(3.51 ) 'Yr I/r 
(1 - LE !LEw> r:& c a 

d ~s-+~t~(~(r-a-+---r-c~)/~r-a~)-

From equations (3.49 and 3.S1) 'the net interceptional 1089 (IN) can then 

be written as; 

(3.52) 

, 
It ls apparent from the above equation that the net ihter-

ceptional 10S8 ls dependent upon the ratio re/ra and S which is tempera-

ture dependent. In other words, when rc is large relative to ra and S 

ia snall, the fraction of l ~pproaches 1, and the net interceptional 

1098 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 the se two components. In order te test and 

to validate the concepts that highlight the effect of intercepted rainfall 

on evapotranspiration rates field experimentation must he attempted. ~ 

mixed-hardwood forest in Southern Quebec is to he used as the test site. 

The measurement techniques and methods of exp!,!rimentatien will be disc1.lssed 

in the next chapter. 

() 
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CIfAP!P. 4 

site, Instrumentation and Experimental Procedure 

4.1 physica; Charaeteristics of Site 

The field research for this experiment was conducted at Mont 

St. Hilaire (450 33'N, 730 lO'W) Quebec, about t~nty miles east of 

Montreal. The mountain is one of a ~roup of landforms known collective-

ly as the Monteregjan Hills which are believed to he igneous intrus ives 

that have been exposed by various erosional processes (Phillips, 1972). 

Mont St. Hilaire rlses very sharply, in most places, fram the St. Lawrence 

Lowlands up to a height of approximately 410 metres above sea level, which 

is about 370 metres &bave 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 rnountain is about 250 met~es. 

The main experimental site choSEn was 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 fram a clay to a sandy or 

gravelly loam texture belonging to the Dystric Brunis01 group (Canada 

Department of Agriculture, 1974). Soil l depths vary considerab1y frOlll 

place to place, but seldam exceed 1 metke (~ilson, 1968). 

With the exception of the lake, various steep rock surfaces 

on some of the outer slopes and an orchard in the interior ba~in, the 

mountain is completely forested. The foreat is an undisturbed mixture 

of d~ciduous hardwOods, the dominant spe~ies being American haech 

(Faqus Grandifolia ~ and ,sug.r maple (!S:.!!: Sac:eharum MarBh). 
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4.2 ~easurements and Procedures 

The périod of field measurements 'spanned two qrowip9 sea80ns, 
~ . 

namely May t; October, 1974 anl'1975. Data collection during the tirst 

summer was delayed by instrumentation problems. OUrinq th~ fol1owing 

season, however, measurements were not on1y uninterrupted but were a1so 

refined based on the previous season's'experience. Since the ultimate 

aim of the research was to evaluate the effect of intercepted rainfal1 

on the water balance, aIl domponents of this balance were fueasured. 

4.3 Prec,ipi t,ation Measurements 
, i 

Incoming precipitation in aIl forme over and within the forest, 

name1y open, throughfall and stemf10w and int~rception were measured. AlI 

measurements, except interception, were mad~ direct1y.usirtg different , 
-' \ 

forms of gaugesJ 
, 

(a) RAinl Above Canopy 
, 

Becauee of the extrem~ difficu~ty in installing g,auges above 

th~ canopy, two open sites were used to measure incoming precipitation 

(see ~igure 4.1). One gauge (12.7 cm diamèterl was p1aced in an opening 

in the forest near the main exp~rimental site. Appropriate 

e:xpg.sure standards were satisfied by thè location chosen. 'rhe 'oth~r 
" , , 

gauge was- located in the open orchard where a C:limatotOCJi;al station is . 

in o~~ation. This ~as an M.S.C. pattern tipping~buJKet run ~kuqe.i" 

with a 25.4 cm diameter receiver, and a' ;ecorder ~o/ke~p a, t~ac~ of rainfàll 

intensities. Rain records wue measured or cheCk~ fdllQW~nq.1a~h ralntd~ ~ 
t . _. \ 1 " 

'. 

-, 
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(h) 'l'hrouqhtall 

Throuqhfall can he described as that portion of the rainfall 

which raaches the .,qround direct1y throuqh the veqetative canopy, tJlrough 

o~nings and as dz:'ip from l.eives, ~wigs and stems. Two methode are 

> 

commoniy used to calculate throuqhfall. The first technique estimates 

o 

throughfal~ from gross or ~ve-danopy rainfa11 by means of a simple 

linear reqression equat!on (Leonard, 1961; He1vey and Patrio-, 1965; Zinke! 

1967). The general. form of the re1ationship is: 

(4.1) 

where 

T =.throuqhfall in appropriate units 

P = gross rainfall in the same units, 

and cS and b are the regression éoefficients. 

The other method is measuring throuqhfall directIy by means of 

a nUmber of gauges. Sinoe the reqression coefficients in equation (4.1) 

are' not univer$â1, in that they are unique for each forest stand, the 
" 

latter technique was used. 

Throughfall was accordingly measured by means of 6 gauges 

located within the main experimental area (see fi~e 4.2). Bec;aus~ of 

the lengthy and a:tduous task ol measurinq large volumes of water by band 

h t, f t e nUlllb:er 0 qauqes 14&S kept at a minimum. The selection of gauge 
\ 

locations can best hè descr!bed as systemat!-c 1:'~om; in that gauges wera 

placed so as te samplé the whole r:anq~ of t:hroU9'l'\fall values: at least 

one ~auge was placed Where the canoPY' was thi~k; one' where it was thin, 

) 

and one where there wall an openinq. . . 
" . 

o The t~ o~ qauqe'used ~s a tâbl~ :wi~ a.l.2tt! Je O.6m 
~1 
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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 cm of through-

fail was used to facilitate measurements. As with rainfaii measurements 

in the open, the measurement ~f throughfall was made after each period 

of rain. 

(c) Stemflow .. 

According to Zinke (1967) stemflow can be des~ribed 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 throughfa11, two methods are available 

for the measurement of stemflow. The indi/ect technique consists of uSing 

a regression equation whose forro 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 regrassion coejficients. For the sarne reasons 

as given for throughfall, the following direct measurement technique was 
.. 

used. 

Stemflow' was measured by taking a sample of trees t.h&t varied 

bath in species (4' maple and 5 beech) and in trunk diameter. Again, sarnple 

size was restricted ku' the time-conguming task of measuring large volumes 

of water. The stemflow gauges consisted of ordinary 2.54 cm diameter 
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gafden hose slH i1'}to two and wrapped around the trunks (see figure 4.4). 

The semihose was secured to the trunk with small tack nails and the 

remaininq spaces weré sealed with rubber calk. The 10wer -end of the 

hose was left intact and drair,t.ed into covered garbage palls 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 weIl under most weather 

conditions. Only during rainfall of very high intensities was there a 

smà.ll an\ount of overflow fram sections of the rubber collars. During 

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 ground, and 

then estimating the area of the outline. This area was also calibrated 

agains t the area of a 12. 7 cm diameter ga uqe . same plastic juq as 

used for throughfall was used to faci1itate 

(d) Intercept10n , 

The definition of interception used in the present work·is 

that suggested by ~e (1967)1: rainfa11 retained on standing vegetation 

and evaporated without dripping off or running 

the same as the nresid~rage" of Grah and 

down the stems. 

WilSon (1944). 

This is 

Several methods are also avai1ahle for the measurement of 

interceptional 10ss. For the same reasons ~ given earlier, (see seotion 3.4) 

interceptiona110ss, for the~urposes of this researdh, is ca1cu1ated 

, 

1 



- --- --,----
, " / 

, / 
- -'--~ ._- ._-~-- .- ----

• 

( 
45 

firstly by subtracting the sum of throughfall plus stemflow trom gross 

rainfall (see equation 3.27) and secondly by estimating the total evapora-

tive 1058 when the canopy i9 wet (see equation 3.45). 

4.4 Evapotranspiration Measurements 

As was mentioned earlier the surface resistance version of 

the eombination model as expressed by equations (3.23) and (3.26) can be 

used to estimate evapot~anspirational losses over the fo~est. 

The model i9 ideally suited f0r an experiment'of this nature 

in that it only requires measuremènts at a single height. This is justi-

fied in terms of the difficulty of setting up profile methods above taii 

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 hà,zard-prone instrumentation would be required. Most important-

ly, however, the model ean be used to esttmate evapotranspiration lasses 
... 

for bath a wet and a dry canopy. The greatest problem with u'sing this 

model, however, i5 deriving estimates of the aerodynamic and canopy resis-

tances. These problems will be discussed in greater detail subsequently. 

As is évident from the model the meteorologie parameters that need to be 
or 

measured aré net radiation, sail heat flux, wet and dry-bulb air tempera-

ture and the aerodynamic resistance to vapor diffusion at an appropriate 

height above the canopy. The surface parameter which must be obtained is 

basieally the degree of wetness of the canopy, a feature which is charact-

erized by either a canopy resistance ta vapor diffusion Cre finite) or 

the presence of intercepted rainfall (re zero). 

'1"', 
Except for the measurement of the soil heat flux all variables / 

, 
nèed to be measured a t sOlne height ei ther wi cltib' or above the forest cano~y. 

1 
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To achieve this end two triangular television towers consisting of 2.5 , 
metre steél sections and rungs 0.7 metre apart were constructed 2.5 

metras apart. These towers-were secured 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 

;ire was also installed to protect the equipment from voltage overload 

during thunderstorms. 

In order to provide a working base for instrument installation 

l 
ahd repair, and for taking leaf resistance measurements, as weIl 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' thes~.served as safety devices as weIL as supports for permanent 

clip-boards for writing data. An electrician's climbing belt was also 

~ used to ensure safet~ and to facilitate manoeuvrability. A detailed 
• 

description of the towers, platforms and mounted equipm~nt i9 given in 

figure 4.5. 

Signal outputs were led from the equipment on the mast te 

a control box at the bOttom of the tower by a series of wires where fuses 

were installed for - safety purposes. From here the signa1ts were fed over 

a distance of a couple hundred metras to a labo ra tory where a further 

• 
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lightning rod 

------instrument mast 

upper plat fo rm 

• 

Figure 4.5 Tower desigO and instrumentation 
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.. 
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 ~gnal output from tower site 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.l. net radiometer. The sensing 

element was on a long enough arm so as to avoid tower interferences. 

In order to equalize convective heat los ses ~rom both sides of the 

thermopile plate the polyethylene domes were kept inflated by an aquarium 

pump housed at the bettom of the tower. The air was however first blown 

past a reservoir of silica gel so as to prevent internaI condensation. 

The proper pressure adjustment of the pump was made through manipulation 

of the bubble rate (4 - 5 per minute) in a water bottle, into which the 

back pressure was fed. The signal 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 

(b) Wet and Dry-Bulb Air Temperature 

-1 
min • 

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

,~eight were measured by meAnS of home-made copper-constantan thermocouples, 

o with a calibrated sensitivity of 39.5 mv/ C. The thermocouples were 

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

:.s. • 
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coated with aluminum fo.il to restrict radiation absorption. 80th sensors 

were held tightly within and away from the inner tube by two wooden 

shafbs that were anchored in a tightly sealed rubber cork at One end of 

the tube. Artificial ventillation was used to aspirate the thermometers 

-1 by drawing air past the bulbs at a rate of about 4 metres sec. with a 

vacuum fan. 

The thetmocouples were set up in such a way that the dry 

bulb acted as the commonLhot junction. The cold junctions oonsisted of 

o the wet bulb thermocouple and a zero C referenee point. The iee point 

reference eonsisted of a Zeref chamber loèated .at the foot of the tower 

that continuously maintained an oil bath at zero oc. 

Maintaining the proper water supply to the wick of the 

wet-bulb thermometer was rather prablematical, in that the water reservoir, 
\ 

at the top of the rnast ~eeded ta 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 battie through a 1 cm 

diameter plastic tubing. 

In order to avoid having to lawer the mast, whieh was prac-

tically impossible without disrupting the other instruments, the following 
~, 

bottle refilling procedure was devised. One end of a plastic Y-junction 

was fitted ta a l-litre volume squeeze battle. Another outlet was fitted 

to a l cm diameter plastic tubing that led down from the top of the 

reservoir to the upper platform. The remaining outlet was fitted ta an 

ordinary band purnp with an extension of 1 cm~diameter plastic tubing. 
( 

With the squeeze battie filled and se~ed tightly and aIl other outlets 

air-tight, pressure ~as applied using the hand pump. rhe pressure buildup 

-., 
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in the squ~eze battle was sufficient to take the water all the way up 

ta the reservoir, a head of about 4 metres. A tiny hale at the top of 

the reservoir was utilized to release the back-pressure. lt took only 

about ten minutes to refill the reservoir using this technique. The 

only drawback of the method, however, ~as that with excess air pressure 

in the rese~voir, 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) Soi1 Heat Flux 

The soi1 heat flux represents ohanges in energy storage in 

the ground, and theor~ticallY this f'll must be determined at the soi,l 

surface. Ene~y storage in the biomass, and that used in photosynthesis 

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

radiation (Allen et~, 1964). 

A pair of hOme-made copper-constantan thermopile flux plates 

(' calibrated against a commercially manufactured (Middleton and Co.) instru­

'\..~ent, in the laberatory; were used to measure the flux of soil heat. 

These were placed at a ~epth of about 5 cm in two locations about 5 metres 

apart adjacent ta the tower site (see figure 4.2), and were connected in 

1 -1 
series thereby giving an average sensitivity of l mv(0.~7 ly min • 

These signals were recorded on a Speedomax H dOntinuous recorder at a 

chart speed of 5.08 cm per hour. 

A soil heat flux plate ia subject ta aobsiderably different 
, , 

radiative, thermal and water-conducting'propert1ea fram the soil around 

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

-, 

• 
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Fuchs. 1968). HOWeVér, sinee ~e sbil heat·component accounts for only 

about 5 percent of net radiation entering a t'orest, i" wa.~ ASSumed thAt 
, , 

the net affect of any flux divergence error on evapbtranspiration rates . 
wou!d be minimal. As a. matter ot fact .the rather sha.llow depths .of the -

flux plates already preclud~d Any significant flux divergence. 

(d) Aerodynamic Resistance (ra) 

By definition the aerodynamic resistanee (ra) is the resis~ 

tance to molecular and turbulent diffusion of water vapor between leaf 

surfaces and the air above the canopy at a referenèé height (Robins, 1974'). 

It is· given by: 

where 

c" - c s ra = -o;..-E- (4.3) 

cs': vapor concentration at the lea.f surface 
" 

c • vapor concentration at the referenee height 

E :: the vapor flux., 

Howev~r, since the vapor flux is a parameter whicb aerOdynamic 

resistance is being uSed to evaluate, the ~ression given above cannot be 

used td calcu1ate ra- Therefore, an alternative ntethod must he adopted. 

Monteith (1965) suggested tha.t an estimate of ra can be derived fram the \ 
~ 

following relationship. -. 

1 [ Z-d]2 ra III K2u ln ( Zo. ) 
(4.4) 

where 

K = Von ~'s constant 

d = zero p~ane displacemén~ 

zo • roughness 1ength 

u = wind spe~d st refersnce heiqnt 2. 
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J 
If it i9 assumed that the diffusion coef~icients of momentum 

and water v~por are equal, then ~quations (4.3) and (4.~) are expressions 
-

of 'thé same resistance, which in turn ls inversely related. to wind speed. 

The probl~with equation (4.4) is deriving rep~esentative est~tes of 

d and Zo, which ~~fY depending on canopy characteristics and stability . ' .. k: _ 

condi tions. Estimate~' of these paranteters are available for other veqe-

tation types (Thom ~ ~ 1975, Hicks !!! al 1974), but not for .a hardwood 

forest. 
l 

In an independent study (Singh, 1976) of th~ canopy under 

"-
consideration, wirtd profile measurements, at thrèe levels above the , 

canopy were made between August 19 and 28, 1975. S~lected profiles for 
, 

periods when stability conditions were ass~ed to be near-neutral were 

used to solve for d and Zo'from the logarithmic wind prbfile equâtion. 

The 'method of solution was graphical, and the results gave values of 
1 
1 
J 

:d =.O.83'Ot> and Zo· O.072(H), where His the mean cano~y height, 
J , 
1 

~quation (4.4), hQwever, strictly describe~ the resistance 

1 . 
to the transfer on momentum between \o1ind and the canopy in condl. tions 

of neutral stability. Ste'W'art and Thom (1973) mentionld that a stability , ~ i 
correction tactor should ~e applied to ra for conditio other than 

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

adaed to ra to account for the incomplete analoqy betw , , the transfer of 

mass and mQmentum at rough surfaê:es~ Szeicz ~!l (19 9) however main-

tained that ~n climatological 'and ,hydroloqical investi ations restricted 

to temperate c1imat~s, buoyancy corrections .. 
this s~udY'therefore ra i8 calculated using e~tion 

. , 
val ues of d ana Zo equal ·to thOs~ quoted abave. 

, , , 

Ill' neglected.. In 

.4), with the 
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(a') Cahoey Resistanèa <re)' 
When,leàvas ,tran$p1re, Watar evaporàtés from eell walls and 

eSClàpe$l to t,he.. &aaospher~ bY 4iffusirlg lnto sublStomatal ç:àvitia-s,th.tou~h 

stomatal 'pores and finally thro'U9h thE!_le~f boUhc;tary. layer into ,th!;! Icee 

atmosphare (~ntl!~~' l~73). The reS-iS!tà.nct? of st;0ma,tal poras depends 

on tha geometry, sj,ze "and spaci'ng of th~ pores, on associated anatGllllical 
,. ' 

fe.atures, and on environmental conqitions (Meidner and ~sfield 1~6S). 
;. . 

The ~nopy resistance of a plant cover 18 composed mainly of the stomaul 

resistance çt a11 the leavas in paraUel: 
" 

., 
resistance. Szeicz and Long (1969) have suqqested se.ve~al metaoro,l?'1.ica1 

~ 

techniques, al1 of which yie1d satigfactory~esults. the problem with 

~se mathods however i8' t:hat_t:hey~not ~ require a prior estittlat,~ of 

the transpiration rate (LEd) and, ~ential eva~,ration rate <LEw) 
/ 

but a1so aither surface or profile measurements of temperature, h~idity, 

wind speed, and in one case the net avai1~le energy. Sinca the primary 

use of the canopy resistançe in this' thesiS ia to derivè an estimate of, 

the latent ~eat flux, the applicability of these methods ia precladed. 

An.alternative method,which ia utilized in the present research, • 

makes use of the fact tha~ when evaporati6n from the soi1 i i9 neglig~ble, 

the surfaca or canopy resistance of a plant cover ie estimated from the . , 
compound resistance of aIl ite leaves in parallel. In other words, if , 

the effective 'leaf area index of the vegetation (LAI) and the maan 
\ " h 

stomatal resist,ance of a sinqle laa.f ~f the same' spacies (ra) is knQWn, ., 
then the following relationship can be U$ed to càlculate·the canopy 

• û 
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... 
(4.5) 

The difficu1ty in using equation (4.5) arises from the fact 

that in a fully developed canopy, the lower leaves may not be illuminated 

weIl enough to fully open their stomates, and as a result the leaf area 

index effective in transpiration (LAIeff) may always be less than the 

total (LAI). Also, deriving hourly measurements of the parameter rs' 

especially for tall vegetation whose leaves are not readily accessible, 

can he rather arduous. As will be seen later however (see section 4.7 

and chapter 5) both these problems can be overcome. 

There are basically two methods, namely, ind~rect and direct, 

that can be used to calcu1ate the value of a single leaf resistance (r ). 
a 

Indirect methods are basica11y attempts at expressin~ 1eaf resistance 

as a function of some forcing parame ter such as solar radiatio~ 
~astra (1959) has shawn that the total leaf resistance (rs ) 

of weIl watered plants can be derived from the following empirical rela-

tionship, on the assumption th~t there is a constant relationship between 

solar radiation (Q + q) and the bands to which stomates respond: 

rS = rsm + [AI{ (Q + q) + Bl] (4.6) 

where rsrn is minimum leaf resistance, and A and B are constants. 

Szeicz ~!! (1973) working in terms of conductances found 

{ 
that the reSponse of ~orghum leaves ta solar radiation (Q + q) can be 

given by: 

. -, • 
(4.7) 

where Keis the cuticulal:' conductance, ~d k and :km are ,thé epidermal 
" J 

'" conductances (stanatal and cuticular) ,in normal an~ in maximum irradiance, 



! 
t 
t . 
1 
~ 

! 

1 

1 

( 

- ..-- . ~-~-- -- --~ ~~ .. ~~~----::~~-~, --\-
- -"- - ".-- ._._~._-- -------.- -"- 1 

56 

e is the base of natural logarithm and CI 19 a constant. 

Another model, that is developed for the vegetal caver under 

consideration, ~ely a mixed hardwoo~ forest, and that i5 suited to the 

aims of this research will be discussed later (see chaptèr 5) • 

Direct me~surements of single-1eaf resistance, either in 

the field or in the laboratory are al 50 possible. Sarrs (1968) suggests 

a number of techniques that can be used to measure stomatal aperture, 

but not necessarily stomatal resistance. Kanemasu!l al (1969) however, 

following the lead of van Bavel ~!!. (1965), have designed a stomatal 

diffusion porometer that permits direct field measurements of 1eaf 

resistànces. The principle of operation in porcmetry, is simp1y recording 

'" the t.bne .required for a given quantity of water vapor to diffuse from 

the stomatal walls into a sensor çup, when placed over a 1eaf, and become 

absorbed by a humidity sensing element housed inside the cup. 

In the present study, a"Diffusive Resistance Meter, manufactured 

by LAMBDA Instruments Corporation (Brochure A-174) was used. Since the 

canôpy type be~ng sampled is hardwood deciduous, the horizontal type sensor, 

(Model LI lS5) with .the accompanying meter (Model LI 60) was obtained. 

The sensor was calibrated in the laboratory using the specially-prepare~ 

resistance plate at a room temperature of 2SoC. For field use, the mater 

was fitted with straps so that it could be hung around the neck of the 

, -ex~rimenter so as ter facilitate climbilng of the tQW'er aIld readinq of the 

mater while in use, "and to ensure safety Qf the equipment. An electrician's 

"J climbinq belt was a190 us~d d~ring measurements to en$ure satety of the 

experimen~r. 

Pre1iminary t~st runs wer$ made hQurly at the beqinninq of 
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the 1974 qrowing season to determine the final freqû8ncy of measurements. 

Samplinq periods, that included gettinq up and down the tower, usually 

lasted fram 15 to 30 minutes. The task of takinq hourly leaf resistance 

measurements daily at heights of 12 metres and over proved to be rather 

arduous and danqerous. Also the test results showed that bi-hourly 

samplinq periods for selected days were adequate for the purpose at hand. 
, 

As a result, sampling periods were restricted to bi-hourly measurements 

twice weekly for dayliqht ,per±ods, and at least once daily, usually 

between 10.00 a.m. and 2 p.m. EST., for the other days. 

Measur~ents of lèaf resistances as described above wete 

taken at two heiqhts within the canopy. for both maple and beech trees 

from the two wooden platforms mentioned èarlier. one leaf from each 
, 

'\ 
species was sampled durihq each m~em,ent. The sampled 1eaf or leaves 

during the course of the day were always from the same branch. This was 

both because of acc8ssibility and the desire to keep measurements as uni-

fom aS possible. Besides, preliminary measurem~ts taken from different 

sized leaves fram different branches for both species did not show any 

siqnifi,cant dissimilarity. The higher level mea.surements were taken at a 

height of about 17 metres which is close to the canapy top. Because of 

-the aval outline of the canopy (see figure 4.5) the,e leaves were fully 

uposed to the sky and were thus fully illuminated durinq briqht sunshine. 

1he lover level measurements were taken at a height of about 14 metres. 

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

was found that sbaded leaves had higher resistance values than fully 

illuminat'ed l~av~s; as m.i.qht be ex~~t~ in view of varyinq' light' inten--
, 

, sities wi thin the -canopy. 
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Sinee evapotranspiration wa~ to be oaloulated for hourly 

periods, it was necessary to devise some method for fillin9 in for the 

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

empirical model was developed using the measured values and relating 

them to bath net and global radiation. The discussion of this model 

is reserved for the n,xt chapter since its nature and reliability form 

an integral and important part of the research project, whioh nèeds to he 

disoussed separately. 

4.5 Runoff Measurements 

The preceding section bas outlined the methods used for 

_,,1 measuring evapotranspira tion. As a means of checking the accuracy of 

\ 

these estimates, in te:rms of the wa1;er balance equat10n (3.1), ,surfaoe 

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

West Creek basin (see figure 4.1) which i8 located within the experimenta1 . ' 

area, was chosen. 

Discharge was measured a t the mouth of the tributary. ,The 

method used for measuring the volume of streamflow was a 90 dégree 

V-notch weir of the kind suggested by Gibson (1957). OUring the first 

seasem of measurement a dam consisting pf 2.54 cm thick wood was used. 

'!he V-notch i tself boyevèr, consisted of L S9 mm thick p1y-wco.d. This 

method was found to De inâdequate, ôowever, in' that lealta98 at the sides 

and bottom Mas oommon, especi~ly fOllowing periods of intense rainfall. 

ouring.the second experimen~al season, therefore, a concretedam, 

reinforc~ with steel roda and wire,mesh, was constructed (see figure 4.71.' 

Ta prevent le~aqe at the dd.ee, the dam waa el:(tended wll j.'J'l~ the chimnèl 
• 
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embankments. Leakage at the base of the structure was prevented by 
- . '-if 

lining the channel bottom with a heavy plastic sheet that extended about 

3 metres upstream. The actual V-notch itself was m'ade of a 12 !lin 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 i8 

where 

found uom: 

Q = 0.305 H
2

• 5. (4.8) 

Q = streamflow in cubic feet per minute 

H - height in inches of the water head ~ve the'vertex of 
the V-Rotch 

For daily periods equation (4.9) can be written as: 

Q • 439 H
2

•
5 

cubic feet pel' day (4.9) 

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

r 
(4.10) 18.29 H2 •5 

cabic feet pel' hour Q = 

For calcpla~ing the water balance the depth equivalent of 

discharge wu obtained by dividing the volume of discharge by the total 

area of the watershed as: 

Q = (18.29 H4.5/1y) 304.8 mm/ltr. (4.U.J 

where A is basin area (510,950 s4metres) that was ca1culated by ~an8 

of planimetry and H ia- in the SaDIe units as ln ~tiort (4.10). 
, 

The height of the head of water was measur~ att a Point upstream 

by means of a portab~e li~uid level recorder (Belfort Instrument !=Om~y, 

Catalog" No. 5-!W-l), that vaa poaitioned about, 2 matres from. the V":notch. 
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The recorder was fitted with a gear wheel that made the èrum, on which 

the chart paper was mounted, complete one revolution every 8 daye. The 

tracing pen had a range of zero to 10 lnches. ~he latter helght was never 

exceeded during the experiment. The recorder was housed in a pad-locked 

woodsn box placed above a stilling weIL which had a height of l-metre and 

a diameter of 30 cm. The float mechanism of the recorder W&S then housed 

into the stilling welle 

The height on the recording drum was calibrated against a 

yard-rule divided into sixteenthe of inches. TO eneure the proper calibra-

tio~he~ght meapurement1 were checked at least twice weekly, and after 

each rain event in that the calibration changed wi·th changes j.n the stream 

bed level following sediment deposit. 80th stil1ing well and stream bed 

were cleared occasionally, after a significant amount of sediment build-up. 

'-. By means of this teèhnique a continuous record of discharge 

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

1974 growing eé-ASOns. The data obtained were in close agreement, with 

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

4.6 Soil fo!oisture Measurements 

The need for soil moisture measurements ia desirable for two 

purposes. Firstly lt serves as a check' on evapotranspiration estilnates 

through the use of eczuation (3.1). Secondly it provides a measure that 

can he used to gauge stomabl.l behavior (see chapter 5).' 

In view of the rock}' nature of the soil in the experime.ntal 

area, soil contept in depth units was calculated by me~.s of a ~avimetric 

technique $uqgested by Hoover (1962) • 
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Tb utilize this method, the percent moi sture by weight and 
" 

the bulk density of the sail bas ta be knawn. The product of these 

two quantitles gives the percent of sail volume accupied by water. 

Percent moisture by volume multiplied by the depth of the layer co~sider-

ed, divided by 100 gives the depth of sail moisture in the layer. The 

total moisture content in the sail profile in unit depth of water is then 

found by summing the depths of the individual layers. 

During th~ first experimental seasan (1974) soil moisture 

measurements were taken at 3 different sites (sée figure 4.2). Each 

site consisted of a plot of about one metre square, and successive 

samplings were takentp an organized manner at distances of approximate-

ly 30 cm. Soil moisture content was measured at successive depths of 

15 cm down ta a total depth of 60 cm which ia close ta the total depth 

of the sail profile (Wilson, 1968). Cores of soH samples were extracted... 

by means of ap auger, and after each boring the hales were refilled so 

as ta avoid future uneven water accumulation. 

Measurements vere taken on a regular basis, namely every,., 

sevèn daye, excapt when rain was falling or when the soil did not have 
t 

sufficient tinte ta drain out completely. On these exceptional occasions, 

measurements were taken on the next day, and the following week the 
\ 

initial 7-clay cycle was returned to. 

Soi1 samp1es vere placed in tiqhtly sealeq and labelled plas­

tic baga in the field and. tranaferred.the sante day'to the laboratory where 
\ 

th:y were placed in tin-toil container, then weiqhed and dried o~rnight 
o·' , 

in an oven set, at about lOS C. The f6110winq morninq the dry soil samples 
1 

" 

.1 

• 
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were then weighed. From these measurements the percent moisture by we~ght 

was derived. 

The values of soil density uaed were the Sa1ne as theM which 

had been found by Wilson (1968) at adjacent and simi1ar sites. Correction 

for rock content was also taken into' consideration. The values of soil , 

densi ty usèa for the different si tes at different depths ël,re gi ven in 

table 4.1. 

TABLE 4.1 -3 Soil Density (cm cm ) at Different Sites and Depths 

Soil Layer Dens! ty gm cm -3 

cm Site 1 Site 2 Site 3 

a - 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 0.6$ 0.77 0.47 

OUrinq the second year (1975) only 2 sites (1 and 2) were 

samp1ed since data fr~m the previous y~ar ~1974) sllowed tha~e <1av~ 
a mean value not significantly different from that utilizinq three sites 

(see figures 5.3 and 5.8). The net change in soil moisture (J:J. sm) for 

evaluatinq the water balance (see ~quation 1-.. 1) was simply takEin as the 

difference of soil DlCisture eo'ntent between ,successi.ve time' periode. , 

The resul ta obtAined by using these methods gave' values of soil. moist;ure 
< 

content that correswnded ta those measured by WÙson (1968)., 
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4.7 Supporting Measur~ents 

The preceding_sections have outlined the methods and pro-

cedures used to measure or estimate the various components of the water 

ba~ance. As'menti.oned earlier howeVèr (see section 4: 4) hourly sequences 

of the canopy resi.stance (r~) are required to derive the evapotranspiration 

rates. Since these were not meàsured on a regular hourly basis, a method 

had to be developed to estimate th~. In the next chapter a model that 

prediets Mean leaf resistance for dry conditions from net or global radia-

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

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

tions however a technique enat shows the presence of water on the leaves 

.ls required. To get an overall picture of the canopy resistance then 

further measurem.ents, n«mely global radiation, leaf area index and leaf 

wetness are needed. 

(a) Global Radiation 

Globa~' radiation was measured at a height of abou~ 1.5 metres 

'" above the forest, uàing a Lintronic Dome solarmeter (Serial No. 5540). 

This instrument ls sensitive to'short-wave radiation in the range of 0.3 

- 3. 5p.m. The sensor consista of an ,80-junction therl'nopile plate, without 

temperature campénsation and housed in a frosted glass dome. The instrQ­

m$nt waâ calibr~ted against another comaercia~ly calibrated brand (Talley 

SOl,..a-llleter),·aild it shoWed ailsensiÜvity of 22.8 mv/ly min-l • 
, . 

. The instrument ~as positioned at the top of the mast, and 

wa. free of obstacle' affects~, Signals 'l'ere conti~uo~sly reco1;ded durinq 
" 

, ~he' dayl.1qht, .P8":i.od on an I.c.A. model 400 strip' ohart rec;tder at. a 

, "peed of 3.8 cm. par noar. Meail 'hourly values \IIere then derived U8,in9' , 
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the same method as th4t used for net radiation. 

(h) Leaf Area Index 

Since the resistance to the vapQr flux over the forest i5 

treated as being from single leaves in paral1el a measure of leaf area 

index ls desireable. This index ls the ratio of t~ta1 leaf area to unit 

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

<èhang, 1974). For the purposes of this research however, the fOllowing 

aLmple and convenient method was adopt~. 

Four collection wooden boxes, each one metre square in 

area and 15 cm deep and underlain hy a heavy p1aselc material, were ran-

domly placed around the tower site (see figure 4.2). These were anchored 

to the forest floor by ~means of wooden spikes. The boxes we~e installed 

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

was just bafore leaf faU had started. By the first week of November, 

1974, the trees had canpletely shed theiz: leaves. The contents of each 

box were then emptied into labelled plastiè bags and taken to the labo ra-

tory for analysie. 

Firstly, samples of 30 leaves were randomly selected from 

each bag. Th"se were then pasted unto sheets of hlank white paper and 

their images were xe~oxed. The photocopied images were then planimeter-

ed to qive the total area (AS) Of." sample. These sample~ leaves 
o . ' 

were then ove,n-<Ù'ied overnight at 105 C and subsequently weigh~ to 

give their dry weight (WS). '. , , 
The remain±ng leaves in .each bag W8X-El also oven cb:ieèl to· give 

their tlri wight (WR), care ~ing t'aJeen to remove twlqs, nuts and other, 

.xtraneous'materia~. 
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1he.n the area of thè remaining leaves in the bOxes ()lB) , , 

were derived by means of the following relationahip: 

where 

~.!! 
OIS WR. 

AS • area of sample square cm 

WS = weight of samp1e <Jin, 

(4.12) 

AR = area of remaininq leavés (unk.nown) squar& em 

WR = weight of ramaininq 1eaves ~. 

Equation (4 .l~) was then transfortned to solve for AR, whieh 
, . 

was then added to AS, to qi,va the. total. uea of a11 leaves in each box. 

To finally derive the 1eaf area index (L.A.!.), the SUIn of AS and AR 'was 

divided by the &rea of each box (10.,000 square cm)" The fo11owing: table 

(table 4.2) gi'ves a summary of the various measurements obtained by the 

method just desc~ibe,d. 

TABLE 4.2 Leal Area.tndex Ca1culations 

Area <?f weiqht of Weiqht of Area ot Leaf Area. 
Box 'SQlPle (AS) Satn~ùe (WS) Reœ~.ininq Remaininq 1eaves Index . 
No. sq. cm qm LeaVès (WR) 91ft , (AR) sq. CUl L.A. I ... 

, 
l 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 ., \.9 209.80 51744.42 5.17 

4 1406.74 .... 5.1 184.01 50755.17 5.08 
1, 

. 

The table shows that the vUueil of leaf area iI'1dex did nc)t 

vary considerably ,among boxes. The ruge' of values was 5.03 :.. 5.17. T'he 

mean value ot the four boxes (S. ~8) was tharetore ta;ken olle the final v~l\1e 

of leaf area index for the ",hole ca.riopy. 
, " 
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With this method no attempt wu made to 

,7 beech and maple speeies sinee their' resistances were 

5). Basides, workinq on the premise that maple leav 

• ifferoentiate bétween 

similar (see ohapter 

s were greater in 

... .:, 

t 

" are a than beech leaves, b1,1t were fewer in ,number, a whereby the 
, 

area of beech and maple léaves were calculated separ did not give 

a final leaf area 'index that was very different fr 

above. the dedvation of the values in table 4.2 e therefore ba.sad 

on the assumptions tha:t unit area of beech leaf bas the same dry weight 

as .unit are,a. of maple leaf ,~and that the sample rati of maple td>beech 

lea~~à represented the sample ratio for each' box as a whole. Also it 
r 

was assUllled that the teavès col~ected by each boX- f 11 frol\\ unit ar~ 

Wl. thJ.n the canopy. 

(e) Led Wetness 

Beeause one of the pi~y aima of thi res~ch i9 ~ 

compare eV4poez:a~p,ir~tion '.r~tes for ,m, unwetted oppoa~ to 'cl wetted 

QAnOP'Y sqme tnethod thAt diffèl:"en;~tes ,between t~ e two atatés. ia . 
, ' j '.'" , , , , , , 

nec::~ssuy. An obje~i ve me,thOd i8 'provicied thx'ou' the uae of a hOlOe-
l , 

made moistura aènsor 'that wu des1gnèd' 1:)y St.. t.aùr nt (197,3)' (see 
, , ... ' ~ '" -t ',' " u • 

'f,i,gure 4.8). The in'.trumen~ ls' an' 'excellent' dev,i e for det~cting the 
• f' l' " 

, , , ,. 

'pr~l!Jence of ~t:ex: on 'a I_f 'surface.' 'The princip e of' ~ation is tbat 

whenever' there,is'moisture' pre$ent be~en thé prof prQbe'tips consist-
w .' ,~ - r '- " '. ' 

1ng of hiqh"'conducta.J\ce w~ie ~,ooMected to a ir Of restators, a, 10W-" 

level posit~ve voltage.' passes tbrQUCJh 'the two :re. 

Silico~ e~~tr~:l.led 'r~~lli.r ~,(~) ~ 
or .,liqht ' 'jJi9ria.l • 

. ~ , , 

," ~ J 

stors to, the qat. of a 
G, , 

triggers ,an alarm 

" 

......... " 

J , \ 
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To avoid having to reset the sensor everytime the SCR was 

fired, stepped-down AC voltage (12 voltl Was used, utilizing a miniature 

transfonner. The power leads ...,ere then hitched to Il light bulb fitted • 
to a rectifier to obtain OC output. This in turn was connected t~h 

I.C.A. model 400 recorder with a chart speed of 2.54 cm/hour, via a 

voltage divider, sp that when the sensor was triggered a deflectio~ was 

recorded. 

Ta obtain data for the needs of the experiment two sensors 

were positioned at heiqhts .correspond~nq to the levels at whioh leaf 

r~sistances were measured. These were connected in series, sa that when 

the canopy was QOmpletely we~ted and bath sensora were fired a full scale 
\-. '. 

deflection of,60 mv was recorded. When only one of 'the sensora WAS 
~ '-

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

. pox:tion or when only the leaves at the top were. wetted following a liqht 
JI / !#~ 

drizzle, a aeflection of 30 mv was recorded. 

The circ~it board oi the sensor itself was ~laced into a 
. 

tightly.sealed"p1astic jar, while'the ~rqtruding 'probes were connected 

to &. tortllOus p&.ir of "fine cppper w~.res· that .sat on a paper base that 

l.'eaembléd Il leaf (~ée' fiqU;re 4.8). ~ p.ait of w!res was held in pla~ , 

. &nd tapt ,epu&.t. by epoxy cement~ Visual' ch~ek8 ahowed that the paper , 
\. 

() ~ 1 • 

ha •• with a làyering of rough4!lled expoxy cement c1ried out at' approximate-" - .. : 

• 1y'thA .ame.rate a. &. leaf. The moi.ture ·sen'or tharaforé, provided a 
# • ,~ , . 

1 good e'~1:e ol thé duration of Wetn... for both 1;'.18 of the c~opy. 
. .' . . , '. ..•. . 1 '. \ , 
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CHAPTER 5 

Predictive Model for CAnopy Resistance 

J ' , The previous chapter (section 4.4 

.,.tb:xI~iPles that can bo use<! ttI de. V8 

has described the 

UU~~lOP1 resistanct 

(re ). For reasons qiven earUer the le'af 

concept, as stated in equation {4 .S}, has Also direct 

measuraments of sinqle-leaf resistance Crs) ~ uqh the use of porometry 

have been utilized. As meationed previously (see· section 4~4 (e) how.~ér, 

obtaininq hourly meâsurements of sinqle-leaf resistances for tall veqeata-

tion ia an extremelY arduous and difficu~t unde~taking. Since hOU1;ly 
• 

measurement'S 'could no~ b~ t4ken on a requ1ar, basis then, and since one 
" , 

o 

of the aims ~f the reaearch was, to obtain,mean hourly e~apOtranspiration 

rates, some method ~ to be d~vised whereby m,an canopy rêsistance for 

'~ourlY' periods could be derived. In the present chapter, a mod~l' th&t "\ . ~ 

J \ ~ " !' ~ 
fulfills this n4.ad, ia presented •. The model is basad on two of the ma~n 

a 

physioal factors that control Itomatal behàvior1 namely irradiancè and ., 

.oi~ water ~v~ilabil±ty. 
, . 

.' 

5.2 ResPOU- of Stœ.te. to 'a.diation'.an4 SoU MoistUF • 
2 , 

\ . 
Lea! re.iatance to ~apor diff~aion 1. basically a, f~tion 

• 'V,' 

ot .t~"t.l ,openinq. Th, d89Z'e., and ût~t. of atoaNt.tal openinq ,aM. , '. \': , , ' 

o io.Ù\g" nO_ver is ~ rather ccmpl8X phe~en~ti, becau •• it, cS.pend. not. 
" 0 .. ~ '. \ ' \ 

, . 'only on a w14_ v~:i.ty of ,.weatllu" oonc1).tion., ~'but elao qn woh inteznal, 
r J< ~,,\,lro' l , , t, \ 

, , ' 

~actor. à."moi.t~ .up.ply ~ type ~ a,. o! ~i_.. PhY.i~a~î~ 
, " . ~ _ ' ,,l, ~ ) 1 

f''''''''.' l~"J:I it ""a ... to bé wll •• 1;abU.I'M4, that 1ftcr_.'" in 9UU4 (:.11 
" . , • l , 
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turgor, absolute or relative to that of the adjoining epidermal cells, 

causes'opening of the stomatal pore, while decrease in turgor produces 

closing (Meidner,and Mansfield, 1968). 

Guard cell movements on the other hand seem to be intri-

cately related to 002 concentration in 'the interce11ular spaces of 

leaves. Belowa certain critical value of CO2 openin~is initiated 

and above a similar limit closing commences. These, critical limits 

, vary according to species ,and lie between 0.01 pe~cent (100 ppm), which 

i. the lower limit for leaves, and 0.Q3 percent (300 ppm), which is the 

normal atmospheric concentration (Siatyer, 1961). Furthermore, internal 

002 ~oncentration is related to and ls control1ed by such physical 
\ ' 

factors as light intensit~, leaf t~perature and moisture stress. In 
, 

the absence.of soil-water daficit, light is probably ~re important in 

determininq stanatal be~vlor tnan Any other cODlP9nent of the environment. 

on a quant um hasis, blua liqht sèems to be the lIl<?St important ln this . ~ 

respect (Virgin, 1956). In Most plants stomata noxmally QP~n durinq ~~ 
\'l! " 

day and clos; .t night, but the speed of response to liqht varies consider-
l, 

ablyamong species. ,In some.cases the opening i~gradual and may ta~e 

several bour~, wheréas in others the mevement ia more rapid, and ~~ be 

nearly COIIlp11e in about ha1f an hour. 

OpfillC1 inorea.e. w1t:h llqht intensity up to a satUl'ation 

VaLue that is o~ten of the .ame order of mag.nitude a. moderate sunlig'ht 
, . 

(Mei.cSner and Man le1d, 1,968)." The hi~h.r the l1ght intensity, the ~iqher., 

~ C02 concentrat on requ!red to ~~uc. a 91ven degree of stomatal 
, • - 1 ~ , ~ \ 

cloaure,' in that tb re ia a ~r.at~r COI'UI~ti~~, of CO2 in Ph~oa~the.ia 

at higher light ~t. aitiea. the .ffect of li9'ht on atcaatal apertùre 

' .. 
" . 

\ 



.-----~--.,----

( \ 

, 1 

- - - - ~ -- ....... 

-
72 

therefor. appears to be mediated by the photosynthétic, ,reduction of 

intercellular CO2 concentration. 

The deqree and extent of stomatal openin<J in response to 
, , 

light ia however controlled by soil moistur'e availahili ty at the roots 

of the plant. W&ter defieits can clearly exert a direct effect on , , 

stomatal apert~e by their effect on relative and absOlute turgor levels ... 

in guard cells and surrounding cells (Meidner, 1965). T'Wc types of 

reaétion are recoqnt:able, one béing a transient chan~e in stomatal 

~perture as a result of changes in guard, cell turgor relative to ,~l 
of adjacent cells, and the other ~ lon~er term change associated,with 

severe stress •. 

The first type of response"is the w~ll-kn?~.midday closure ' 

which resulta from.water str~s cau~ed by ext~emely high'evaporative 

, demanda. The second type of response coeurs at different v..lues of soil 

water potential for different species and for plants qrown,under differ-
1 

ent environment~lr conditi.ons (Ehlig and Gardner, 1964~. It appears that 

water deUcit, in it.elf, may not affect stomatal aperture until a '? 
cr.itical value is reached, and then, as'the water defic~t i~reases, 

proqre8aive~decreaaea in stomatal aperture occur until a!molt complete 

elo.ure exista. ,Bath these re.pons •• are also med1ated ~6 Salle deqree 

by in~ernal CO2 .'Coneentz.ation, linC. reduc::ed phot.o.yn~èai. eau.ad by 

"ater atre.s, lead to iner ... ed internal Ç02 lev.l.s' which in turn influence 
" ' 

ape,rture (Sl.&~Y~' 1967)., , 

~ It appeu. then, that _ aboVe a c::eJ:t-.i~ ~ical level of ioil 

mohture"liqht i. the do,ÎDinant t~c::'tor th&t c::ontllol. stomatal ap.uture. ' 
, " 

" • • !' ,.; • . ' 

Beneath thi. critic:al 1e.,.1 ho~v.r, 'the eff.ét, tt~,~1~ '1fI018t~. a~.il". 

,;'v ( , 
l' 1-" " 

l' . 

-, 
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abi11ty become. increasingly important. In,a sense then, soil moisture 

exerts the final con~ol on· st~tal' aperture. 

In the light of the preeeding factérs, preliminary tests 
, , ' 

were cond~cted durin~ the 1~74 grQwinq season, in an attempt to for,mulate 
, , 

a relationship.between leaf resistance, irradiance and soil moisture 

depth. At first, instantaneous values of leaf resistànce for individual . .", 
maple a~ beech leavas for both levels of the canopy were plotted aqainst 

net ra~atiQn- (sfJe figure S.l). 8ecause of instrumèntal problems net 

radiation was the only irradia~e parameter measured. The results show 

-that exçept' durinq.periQds of midday closure, thera exists a well Qefined 
• 1 

1 ~. 
inverse relationship between stopatal resistance (rs) and net radiation 

~ -' , 

(Rn). Also, stematal response.to increasinq or decreasinq radiation ia 

,f1rlY rapid, attaining max~ open~g qr complete closure in less .. than 

a couple of bours. Note also that except for periods' of closure shaded , ' 
~ 

~ . 

~ leav •• consisterttly displ~y hiqher'resi~tance values than sunlit leaves 

beca~e of uneven illumination. 

{f the 1U&n resistances of bç)th species ,(ri), ·for upper 
Il 

leaves, are plotted against net,radi.tion:~ove thé canopy, for selected 
" , . \ 

days spa.nninq part of the growinq seMon' (see figure 5.2), then the 
, , ' ,/ 

,.:t\ ~ .. f I~,' 

scatter o~ po!nts aqain show the e~lstence'ot an i~verse,non-linear 

relationship. stomatal openinq iS,initiatèa at a net radiation v~lue of 
," , .. 1 ' . 

about 0.0 1y min .~ AllO, the saturàtion. point of low.st resistance or 

" great •• t opening" depending on lOil..gisture ~.pthr ia attained at a. 

'; / ~.~ ,radiation ';410. of approx_ •• 1y 0.25 l" Diin -1, wlùch l.a oquivalen' 

" , : tO ~.r.t. aun.lUne. . , " . . 
" ' 

.. 
" 
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Furtbermor4, it can be seen t~ the approximat$ level of 

the minimum res,ist;ance, as charaet erized by the horizontal asymptotes 

(s~igure 5.4) shows marked seasonal changes that are relatable tô 

soil moisture depth conditions (see figuré 5.3). It is therefore 
-, 

possible to divide the growing season into separ~te periods, eaoh of 

which is charaeterized by a certain rnean value of minimum resistanc~ 

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

stomatal resistance is lawest when $Oil moisture depth la greates~.~ 

---,-

An exceptional oondition arises during lea! senescence (p~~~~----
. 

figure 5.4), when wiltinq of the leav~s naturall gives higher resistance 
'. ' 

values, reqardless of soil moisture conditions. 

, -' From the foregoing then, it is po ible to formula ta a 

model that predict.s rnean hourly s1Janatal lev.l of 

the canopy, based on radiation and soil moi sture conditions. .. .... 
5.3 The Predictive Model 

: 

Based on the preliminary tests described in the precedinq 
, . 

• eotion, the following empirical model that'pra~ots me~ stomatal .. 
-Ji 
resistance (ri) from radiative and soiL~9istute conditions, la propoaed. 

whera 

. ' 

Ln (y - Cl) • Ln a + b Ln(X + C~) (5.1) 

~ 

-1 Y • the mean stomatal resistanee (ri) (secs cm, ) 

-1 
X • net or global radia~on abov. the canopy (ly min ) 

Cl • an .atimate of the minimum mean atomatal reaiatance 
that cart he obtained under, a certain range of Boil 
lDQi8ture Cleptha (secs cm-l ) 

~C2'·' an, approximatiQn of the cr~tical ,level 0f'radiation 
, tbat initiat •• , atèlCllata1. openinq (1y ~in- ), . " .. 

l ana a and b aZ'~ cOD.~nta, and, Ln ia the ba.e of natural lQ9arit:~ •• · 

.~ 

"". . ' , 

, . 
, . . .... 
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Equation (5.1) is an extension of a linear régression equation. 

A constant (C
2

) is ad~ed to the X-axis and anoth&r constant (Cl) 15 sub­

tracted from the y-axis to attain symmetry. ,~,1.Og transformations are then 

applied to both dependent and independent variables to obtain linearity. 
\ ,-

The équation (5.1) i9 essen~oal aince the const~ts (Cl and C2) 

~ were determinedL~iiial and error, so as to give the best fit line, as 
~-----

-----------~~racterized by the hiqhest correlation coefficient (r), and delimitation 
~ 1 

of their actual values is imprecise. 

The value of Y or rSt the mean stomatal resistance for each 

levei of the canopy, in equation (5.1) was derived by tak~ng the mean 
, 

conductance of'single maple and beech leaves, 50 as to appropriately 

weight the leaves that were more actively transpiring. In mathematical 

terms then, this relationship can be expressed as: 

wnere 

r - -s - 11 t (l/t'sm + l/rsb) /2 } (5.2) 

-1 ri = mean stomatal resistance (secs cm ) 

rsm • stomatal resistance of a single maple leaf 

rsb • stc:matal resistance of a single beech leaf 

(secs -1 
cm) 

(secs 
... 1 

cm ). 

The predicted value of Y or ri ls then d~ived fr~ radiation 
<-

once the regression coefficients have been .èal~lat.~ frc:m equation (5.1), 

by first exponentiatinq Y and then adding the approprtate constant (Ci). 

Màthematieally this 18 expressed as: 

(5.3) 

whera exp. bas natural base, and a11 other tutU 'are a8 ~efined in equa­

tions (S~l and 5.2). 
. 

In order to derive a final value of the'surtace or canopy 

r •• iatanee (re ) of the v~.tation al ,a who1e, whieh can be ,_use<! in equati.on 

1 

1 
" 

l' 
1 
i 
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(3.26) an extension of equation (4.S) utilized. As indicated earlier 

(see section 4.4 (e», as being bi-level, con-

sistinq of fully illuminated and shaded le ves. Because of the near-oval 

nature of the outline of individu al trees C e figure 4.5), it ia 

assumed that 2 units of total·leaf area (5.0 are fullY i11uminated 

and the remainder (3.08) are shaded. Again, onductances are used so 

as ~o weight th(! resistance of the g,enerally m re ,,:,igorously transpiring 

sunlit 1eaves appropriately. The formulation f the re1ationship then 

becomes: 

rc = 1/ {2(1/rsu> + 3.ba Cl/ru)} (5.4) 

where 

x:esistance (secs -1 
rc = rnean canopy cm) 

resistapce of sunlit leaves (secs ' -1 
r!u = mean stanatal cm) 

resistance of shaded 1eaves (secs -1 
rU = mean stomatal cm ). 

Both rsu and rU are derived according to equation (S.2)., 

of 

Verification of Model 

(a) Estimates from Net and Global Radiation 

In equation (5.1), it was mentioned that t~e Mean single­

leaf resistance (ri) cou1d be predicted fram either net (Rn) or 

radiation '(Q +q) above the forest. This is unClerstandable in view 
. . 

fact that thera ~xists a 'linear relati~nship between both parameters, 

as onstrated by figure 5 .. 5.' SiDailar, results were alao found by Davies ' 

(1967) and Pblavarapu (1970). 

" 
As will~'be seen later, there seems te b.e a stronger relation .. '> 

1>. 

ship between glObal radiation, and thè radiation bands to Which stomates 

r~~nd than between ~e8e bands and n~t ~adiation (s .. tables S.l and 5.2). 

/.' ' 

-, 
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both levels of the canopy are inversely related to soil moi sture depth, 
, 

in that resistances are generally hiqh wnen soil moisture depth i~ 10~ 

The rather 10w values of r§ durinq period 3 are not only attributable 

ta greater depths of soil moisture, but May also be due to the decreased 

daily evaporative demand of the atmosphere at this time of yeu, as 
4 

caused by shorter daylenqths and qenerally cloudier skies, resultinq 

from more disturbed weat!.her. The obvious anomaly durinq period 4 is 

because of the fact'that the leaves were wilting because?f senescence. 

the 

Durinq the exceptionally dry 1~?5 grOWinq~eaSon however 

correspondence between Mean stomatal resistance (rg) and sail 

moisture depth was somewrat anomalous. Apart fram the period of 

senescen~ (5) there existed another discrepancy in this case, namely 
1 

period 4" ourinq this period the me an stomatal resistance was sliqhtly 

hiqner than for period 3 when in fact soil moiSture depth was qreater 

dur1nq t~e former ~od. A possible explanation for this" occurrence 

is that frost conditions at niqht were experienced at th~ ~inninq 

of period 4 and this miqht have caused a certain amount ~f ~issue damaqe 

to the stomatal pores. Or it miqht he that drou~ht conditions May have 

existed i"n the memory of the plants and as a resul t the y did not· r"espond 
, 

accordinqly ta increased soil moisture conditions (Iljirl, 1957). Also 

this could have in fact been a peripd of premature senesÔ8nce as was 

ev~dent fram distinc~ discolorations on the leaf surfaces. 

Sail water availability at the roots of the plants durinq , ~, .. 
~ .' 1 _ 

certain times of daY,is also critical to stomatal response. lIt ls very 
, , 

. 1 

c~n to have the plant sufferinq from stomatal or hydro-active closure 

durinq periods when it i5 viqorously trànspirinq.. ~losure has ~een found 

Il 
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to last for an hour, at most, around noon and more often a'ffected 

upper level maple le~ves. This could be due to the greater sensitivity 

of maple 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 moi sture was nonlimiting and when 

the plants were actively transpiring. It was also more frequent when 

the days were longer, since tQtal evaporative demand was greater. 

Accounting for this latter phenomenon, namely hydro-active 

closure, is the.major drawback of the madel suggested here. Since the 

wet-bulb depression of the atmosphere increases substantially during 

periods of closure, it was thought feasible to account for stomatal 

hehavior by monitoring the vapor pressure deficit of the air. This 

teChnique however proved inade~ate in that the vapor pressure deficit 

of the air continued to rise after mid-day despite cessation of stomatal 

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

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

gradient between leaf and atmosphere could probably he used to gauge 

pe'riods of stomatal closure. 

In the final analysis therefore, anomalous conditions such as 

occurred ..Jiuring periods of shading for upper l~vel le~s and closure, are 

neglected in the derivation of the mean stomatal resistance (ri) 

by equation (5.1). This is justified .on the basis of the ~her 
G 

as given 

infre ... 

quent occurrence ·of tJlese anomalous conditions. AlS~ only aunlit mapl~ 

leavea seemed susc~tible to this effec1:.. In the n4xt chapter, the fèr­

formance of the model, when ~pplied to equa~ion (3.26) will he examined. 

.. 
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Chapter 6 
.... , 

effect o! Canopy Wetnes8 on EvafOtranspiration Rates 

~ 
• 6.1 preliminary CO!!!!lents -, 

The preceding chapter has disousaed a m~e~ wherehy h~urly 

esttmates of the canopy reslstance (re) ean he derived from measurements 

of either net (Rn) or global (Q + q) radiation. Sinee the moçel gave 

better results when usinq global radiation, this will he the parameter 

used to qet hourly estimates df rc' Jn the present ch~pter these 

predieted values of re will be used to caleulate both the aetual trans-

piration fllbl when the e~nopy 1s unwetted, and the assumed transpira-

tional loss when the canopy ~s wetted by. int~reepted rainfall. Compar~son 

of this flux (LEd) with the evaporation of intercepted rainfall CLEw> 

will he stressed. Data for the 1975 qrowing season ônly, when refined 

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

6.2 ~an.piration during Dry periods 

As a test of the model used 

resiatanee (re ) of the vegetation, transpiration rates wer 

aeeording to equation (3.26). 'irhe weather variables, 

soi1 heat flux, vapor pressure deffci~ of the ambient 

resistance, were measured as descr~ in chapter 4, 
./ .. 

surface br 
( 

canopy resiatance Cre)' is deriv. d in accordance with equations (5.1) "'e 
(5.4) • 

-
6.1 and'6.2 show the diurnal reqimes of net radiation 

CG), the vapor·presaure defieit of the ambient air 

cv.P.O.) heat of transpiration (LEd) for two sunny' days 
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durinç the 1975 çrowinq season. It i8 noticeab1e that the lateit 
d 

heat flux (LEd) ia strongly dependent on the vapor pressure deficit 

(V.~'.D.) in the afternoon per~od. It seems likely that undu these 

conditions the leaves more or less tended to function as wet-bulbs 

in that in absence of stomatal closure there was a substantial • 
J r~ 

transter of latent heat at the expe~e of sensible heat. 
\ ' 1 

This 

r~su1t ia in agreement with the Observation of Stewart and Thom (1973), 

~ely, that transpiration from the forest oceurs a~ rates much less, 

dependent on net radiation than on ambient vapor pressure deficit, 
ft 

provided that the latter 19 not l~ss than a few miilibatW. 

The daily totals of transpirative water 10ss (3.9 to 4.0 Mm), 
", 

if the LEd curves are integrflted in figures 6.1 and 6.2, are also within 

the rançe of values found, by Szeicz ~ al (1969) for pine forests, in 

more extreme environments. They deri~ed transpiration rates for Southern 

Enqlahd, a relatively wet climate, that ranqed f~om 1.0 to 2.7 mm!day. 
JI 1 ,/' 

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

tion estimates ranqed trom 2.10 to 5.05 mm!day, durinq the qrowinq season. 

The proportion of the daily total of net available enerqy 
. 

that goea into latent heat tranafer (LEd/(Rn - G) ~ 0.50) ia ~lso consis-

:tent w±th the values mentioned Dy other researehers. For instance, in 

, Southern Ençland, Stewart and Thom (1973) foUnd that the fraction of net 

,available enerqy used to evaporate water seldom exceeds 0.4 over a pine 
~ , , 

forest. On the other band, Monteith (1965) found that this ratio varies, , 
on an ~nnual basis, betwe~ 0.69 ~ the ,Thames, Valley of Southern .En91and 

and 1.00 in the sacramento~alléY of Northern cali~ornia, over a pine 

forest in bath cases. 

.' 

'1 

" 
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.The model that is proposed (see chapter 5) for estimatinq 

the canopy re8istance (rc )" when u.ed in e~tion (3.,26), 
'q 

appears to give reasonable estûnates ot the transpirative 

therefore, 

latent heat 
1 

flux. It is nov neces-sarY to ~amine the evaporative flux, when the 

canopy i. wetted and rc is reduced to zero. 

6.3 EvaP9ration of Intercepted Rainfall 

When the canopy i8 wetted by intercepted rainfall, the 

!fte and amount of evaporation can be calculated accordinq to equation 
. " 

(3.23). As was ltIentioned in the, previous section, the weatlva~ variables 

were measuted !irectlY. Surface conditions, as characterized by the 

presenc~ or absence of water on the le&ves, weEe measured as described 

in section 4.8. Tc proVide a che'ck on the.magnitude -of the, evapoHtive " . ~ r 

10ss", when the canopy was we~, the amount of interceptional 10s8, calcu­
"-

lated as described in section 4.3 was derived. 

Figures 6.3tto 6.6 describe the diurnal reqimes of latent' 
c 

heat transter durinq completely wat, partially wet, dry and assumed dry 

canopy conditions, for sel~cted days during the 1915 growing seasqn. 

It i8 readily apparent fram these diagrams that the ev.aporation rate <LEw), 

when the oanopy i9 wet, is several times the transpiration rate (LEd) 
l, '~ , :r 

whieh would ocour if t;he canopy were }lssumed to ba dry in the same , 
weather conditions. In faot the ratio LEwfLÈd'·was 'found to range betw.e~n 

• .h· \ 
~ . 

4.0 and 35.0, the magnitude dependinq on tJ;1e ratio of the \Oanopy to 'the 
\ 

aerOdyn.ic resistance (re/ra)" and weat;her conditi.ons, mainly'the temp­

erature and saturation defioit of the ambient air.' Fiqure 6.4 shows J 

S> • " 

that bâia latter effect a190 hoïds·true'when a.~et as oppâsed to~a 
J -f' 

unwetted canopy is examined: the rate of evaporation folloWinq 
1 

) 
1 • 

1 , 

.. 

• 
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j 

interception in the afternoon is observed to ~ several times the 

transpiration rate in the morning when the canopy was dry, a1though 

radfative'and ambient-air conditions were more favorable for latent 

heat transfer in the mornin~. 
Furthermore, ~uring the majority of instances when the 

• " canopy was wet, the rate of latent heat transfer (LEw) to the ambient 

air was found to be,greater than the suppl y of net radiant energy (Rn) 

• 
(see figures 6.3 to 6.6). This wou1d imp1y that when the forest is 

wette~ by inter~pted rai~fall, it,becomes a strong sin~for advected 

Ir energy. This conforma with~the findingSfof Rutter (1968) who suggests 

that there is a sizeable transfer of sensible heat to wetted vegetation 

• 

at th, expense of the surrounding area, especially where the vegetation 

occupies a small part of a much larger enc10sing area, as is very muéh 

the case at the present site. MeNaughton (1976a, 1976b) refers to this 

effect as "advective enhancement". It cou1d a1so be, as suggested by 
• 

Murphy and Knoe~ (1975) ,that a wetted canopy conserves most of the 

incident radiant energy for latent heat transfer by suppressing lon9-
1 

wave radiative 10ss and sensible heat eKchange. 

In order to assess the accuracy of the estimated amount 

of latent heat exchange during wet periods, the €btal evapora-

tion of intercepted water~uring and after each rainfal 

byequation (3.45), is compared with the amount 10ss, 
1 

measured as described in section 4.3 (aee figure 6.7). - It 1s readily noticeable in figure 6.7 that èXcept for the 

higher values of evaporation or interceptional 10ss (i.e. > 10 mm), 

there exists a close correspondence between estimated evaporation of 

, 
7 J-" "'':'--~ .~~-~:-,.-..... ,-::t,--::'fJ'I!'.--,,---

• 
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..,. 
1ntercepted rainfall and measured interceptional 10ss. The discrepancy 

\. 
tor the higher values 18 mainly attributable to the fact dlat evaporative 

los ses were not measured du ring the nig:ht. As remarked by penman (l963), 

there can hOwever oceur a substantial amoUnt of evaporation at night, in 

the presence of a pronounced vapor pressure def~cit in the ambient air 

and a relatively low ~~odynamic resistartce, as oceurs during periods 

of strong windiness. As a result if night-tüne conditions are omitted, 

there will be a siqnificant underestimation of the evaporation of inter-

cepted rainfal1. This effect was especially c~on wh~ the fore st 

o 
remained wet at night, followinq a late afternoon or early evening shower. 

Other inconsistencies arose ma!nly fram measurement errors for both 

variables, especially for the evaporation of intercepted rainfall where 

the delimitation of a vet or ~a~tially wet, as opposed to a dry canopy, 

vas sanewhat ünprecise. In the caleulation of the water balance however, 

interceptional l~ss i8 gauged by means of equat~on (3.45). 

The results given above~efore show that the evaporation 

of intercepted)rainfal1 (LEw) proceeds at a much faster rate than the 

t4anspiration of soil moisture, when the canopy ls 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. 

6.4 Wet Versus Dry canopy 

In o~der to gauge the ratio of the rate of evaporation of 

intercep1ted rainfall (LEw> to that of transpiration (LEd)' assuming the 

same weather conditions, equation (3.4~) i$ utilizéd. Reference to 

figures 6.8 and 6.9 shows that the magnitude of the ratio LEv/LEd i8 

related to that of the ratio rc/ra' Also the greatest values 

• 
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of the proportionality LE./LEd occur durinq the early morninq and late 
. 

afternoon. This ~iurnal trend 18 due to the fact tIJat dUrinq these 

periods of low radiative > inputs , the stomates of the leaves are either 

closed or approachinq cl08ure, thereby givinq the qighest canopy resis­

tancè (rc ) values. Since the aerodynamic resistance (ra) which is 

normal,ly of _~ lesser magnitude than rc' is rather conservative in 

value, stomatal behavior i8 the dominant factor, and as a result the 
;; 

ratio re/ra' and hence LEw/LEd' 19 greatest durinq the law sun periods. 

The ratio LEw/LEd by ltself, hawever, does not truly refiact 

the differentiai in water 10ss through evapotranspiration for a dry ,as 

opposed te a wetted canopy, assuminq the sarne weather conditions. Both 

figures 6.S and 6.9 show' tbat the ~alue of the difference LEw - Lfd' 

as qiven by equation (3.4~) is more convenient as a means of exp10rinq 

the magnitude of water ~,10ss consequent upon interception. In actuality 

LEw - LEd is qreatest when the ratio LE./LEd is least. This result 

t 
is obviously related to the diurnal regime of latent heat transfer. 

Desplte the fact that the differentiai between potential (wetted) and 

" 

non-potential (unwetted) surface conditions is léast when radiant energy 

'.is qreatest because of stanatal behavior, the accompanylnq increase in 

the evaporative demand of the atmosphere, as ev:Wenced mainly by a 
\7 

qreater saturation daficit, causes qreater latent heat transfer. gut 

the water 10M via laten~ heat exchange le greater for potential than 

for non-potential surface conditions, since surface resistance (rc ' to 

vapor diffusion is reduced to zero in the former situation. This effect 

causes the greatest ditference in LEw - LEd te oceur during the time of 

peak evaporative demands by the ambient air. The magnitude of th.is 

• 
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~ifference depends, in turn, on the ratio rc/ra' as observed earlier, 

and prevailing weather conditions. Because of the unique cQntrol of 

weather conditions on the evaporation of inta:tcepted rainfall ,a fuller 

discussion of their effect is reserved for elsewhere (see chapter 7). 

It i8 also noticeable in figure 6.10 that the ratio LEw/LEd 

i8 subjact to seasonal changes. The ratio 19 seen to be consistently 

greater in late September than in late May because of higher stomatal 

resistances in the former period, as was observed earller (see section 

5.4). However the latter affect is slightly reduced by the higher 
. 

temperatures in May (see figure 6.11) when ~gher saturation vapor 

pressure conditions (5), resulting from higher temperatures, give more 

weight to the denominator of equation 3.46, which in turn causes LEwILEcl 

to be lower.tt' 

The preceding sections have shown that the evaporation of 

f 

intercepted rainfall proceeds at a much faster rate than the transpiration 

of soil moisture, were the canopy assumed te be dry. Also this difference 

in the rate of latent heat exchange underqoes bath diurnal and seasonal 

changes. 

6.S Eftect on Soil Moisture Withdrawal 

If it is assumed that the transpiration of soil moisture i8 

suppressed during the évaporation of intercepted. râinfall, then a certain 

amoWlt of soil moisture saving c:an resul t. FUrthermore, if the evapora-

tion of intercepted rainfall proceeds~t a much faster rate than the 

transpiration of soil moisture, were the canopy not wet, in the seme 
J.t 

weather t:ondi tions.. then the evaporation of water consequent upon inter-

ception constitutas a greater water 108s than J if the moisture were to 

1 , 
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transpire through the leaves of the veqetati9n. 

An examination of figure 6:10 shows that,. on .the ave"raqa, , 
, 

the -rate of evaporation t intercèpted rainfall (LEw> ranges from abo~t 

4 to 30 timeS' the rate of transpiration (LEd>' under the same weather 

conditions. Assumin9, therefore, that there i5 no transpiration while 

intercepted water 19 being evaporated, it'can be shoWn throuqh u~~ of 

equations 3.50 to 3.52 that about a quarter 'to one th.1rtieth ~25 percent' 

to ~3 percent) of intercepted ra.infall 15 equivalent to transpiration 

that would otherwise have occurred in the seme atmospheric conditions, 

were the canopy dry. On the other hand, about tifree-quartezs to twenty-
~ 

• nine thirtleths (75 percent to 96.7 percent) qf intercepted water i9 !î< 

\ 
attributable to evaporation that would not have occurred in the absenQe 

0; precipitation and interception. - , 
Equation (3.~2) i5 used to c!lculate the additional evapo~a-

tion consequent on in~erception (IN)' for selected days during the 1975 

9rowinq season. The values derived are shbwn in t8!ble 6.1. It is 
_-r"I ' 

readily apparent from this table that on the average tne additional 

evaporation consequent on !\1etting ls 'greate:r; than 70 percent of the 

total interceptional loss, and that less than 30 pèrcent of this total 

goes towards conservinq soi3." moisture through the supgosed suppression 

of 'transpiration. 1f) sizeabla portion of inte~cepted rainfall (>70 
,', 

pe:r;cent) ia therefore lost to the soil beneath. This figure may be 

somewhat hi9h as a generalization for the forest.in ~estion in that 
.• ! 

the sUl1l1lter of 1975 wu q.nu8ua.lly' dry theréby g}vi"? higher than average 

re/ra ana- hence LEwJLmd ,;r4t~os. " 

, . 

... 
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TABLE 6.1 Net Interceptional Loss (IN) for Se1ected Oays, 1975 

1 

0 

LÉ' IN Period-Date LE l 

1975 
d w 

mm mm mm , mm 

1 - June 6 0.324 '2 ;J60 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 2.317 2.261 1.8013 79.7 

4 - September 19 0.471 1.693 1.524 1.1000 72.2 

4 - October 1 0.225 2.616 2.362 2.1589 91.4 

LEd = Transpiration rate aS9uming a dry canopy (mm) 

LEw = Evaporation of intercepted rainfall (mm) 

l • Interceptional 1098 (mm) 

IN • Net interceptional 10ss (~). 

.. / 

l' 
1 
1 

1 
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It can be concluded therefore Chat although intercepted 

rainfall by the forest under consideration contributes ta sail 

moi9ture 9aving, the bulk of it i9 lost to the soil beneath. Inter-

cepted rainfall can therefore be viewed as a significant 109s of 

moisture ta the forest basin, and its effect, when calculating the 

water balance, must be considered. 

6.6 Effect on the ~ter Balance 

It is quite conceivable that the much greater rate 'of evapora-

tian 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 arder ta highlight the effect of interce~ted rainfall, 

the water balance, for each of the periods mentioned earlier '(see 

section 5.4) and for the 1975 qrowing 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+ RD ± ASm (6.1) 

where 

PPt - precipitation in the open (DIIl) 

E = evapotranspiration (mm) 

RO = runoff (nm) 

~Sm • change in depth of soil moisture (mm) , 

Rainfall in the open (PPt) and runoff were measured as 

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

moisture change (4sm) was found by taking the difference o"Oil 

, 
---~"'--"""''''''!''''-''!''-'''l'JI'''!_'':1.c;::::;:.a;;.;Ù::I01H~;S:1.Ùd:~ *}!. ':,::-- y f'1t r

' .-~~",C~-J~.i;, -- "t.h~~~~~;~"J~1(J.;7,.~ -,I~~. 
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TABLE 6.~: Water Balance Calculations, 1975 (aIl va1ue~ mm water) 

Evapotranspira-
ContriDu- Difference - tion of 

tion Includ- Trans-
Period Ppt Iilc1ud- Trans- RD ÂSm 

Intercept- ing Wet , -pira- '" ed Ral.n-
ing Wèt pira- fail 

period tion 
Periods OA~~ (IN) 

J\ on1y 

1 - May -29 
1~O.520 129.080 104.201 58.063 -70.50 24.879 19.3 -3.877 -3.2 -28.756 -23.8 

-ùu1y 1 

2 ':'" Ju1y 7 -96.770 92.504 56.451 22.439 -13 .. 60 34.053 36.8 4.570 4.7 -29.4~0 -30.5 
-July 30 . 

- --
3 - Ju1y 31 

-:Sept. 5 
84.074 101. 563 79.730 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 , • 

~ 

. -
5 - Sept. 30 9.906 7.671 5.294 8.007 -5.90 

-OCt. 1 
2.377 24.0 1.872 10.8 -2.505 -25.2 

. . 
. Total 

445.128 372.998 265.323 132.333 ,Sèason -52.50 107.675 28.9 7.703 1.7 -99.972 -22.5 
~ 

,. 
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moisture depth between the beqinning and end of each periode Evapo-

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 evapotranspiration 

on the one hand is estimated by including the affect of intercepted 

rainfall and by ignori~g its effect on the other . 
. 

Frcxn table 6. 2 i t can be seen that, for a11 periods, by 
.J 

including t~e additional evaporation consequent upon the interception 

of rainfall, ~he magnittide of the differences between the left hand side 

of equation (6.1) (input) and the right hand side (consumption plus yield 

" , plus storage change) ranges between 2.1 percent (underesttMation) for 

period 3 and 10.8 percent (overestimation) for period S. For the grow-

ing season as a who1e the value ~s only 1.7 percent (overestimation. 

Tfiese values are entirely satisfactory for the water balance in that 

thay lie within the bounds of a reasonably allowable measurement er~or 
• 

of about 10 percent. 

By disreqarding the additional evaporative 108s caused by 
) 

interception on the other hand, there results a consistent underesttmation 
• • • 

of water consumption that ranges bet\oléen 12.4 percent (period 4) and 30.5 
~ 

percent (period 2). OVer the entire growing season the underestimation 

i8 22.5 perc~nt. These values are definitely outside the limits or a 

reasonable allowable error which if \olé follow acceptable limits of 

measurement cab be placed' at ± 10 perceJ)t <pray, 19701 He1vey and 

Patrie, 1965). 

• 

------~---
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, 

The added contribution to evaporative, 108S by intercepted . '\, 
rainfall therefore ranges fr~la.3 percent (pe~~Od 4) to 36.8 percent 

",,~ 
(period 2) of total evapotranspiration. 1:'he value of the extra water 

• 
lOIs consequent on interception, for the growinq leason as a whole is 

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

evaporation and transpiration. 

The calculations presented in table 6.2 then, substantiate 
~ 

.. the view that the evaporation of intercepte<! rainfall (!.Ew) proceeds 

at a iuter rate than the transpiration of loil water (~), assuminq 

the same weather oonditions. Beca~se of the faster rate of LEw than 

, . 
that of LEd a Isubatantial percen~qe ( > 70 percent) of intet:epted 

rainfall i8 lost te the soi l, beneath. Neqlect of the additional éva-
11 • 

porative 1088 produced by intercepted rainfall can therefore lead to~ 
., , 

aizeable underestimations of water consumption over the forest and can 

thus si9nificantly affect the calculation of the water ' balance. 
/' 

• 

•• , , 

'-'. 

• 
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Chapter 7 
$ 

Th. Effect of Weather Conditions 

7.1 'r; V 
In the previous chapter it was shawn that S~face conditions, 

., 
Pre1tminary ~ks 

as oharacterized by canopy wetness, a~fect the rate of evapotranspiration 
1 
1 

ovar the forest being discussed. lt was also indicated that the ratio 

LEwiLEd and the ~ifference LEw - LEd were largely determined by ~e ratio 

re/ra and weather conditions. This chapter will attempt to demonstrate' 

the fa ct that the rate of evaporation of intercepted rainfall is deter­

mined by such weather characteristics as ~ainfall ~unt, in~nsity 

duration and frequency, and post-wetting synopeie conditions. 
~ ~ 

7.2 Evaporation Durinq Rainfa1l 

In section (3.4) it was shawn that total interceptional 10ss 

through vegetation iS more a àynamic rather than a passive process. In 

other worde, the amount of precipitation withheid from the.ground depends 
, 

not only on the interceptinq capacity of the forest stand but also on 

the amount of concurrent evaporation from the canopy during the period 

of rainfall. As mentloned previously, WilM and Niederhof (1941) observed 

that about 19 percent of each rainfall is lost throuqh evapo~ation fran 

the canopy àuring wett1nq. Rutter ~!l (1971/72, 1975) f?und similar 
( 

Values. The degree and. amount of evaporation during rainfall is, on the , 

other hand, char eteristica and,prevàilinq weathar. 

An exaination of figura 7.1 shows that for a. Vf!'!:Y light rain 
/. '. 

that fell throùghout the àay Jf evapor~tion of iriter~ptad rainfall oc:~red 
• 

throuqhout the period of wett~nq. saturation of the ambient air actua1ly 
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-ï 

~ever took place because of windy conditions that provided continuous 

ventillation. OVer a period of about Il ,hours an accumulated total of , 
3 nun of evaporation occurred. Most of this amount was accounted for 

durinq the initial staqes of the rain, when the saturation deficit of 
\. 

the air was still relatively hiqh. 

During rainfalls of medium and heavy intensity (see section 
'" 

7.3) however, evaporation of intercepted ra1nfall was found to be 
1 

minimal (see fiqure 7.2). on these occasions saturation or ,aar-satura­

tion of the ambient aij was quickly obtained. The rather short durations 

of these showers also inhibited sizeable evaporative losses during wetting. 
, , 

In exceptional cases however a small amount of evaporative 10ss was 

observad to ooeur during the initial stages of th.se rainfall types. These 

occa~ions occurred either when the rainfall arrived suddenly, thus allowing 

the saturation deficit of the ambient air to he high initially, or when . ( 

extreme1y windy conditions advected unsaturated air, at least during the 

early stages of the rainfall. 

From the foreqoing then, it is eonceivable that a siqnificant 
..., 

amount of intercepbional 108s throuqh evaporation, that sometimes eXceeds 

the interceptinq eapacity of the canopy, can occur durinq rainfall, The 
/\ 

amount of interceptional 108S ~urinq wettinq i8 in turn d~endent upon 

the nature of the rainfal~. 

7.3 Rainfall Characteristic8 \ 

Rainfall characterist±e8, namely amoun~ duration, intensity' 

and frequency of occurrence, 'CM affect the amount of evaporation of 

interaepted rainfall. The reqime of evaporative 1088 varies in terms of 
\ 

rainfall characteristica bath durinq and after the periOd of wettinq. 

11 
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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. Similar pereentages were 

observed by Horton (1919), Zinke Ü967), Rogerson and Byrnes d,'96S), and 

Bultot !S. ~ (1972), for comparable vegetation types. For decreasingly 

lesser amounts ( < 5 mm) the intercept,ed fraction increases exponentially 

and a saturation point, at whioh almost aIl of the precipitation is 

intercepted, i8 reached, at rainfall amounts of about 2 mm and less. It 

must be observed that throughfall can occur, befora saturation of the 

"' interceptinq capacity la reached, since some raindrops cao penetrate the 

canopy through open apaces, or can splash off the edges of leaves. This 

would suggest that the intercepting capacity of th. vege~al cover being 

discussed i8 in the vicinity of 2 mm of water. 

In order to delimit the intercepting capacity (passive) ef 

the canopy, gross precipitation (above canopy) was plotted against net 
" 

precipitation (throughfall plus stemf1ow) (see figure 7.4). The data 

points used aré for medium and heavy intensity rainfalls (> 26 cm/hrf 

of short duratioh (less than a couple of hours), so as to subdue the 

et'fact of evaporation during rainfall. Also only rainiall amoûnts 

greater than 4 mm were used sinee, as observed in figure 7.3, and as 

noted in previous experiments (Horton, 19191 Rowe and Hendrix, 1951~o 

.Leyton .!!:.!!o, 1967), the slope of the regression of net aqainst gross 

p~ècipitation changes because net rainfall approaches zero beneath this 

approximate critical value. The intercept of the best-fit line with the 

~gross precipitation axis gives an estimate of the intercepting capacity 

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

• 
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. 
This value is similar to that observed by Zinke (1967), and Bultot 

~ al (1972), for a similar type of vegetation. The interceptinq capacity 

however varies according to winàiness, reaching its'maximum under still 

conditions, since wind-induced shakinq of the branches causes mechanica1 

removal of water from the leaf surfaces. 

Apart trom amount, rainfall intensity can also b~ critical 

in determining the amount of precipitation that is intercepted. Rainfalls 

for both growing seasons (1974 and 1975) were classified intQ 3 intensity 

cateqories fo1lowinq the c1assifica~ion of the Atmospherie Environment 

Service of canada, as set out in Manobs (1961); 1ight ( < 0.25 cm!hr), 

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

shows that there is some relatio~hip between rainfall intensity and the 

fraction of precipitation intercepted. The MOst apparant'result- ls thatj 
\ 

except in cases where excessive windiness reduced the storaqe capacity 

of the leaves, all rainfall amounts less,than, the ~opy storage capacity 
~ 

(2.4 mm), were intercepted, regardless of intensity. When precipitation 

totals exceeded the intercepting capacity however, light ~tensity rains 
l ' 

usually had a: qreate; proportion of the total amounts intercepte~', if1an 
" moderate and intense rainfalls, sinee a qreater amount·of evaporation 

1 
-i. 

occurred durinq liqht intensity r~infalls, as was seen in the precedinq 

sec\tion. ,On exceptional occasions however, as when winCly conditions 

advlacted drier air to the measurement sité, a si~eable amount of evapora-
1 ~ 

tiob of intercept~rainfall occurred durinq moder~te and heavy intensity 

sht~s. -Simil~lY, :~- sOUte 'occasions lièJht intensity rai,nfall's were 

pr eded by extended e10udy and humid conditions, so that by the tiIhe the , 
"-r~ eoaoeneod, the vapor ~r •• 8Ure defieit of the .-bient air was'already 

j , , 

, " 
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..... 
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quite 10w and reached saturation in a short time period, thereby 

restricting substantial evaporative losses, and oenee interception~l 

10ss, during the rainfall. 

Duration of rainfal1 is a1so critical in dete~ining the 

" interceptional 10ss, especially if non-saturation of the ~ient air 

were to prevall 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 g~atest for very 

light intermittent showers in that under these circumstançes not only was 

the canopy all~ed to dry out partly, but aiso the evaporating power of 

the air, as characterized mainly by its saturation deficit, was success-

ivel'y increased, upon temporary cessation of wetting. The Short-lasting 

medium and heavy intensity storms on the other hand usually satisfied 

canopy capacity a1most instantly, at least for storm~ whose amount exceed-

ed canopy storage, and most of the precipitation-reached the ground as 

throughfall and stemflow. 

Rainfa1l characteristics therefore, namely amount, duration 

and intensity, can affect the amount7 of interceptional 10ss by ~he way 

they control evaporation ~g wetting. Rain types however also 
, 

tend to have c~racteristic synoptic conditions following rainfall cessa-

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

acteristic effects on ev'poration of intercepted rainfall. 

7.4 Effect of Post-Wettinq Weather 

Poat-wettinq weather conditions dictate the rate at which 

canopy detention storaqe is depleted. Upon the cessation of ra in both 

• 
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the input of incaninq solu energy and the vapor pressure deficit of thel 
• 

ambient àir normally inorease, at least for the dàylight periode Clearing 

follQwinq rainfall in the study aréa, was however found to be rather slOW, 

in that cloudy condîtions prevailèd, followin~wetting, loi extended 

periods in the majority of instances. The vapor pressure deficit of ~e 

ambient air, especially when windy conditions continually advected 
. 

warmer and drier air, was therefore found to be more critical than 

radiation receipt tn oontrolling post-wetting evaporative losses. 
0t-

An examination of figure 7. 7 shows that th, ,aporatibn of 

interc,epted rainfall following wetting proceeds at a faster rate than 

during rainfall. 'l'he amount of water to be evaP9rated is usually of the 
.,.1 

same order of maqnitude as the storaqe capacity of the vegetation. This 

intercepted moisture can however be evaporated in fram about one to 

several hours, depending on post-wetting weather conditions. 

On some occasions, as cati be observed in figure" .8, 'calm, 

cloudy eonditions lasted for several hours, upon the cessation of rain-

fall. As a result, because of limited energy re~eipt and restricted ven-

tillation, the evaporation of intercepted rainfall proceeded at a rath~ 

slow rate, so that the canopy remained wet for an extended period of time. 

On other occasions however, especially when the rain had 
, , . 

f&llen overnight or early mornin9, relativel~clear Sk~ether with 

unsatuiated ambient air, fqllowed wetting of the canopJ (see figut,e 7.9). 
("\ " 

On these occasions, drying of the canopy was achieved in a relatively 

short time period, especially when wind conditions ~Vided a eontinu~u8 
supply of moderately 4ry air. 
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It follows from the above ~en that the time when wettill9' 
-'-

oc:cura is dao important. 80th figures 7.9 and 7.10 show that when rain 

cessation occurred during the morning or early afternoon" the canopy 

usually dried out before nig-htfall, the same day. But when the rain 

stopped durinq the early évening or overnig-ht (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 morninq hours in .figure 7.10 , the greater 

amount of overnight rains were usually preserved on the canopY,until the 

next morning, axcept in Cases wherè stronq winds advected a strong amount 

of enerqy for latent heat transter. Also, in exceptional cases, where 
..... ' 

separate showers were close1y spaced, the canopy was sometimes' not allowed 

ta dry out completely before the onset of the fOll~9 rainfall. In 

these instances then most of the subsequent rain reached the ground in 0 

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 evapdration of intercepted 

rainfall. These weather conditions are also controlled by the timinq 

of wetting, mainly in terms of a day and niqht hasis. The varying rates 

Of evaporation of intercepted rainfall, that result then can in turn 

" influence the withdrawal of soil moisture. 

7.S 2fl.ct on Soil Moisture 
, , ~ .. 

The preceding sections have shown thAt rain chafacteristics 

and weathu conditions can siqnificantly dtect the nature and magnitude 

of th8 evaporation of intercepted rainfall, and hence ~il moisture wi..th­

drawal. In l.natancea where the canopy remained wet for exteMad durations, 
\ 

... . 

• 
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as durinq and followinq light intensity rains (see, figures 7.1 and 

7.8) there was a substantial amount of transpirational savinq by the 
, 

canopy. At the same time however, it must be remembered that there 

can oceur a fair amount of evaporation durinq this type of rainfa~l 

(see figure 7.1). Thus, al thouqh sane soil moisture i8 conserved, a 

lesser proportion of the total rainfal1 reaches the ground. On the 
\ 

other hand f for short-lastinq,moderate and heavy intensity rainfa~ls 

(see figure 7.2) there is very li ttle time for ev~poratio~ of inter­

cepted rainfall durinq the rain. Consequently most of the precipita-

tion reaches the qround provided that the rainfall amount is greater 

than the canopy storaqe. 

Moreover, dependinq on the post-wetting weather, the 

duration of' soil moisture saving can 1ast fram one to severa! hours. 

- ~ occasions when the intercepted ra in is quickly evaporated there is 

little savinq of soil water. But when the canopy remains wet for an 

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

tional saving. Short, heavy intensity rains fo11oweâ by a period of 

slow evaporation may therefore be the MOst conducive to the conservation 

of soil water in that they not only provide a qreater supply of 80il 

moisture, but a180 subdue transpirational withdrawa~ for an extended 

period. •• 
In the cas. of overnight and lata eveninq rains, althouqh .. 

evaporation ,of intercepted 1II0isture ia restricted a.t nignt, there ia 

neverth,leSS very little transpirational sa.vinq in that ~t;anat,s are 

c losed at night. -, 

, , 

'. 

, , '., 
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In summary, then it ean he stated that rain charaeteristics, 

namely amount, duration, intenaity and frequency ai occurrence contri-
, 

bute to how much of precipitation i9 withheld froll) the 9'round by the 

vegetation. The etf1c:ien(ly of water 10lls from 4 wetted canopy hwever 1 

18 also dietated by post-wettinq weather. Bath of these factors in 

turn affect soil moisture consumption and hence the water balance . 
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8.1 SUlIID\ary 

In th1. thesis the problem concerninq the effect of inter-

eepted rainfall on evapotranspiration rates, and hence the water balance, 
• 

over a mixed hardwood forest, has been éXamined. The priInary aim of tPe 

research was to compare the amount of intereepted rainfall evaporated 

fram the canopy, wi th the amount of sail moi sture transpired throuqh 

the leaves, 9llder similar weather conditiDns. '1'0 this end, a model 

whi~h could be used to qauqe latent heat transfer fram a wetted or an 

un~tted eanopy, as proposed by M9nteith (1965), formed the bas!s of 

the lI1ethod of analys1s. 

Tc provide ~rimental evidence, field lI1easurements were 

undertaken. All the components of the water balance were either measured 

cUrectly, or estimated by means of indirect techniques. Sinee eyapo-

transpiration estimates were to he stressed, and sinee the surface resia-
1 

P tance version of the combination model was beinq utilized, reqular 

estinlates of the canopy resistanee (re ) to vapor diffusion, when the 

forest was unwetted, ,were required. " '1'0 satisfy this need, a model as 

outlined in èhapter 5 was formulated. 

The results of the exper~ent show that under the same 

weather" conditions, and assuminq a dry eanopy, the rate of evaporation 

r ~ (L2w) of interceptee! rainfalI ould be several taes that of the trans-
" 

piratlon (LEd) of soil water, even when soil moist~e ls non-lfmitinq. 

,.180 the lI1aqnitude of this ratio (LEw"LEd) is primarily depandent upon 

·.the ratio of the eanopy to the aerodynamlc resistance (re/ra> and 

.'~ - l 

,~ 
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prevailing weather conditions. Further analysis of the data .show. 

thft because of this differentia1 in latent heat transfer, a substantial 
.\ 

amount ( > 70 percent) of intercepted rainfall is loat te the soil 

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 reBults fram this res&arch, the evapora­

tion of intercepted rainfall can be viewed a~constituting more of a 

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

transpirational withdrawal of soil moist1ure. If the effect of intercepted 

rainfall is neglected therefore, there can arise a significant under-

estimation of water consumption, via evaporation, ov~ the forest basin. 

This neg'lect can in turn affect the computation of the water balance. 

As a result of the present study, therefore it 18 suggested 

that there are several improvements or refinements that can be made 

'" to certain aspects of the research. In particular, it has been shawn 

that the model for predicting leaf stanatal resistances (ri) breaks down 

durinq periods of hydro-active closure. Thus the need for. a more 
J 

<1 

IOphisticated modela As mentioned earlier, a possible solution to 

Ws problem may lie in examining the temperature ami vapor pressure 

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

temperature can he E!l(Pècted to rise substantially when evaporative cooling , 
caases. 

Also, during peri~s wben the canopy was\wet, it was very 
\ 
\ 
\ 

common for ehe rate of latetlt heat transfer to axcead \the rate of net 
\ 

l '* \\ 
\ 
\ 

\ 

\ 
b. 



""\ .. 
" ' . " 
',' 

", 
"J ~~ 

, , 

. '. 

, , , 

1 

" , " , 
wI'l '....' ) 

, ,', <t-V ",'" 
, , ~,.l \ • 

", 0 ',' '," ,;,' 

'-~~, 

149 

A 

radiant enerqy input. It can be argued ei ther that a wetted canopy 

acts in 8uch a matl\er as to praJlOte latent baat transfer at the axPense 

of .ensible heat tranaler and terre.trial radiation~o.a, ~r that' & 

wetted canopy acta as a veri ~le sink for energy advected '!cam the 
; 

surrounding aru. The re~ative contribution of these two mèehanisms 

of enet'9'Y hoard!nq Dy wetted veqetation is well worth further investi- .-
, 

gation. 
c 

Finally, a more comprehensive and rigoro~. treatmant needs 

to be given to the affect of rain characteristics and post-wattinq 

weather on the evaporation of intercepted rainfall than was pp.,ible 

here. This will require taking sample measurements over several 

g'rowing seasons so as to arrive at more typical pB"eters ft:>r th. reè]ion 

in question. Stochastic modela can then he developed so that meaningful 

forecasta of W'ate.r consumption in foreste<! areaa cano be ati:èmpted ir1 

tertlla of weather conditions and rainfall characteristic.. . â 
t 
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