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In New Zealand most water reaches the land surface as rain. Some rain evaporates 
after being caught on the surfaces of plants (a process ca lled interception) , but the rest 
reaches the ground and usually soaks into the soil. Wate r in the soil is extracted by 

plants through their roots and , after passing th rough the stems and branches , evapo
rates through tiny leaf pores known as stomata, in the process called transpiration. 
Water also evaporates from the moist surface of the soil at a rate determined by energy 

availability, surface wetness, nature of the vegetation, and the ava ilability of soil 
water. 

Evaporation requires a large amount of energy. The net radiant energy from the sun 
and sky is part itioned into sensible heat (which warms the air), latent heat (which is 

consumed in evaporation), and heat that enters the soil by conduct ion (see Chapter 7) . 
Latent heat is released when water vapour condenses to form cloud and precipitat ion, 

and is a major heat source in the atmosphere. Thus, for New Zealand, the energy ba l
ance of the surrounding expanse of sea in part contributes to our generally temperate 
maritime climate. 

Evaporation also depends on turbulence, with a ir from aloft continuously mixing 
with air in the vicinity of the evaporating surface. The irregu lar surface of vegetat ion 

slows down air flow unevenly, creating turbulence. However, a thin layer of relatively 
still air is present just above all evaporating surfaces . Evaporation through this layer is 
slow compared with the transport of water vapour by convection in turbulent air out
side this thin layer. T he layer is thicker in calm conditions, and thins with increas ing 

wind speed and turbulence. The vegetation structure, particularly canopy height and 
roughness, can thus have a profound influence on the evaporation rate. 

Rainfall also plays pivotal ro les in the determination of climate and the dynamics 

of water availability for evaporation. Precipitation, as rainfall or snow, that fa lls 
directly onto a site generally provides most of the water eventually evaporated. How
ever, water originating as rainfa ll from elsewhere may be important for riparian mar
gins of streams or where groundwater is within the reach of plant roots. In such places 
transpiration may be independent of site rainfall . 

The development of clouds and precipita tion depends on ascending air motion, 
which occurs as convection, cyclonic lift ing, or orographic lifting (see Chapter 9). In 
New Zealand the spatial d istribution of these processes is strongly influenced by 
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topography. This is seen most clearly in the contrast between high rainfall west of the 
South Island's axial mountains, where the prevailing westerly winds are forced 
upwards, and low rainfall to the eas t, where predominantly downward motion occurs. 

Annual rainfall can thus exceed 10000 mm to the west of the Southern Alps, but is 
less than 1000 mm in most eastern areas. When this rainfall distribution is considered 

with the evaporation processes discussed above, we expect that evaporation from wet 
canopies will be important in the high-rainfall western areas, so il water deficits will 
often limit transpiration in dry eastern areas, and there will be an intermediate region 

where transpiration from plant canopies is rarely restricted by water supply. 
This chapter introduces the principles governing the processes of evaporation 

outlined above and illustrates them with New Zealand examples. We present evapora

tion models incorporating established theory to introduce some of the essential tools 
needed for hydrological study. Relations between evaporation and rainfall and the 
water balance are synthesised from calculations based on the models and long-term 

measurements made in selected New Zealand catchments. 

Evaporation from wet surfaces 

Evaporation involves the diffusion of water vapour away from a wet surface. Evapora

tion rate is thus proportional to the gradient in specific humidity between the water 
and air above. This was first demonstrated by Dalton in 1801. He recognised how 
evaporation rate from a dish of water was also affected by turbulence, which he called 

air circulation. Dalton stated the principles of evaporation in an equation that may be 
written in contemporary terms as (Calder 1990): 

In this and subsequent equations, E is evaporation rate expressed in units of kg m-2 s-l. 

Conversion of E to hydrological units of m s-1 requires division by Pw' the density of 
water (998 kg m-3). The specific humidity, h, is a dimensionless mass ratio of water to 
dry air and subscripts 'sat' and 'a' are for saturation evaluated at water temperature and 

air, respectively. The dependence of E on turbulence is quantified by ga' known as the 
aerodynamic conductance (m s-I), and pa is the density of air 0 .25 kg m-3 at 10°C). 

The aerodynamic conductance approaches zero under calm conditions, increases with 

wind speed, and depends on the roughness of the evaporating surface. 
Evaporation is a component of the surface energy balance. In 1948 Penman com

bined the energy balance (see Chapter 7) and Dalton equations to calculate the 
evaporation rate without knowing the sUlface temperature. This is very important for 

hydrology because determining the average surface temperature of catchments is diffi
cult, expensive, and prone to error, even today in the age of sophisticated remote
sensing technology. The Penman equation (Monteith & Unsworth 1990) may be 
written: 

E = Eeq + (D ga Pa)/(E + 1) 
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In this equation, E is the evaporation rate obtained in equilibrium with an extensive, eq 
homogenous wet surface via the energy balance (McNaughton 1976) and it is given 
by: 

Eeq=(c/ A[c+l])Q* 

The two terms c and A are properties of water in air and are strongly temperature
dependent: c is the change in latent heat relative to the change of sensible heat of sat
urated air (1.29 at WOe), and A is the latent heat of vaporisation (2.477 X 106

] kg-I at 

woe with] being the energy unit Joule). The term Q* is net radiation expressed in 
units ofW m- 2

, where W is the energy flux unit Watt, equivalent to ] S-I. Net radiation 

includes solar and reflected rad iation during daylight, and long-wave rad iation 

exchanged continuously between the surface and atmosphere. 
The other new term in the Penman equation is D, the air saturation deficit at 

some height above the surface. Referring to Dalton's equation, D = (hSQt - haY in the 
Penman equation, but with hsat evaluated at air temperature. The relative importance 

of Eeq and (D ga PaY in the Penman equation depends on the relative magnitudes of 
net radiation and aerodynamic conductance. When ga is small, a thick boundary layer 
largely isolates the wet surface from the effects of D in the air above, and E approaches 
the equilibrium rate (Eeq) determined by the net radiation. Alternatively, the energy 
for evaporation may be advective (i .e. it is brought in by the wind). Relatively dry air 

can come from the warm sea or it can be brought down from aloft by turbulence. Also, 
net radiation and the air saturation deficit are not entirely independent. Solar radia

tion warms the air, thereby increasing the air saturation deficit. 

Evaporation from wet vegetation 

The evaporation rate from wet vegetation depends strongly on the aerodynamic con
ductance, which in turn is affected by the vegetation structure, particularly height. 

Representative values of ga for pasture, crops, and forest, with closed canopies and 
nominal heights of 0.05, 0.2, and 20 m, respectively, are 0.01, 0.02, and 0.2 m s-1 Dif

ferences in wet-canopy evaporation rate for the three vegetation types may be illus

trated using typical daytime values during rainfall for the variables in the Penman 
equation: 50 W m-2 for Q*, woe for air temperature, 0.4 mg g- l for D (i.e. 95% rela

tive humidity) and the ga values given above. Daily evaporation rates are thus 1.2 mm 
for pasture, 1.3 mm for crops, and 4.6 mm for forest. 

The relative humidity is typically <100% during rainfall. This may come as a sur
prise, but not from the processes of evaporation embedded in the Penman equation. 
The aerodynamic conductance induces the mixing of air above the vegetation, and in 
New Zealand energy is commonly advected from the relatively warm sea onto the 

land. A related point of explanation from the equation is that D refers to a height 
above the evaporating surface. 

The high rate of wet-canopy evaporation for the forest reflects the high intercep
tion loss in forests. Forest canopies can catch significant quantities of rain, and lose it 
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rapidly because of high aerodynamic conductance. It is this high evaporation rate, not 

the canopy water-storage capacity, that determines the amount of rain lost by inter
ception (Kelliher et al. 1992b). 

Net radiation has little effect on the rate of wet-canopy evaporation from forests; 

this evaporation occurs at similar rates both day and night (Kelliher et a l. 1992b). Air 
saturation deficit and aerodynamic conductance are more important. Even so, rainfall 
interception will be proportionally highest during low-intensity intermittent storms, 

when evaporation between rain falls allows the canopy to be re-wetted a number of 

times. 
Interception loss was measured as 26-39% of rainfa ll in a range of native forests 

(Aldridge & Jackson 1973; Rowe 1979), and as 12-49% of rainfall in Pinus radiata 
plantations (Kelliher et al. 1992b). Interception loss was higher in taller and more 

closely spaced stands, and thinning and pruning stands can significantly reduce inter
ception loss (Whitehead & Kelliher 1991a). 

In contrast, interception loss is generally lower in pastures and crops (McNaughton 

& Jarvis 1983). An interesting exception is tussock grassland, which generally is located 
in exposed windy habitats. Although tussocks are relatively short, the level of windiness 
gives tussock grassland aerodynamic-conductance values similar to those of forest 
(Cameron et al. 1997). Interception loss was 21 % of rainfall over a year for narrow

leaved snow tussock at G lendhu, south of Dunedin (Campbell & Murray 1990). 

Evaporation from wet soil 

Evaporation from wet soil can also be estimated using Penman's equation. Aerody

namic conductance for bare so il is similar to that for pasture. On a sunny summer day, 
evaporation may reach 6 mm d- l from a wet field of fallow soil. Evaporation from wet 
forest floor accounted for up to 20% of total evaporation on fine days in a closed

canopy native forest (Kelliher et al. 1992a). The percentage was 42% in a young, open 
Pinus radiata stand with a sparse cover of understorey vegetation (Kelliher et al. 1990). 
In these two studies, the energy available and turbulence regime below the tree 
canopy were important determinants of forest-floor evaporation rate. However, during 

rain-free periods a dry surface layer soon develops on bare soils and forest floors, low
ering the conductance for water-vapour diffusion and substant ially reducing the evap

oration rate . 

Transpiration from plant canopies 

As well as through interception loss from canopies, plants also contribute to total 
evaporation by transpiration through leaf stomata. Plants can control stomatal open
ing to influence transpiration rate. Primarily this process is regulated by so il water 

availability, with stomata closing via a plant physio logical response as soil dries. 
By including a stomatal conductance, Dalton's equation can be extended to 

describe transpiration from a leaf. However, here we are interested in transpiration 
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from whole plant canopies . In 1965 Monteith extended Penman's equation so that it 

could describe transpiration from a plant canopy by including a bulk canopy stomatal 
conductance (gc )' This is analogous to the product of a representative stomatal con
ductance (gs ) and a dimensionless leaf area index (a t) which is canopy leaf area per 

unit ground area. 
The Penman- Monteith equation may be written (McNaughton & Jarvis 1983 ): 

E = Q E + (1 - Q ) Eimp eq 

where Ei/l1P is the dry-canopy evaporation rate, imposed by the effects of the air satu 
ration deficit, D, and is given by: 

and the coefficient, Q, indicating the degree of de-coupling between the canopy and 
Dis: 

The Penman- Monteith equation describes how the relative importance of radiative 
and advective energy for transpiration depends on the ratio of aerodynamic and 
canopy conductances (inverse of canopy resistance). 

W hen aerodynamic conductance is much less than canopy conductance, Q 

approaches 1 and the evaporat ion rate approx imates the equilibrium ra te. This tends 
to be true for low vegetation , such as pasture and many crops, prov ided soil water is 
adequate. It is the bas is of the widely used Priestley-Tay lor equation (Priestley & 
Taylor 1972 ): 

T he empirical factor, a, is commonly found to be 1.3, which ind icates the input of 
some advect ive energy, inevitable under most conditions. 

Evaporation and rainfall: the water balance 

As described in C hapter 9, the relationship between evaporation and rainfa ll is part of 
the hydrological cycle or water balance that may be derived for a piece of land known 
in New Zealand as a catchment. The other three variables involved are runoff, 

drainage and soil water storage. 
Rainfall is usually the main input of water to the catchment in New Zealand , 

while vegetation and so il properties control the outputs to evaporation and runoff, 
respectively. Water inflow from groundwater can sometimes be significan t (e.g. the 

extens ive plantations of Pinus radiata on coastal sands near Christchurch). However, 
we restric t this d iscuss ion to ra in-fed land systems. Spatial, seasonal, and annual 
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variations of rainfall are primary controls on evaporation, so il water storage, and 

runoff. Spatial variation of rainfall is especially large, being central to the determina
tion of regional climates in New Zealand. Annual rainfalls from 300 to over 4000 mm 
are analysed with respect to the resultant evaporation in this chapter. 

Year-to-year variation in rainfall can be considerable on an absolute basis. As an 
example, for mean annual rainfalls of 820, 1193, and 2480 mm at Ashley in Canter

bury, Ruakura in the Waikato, and Greymouth on the West Coast, the standard devi
ations were 185 (the range is approximately three times larger or 555 mm, 

representing 68% of the mean), 165, and 33 1 mm, respect ively (New Zealand Meteo
rological Service 1979). Anticipating later discussion, these variable quantities repre
sent significant fractions of the associated evaporation rate. Thus it is important to 

consider variability as well as mean values in analysis of the water balance, especially 
where the main application is to estimate runoff as the difference between precipita
tion and evaporation. Variability may also be exploited to elucidate the underlying 

hydrological processes, as in the later examination of annual precipitation and evapo
ration for NotilOfagus native forest. Statist ics on the monthly, seasonal, and annual 
rainfall for many places in New Zealand have been published (New Zealand Meteoro
logical Service 1979). 

Transpiration and total evaporation from pasture 

Transpiration and evaporation from well-watered pasture wi ll vary from season to sea
son, reflecting the changing intensity of solar radiation. At a site in the Waikato Val

ley near Hamilton, long-term average rain exceeds total evaporation by about 300 mm 
per year (Figure 11.1; McAneney et al. 1982 ). However, as about 40% of water extrac
tion by the roots of the pasture plants comes from the top 0.25 m of so il, fairly regular 

rain is needed to maintain transpiration and production (McAneney & Judd 1983). 
Daily transpiration rates of about 4-5 mm often exceed the rainfall in summer (Octo
ber-March), soi l water reserves can become depleted, and drainage declines to low 

levels. Eventually canopy conductance will decrease and daily pasture evaporation 
will drop to 1-2 mm as a water deficit sets in. Growth rates will decrease correspond
ingly. 

In autumn and winter, when days are short and so lar radiation is commonly min
imal, rainfall regularly exceeds total evaporation. Soil water storage becomes replen
ished and excess water will drain beyond the root zone, potentially leaching solutes 
such as nitrates added as fertiliser. 

Using water-balance analysis, assuming the soil can store 160 mm of water avail
able for transpiration, a relation between annual rates of evaporation and rainfall from 
pasture may be calculated using climatological data and the Penman equation (Figure 

11.2; New Zealand Meteorological Service 1986). For annual rainfall <800 mm, an 
approximately 1: 1 relation emerges for nine Canterbury and Otago region sites, with 
the calculated annual evaporation varying from 346 mm at Alexandra (annual rainfall 

= 347 mm) to 622 mm at Balclutha (rainfall = 700 mm). For annual rainfall >800 mm, 
a simple relation supported by the data is an evaporation plateau with an average 
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Figure I 1.1 (Left) Thirty-four-year averages (1946-79) of monthly rainfall (solid blue line) and calculated 
evaporation (dotted line) rates, using the Penman equation as described in the text, for pasture at Rukuhia near 
Hamiiton.Annual rainfall and evaporation were 1242 and 933 mm, respectively. (After McAneney et al. 1982) 

Figure I 1.2 (Right) Relation between annual rates of evaporation from pasture, estimated using the Penman 
equation, and rainfall at 5 I sites. For rainfall < 800 mm a I: I line is shown, and for greater rainfall, the horizontal line 
is the average evaporation rate = 760 mm. (After New Zealand Meteorological Service 1986) 

Transpiration and total evaporation from forest 

Forests behave quite differently from pasture and short crops because of their talle r 
stature and adaptation to conditions of periodic water deficit. For such vegetation, 

aerodynamic conductance usually exceeds canopy conductance, so that Q approaches 
zero. Evaporation rate then approximates that imposed by the air saturation deficit, 
Eimp' Here, in the absence of soil water deficit, stomatal behaviour, leaf area index 
(see chapter 20), and interaction with the atmospheric environment will largely con

trol evaporation. 
For Pinus radiata at Kaingaroa Forest, 60 km south of Rotorua, stomatal conduc

tance is greatly affected by air saturation deficit (Figure ll.3a; Kelliher et at. 1992b). 
When air saturation deficit is less than 2.5 mg g-l (68% relative humidity at a temper
ature of lOOC), stomatal conductance, and hence canopy conductance, is constant. 

Tree-canopy transpiration rate is then approximately proportional to the air saturation 
deficit. However, for higher air saturation deficits, transpiration decreases because of 

stomatal closure and reduced canopy conductance. 
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Figure I 1.3 Relation between stomatal conductance and air saturation deficit (a) for Pinus radioto at Kaingaroa 
Forest near Rotorua.This relation was used to calculate tree canopy transpi ration rate (b) using the 
Penman-Monteith equation. with E = Eimp' as described in the text. for three leaf area indices (LAI. expressed on an 
all-surfaces leaf area basis) approx imating young. open (LAI = I) . inte rmediate (LAI = 8) and closed canopy forests 
(LAI = 16). (After Kelliher et al. 1992b) 

Tree leaf area and, to a lesser extent, tree height also have a marked effect on 

transpiration rate, which increases with increasing leaf area (Figure 11.3b) . Thinning 
and pruning of the trees can reduce transpiration as well as interception losses, thus 
increasing water yie ld from a catchment (Whitehead & Kelliher 199 1a). 

For closed-canopy forest, tree transpiration is a large component of the catchment 
water balance (Table 11.1). However, its contribution can vary with canopy charac
terist ics and rainfall. In studies of Pinus radiata forest stands at Puruki and Balmoral, 

100 km northwest of Christchurch, tree ages were 13 and 9 years and leaf area indices 
15.5 and 15.1, respectively, expressed on an all-surfaces leaf area basis. However, the 
two tree canopies were not identical in structure. At Puruki the trees were evenly dis
tributed, the canopy was completely closed and only about 5% of solar radiation 
reached the forest floor (Whitehead & Ke lliher 1991b). At Balmoral trees were 

Table I 1. 1 Annual rates of measured rainfall and modelled componen ts of evaporation for Pinus radiota forests 
located at Puruki. south of Rotorua (after Whitehead & Kelliher 1991 b). and Balmoral. 100 km northwest of 
C hristchurch (after Arneth et al. 1998). Tree cano py transpi ration and soil evaporation rates were calculated using 
t he Penman-Monteith and Priestley-Taylor equations described in the text. At Puruki tree canopy interception was 
estimated as a residual of the water balance including streamflow rate measured from the catchment. At Balmoral 
tree canopy interception was estimated as a constant percentage of rainfall after Whitehead & Kelliher (1991 a). 

Site Rainfall Tree canopy Tree canopy Soil evaporation 
mm yr- ' interception transpiration 

mm yr-' (%of mm yr-' (%of mm yr-' (%of 
rainfall) rainfall) rainfall) 

Puruki 1405 370 (26) 705 (50) 95 (7) 
Balmoral 870 220 (25) 255 (29) 2 10 (24) 

14 
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planted 2 m apart in rows separated by 4 m, a metre-wide continuous canopy gap 
ex isted between the rows, and about 25% of solar radiation reached the forest floor 
(Arneth et al. 1998). In addition there was 61 % more rainfall per annum at Puruki. 

At Puruki and Balmoral virtually identical percentages of rainfall (25%) were 
intercepted by the tree canopy and directly evaporated. Of the 1035 mm annual rain

fall that reached the forest floor at Puruki, less than 100 mm was directly evaporated 
beneath the closed tree canopy. However, beneath the more open hedgerow-type tree 
canopy at Balmoral, although the leaf area index was the same as at Puruki and rain

fall much less, so il evaporation more than doubled to a rate about the same as for tree
canopy interception. Tree roots extracted 75% of net rainfall to the so il at Puruki 
0405-370-95 = 940 mm) for transpiration, with the rest accounted for by streamflow 

from the forested catchment. The high water-storage capacity of the 2 m deep, stone
free soil at Puruki meant there was never a soil water deficit (Whitehead & Kelliher 
1991 b). At Balmoral net rainfall to the so il was less than half that at Puruki 

(870-220-2 10 = 440 mm). Tree transpiration there, however, was more than propor
tionally less (255/705 = 0.36) and roots extracted only 58% of net rainfall to the so il. 
The so il at Balmoral was only 0.9 m deep, extremely stony, and prone to water deficit 

during summer. As will be discussed further, so il water deficit limits tree transp iration, 
and this effect can significantly reduce drought period and annual evaporation rates. 
Total annual evaporation rate at Balmoral was 685 mm, while at Puruki it was 1170 
mm. Combining evaporation and rainfall, the annual water balance residual or esti
mated catchment runoff was also less at Balmoral (870-685 = 185 mm) compared 
with measured streamflow of 235 mm from the Puruki catchment. 

The effects of soil water deficit on Pinus radiata forest evaporation rate have been 
quantified from studies at two other sites in Canterbury where annual rainfall is as low 
as 600 mm and drought is prolonged in some years (Figure 11.4). Transpiration rate 
was determined from the difference between fortnightly measurements of rainfall and 

tree canopy interception and so il water content through the tree rooting depth. These 
rates were normalised by division by values obtained from the upper envelope of a plot 
of transpiration rate and time throughout the year. Soi l water deficit was calculated 

from the fortnightly measurements and is expressed as a fraction of the available water 
storage capacity that was 200 and 100 mm at Ashley and Eyrewell, respectively. 

Measurements of rainfall , inteception, so il water content and streamflow were 

made at one or two weekly interva ls over several years in the Ashley and Eyrewell 
forests. The data shown are for periods when the soil water and streamflow measure
ments indicated that drainage was zero. At both sites transp iration rate was not 

restricted by soil water supply until 50-60% of the available water storage capacity was 
used . Although the transpiration rate and soil water storage capacity at these two sites 
differed greatly, the normalised data shown fit a single relationship quite well. 

The water balance equation has also been used to examine the relationship 

between annual rainfall and evaporation rates from native Nothofagus forest at 
Maimai, near Reef ton, and Big Bush , near Nelson (Figure 11.5; Rowe & Pearce 1994; 
Fahey & Jackson 1997) . Total evaporation was derived from the difference between 
measured rainfall and streamflow, making a small allowance for losses to groundwater 
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and assuming that storage changes over the year are negligible. Rainfall occurrence 

and rates were high enough that so il water deficit conditions generally did no t occur 

as normally expected for this region. Total evaporation was partitioned into wet 

canopy evaporation based on models derived from rainfa ll interception studies (e.g. 

Rowe 1979), and transpiration, including ground evaporation as a residual. Transpira

tion rate was therefore estimated from the difference between rates of tota l evapora

tion and rainfall interception (26 and 29% of rainfa ll at Maimai and Big Bush, 

respectively, based on field studies). 

Unlike Figure 11.2 for pasture, total annual forest evaporation increases from 800 

to 1200 mm proportiona lly to increases in rainfa ll from 1200 to 3000 mm . Wet canopy 

evaporation rate is proportional to ra infa ll rate, reflecting the greater opportunity for 

evaporation when canopies are wetted more often. By contras t, transpiration rate 

decreases slightly with increas ing rainfall rate because the air saturation deficit 

declines and stomata may be blocked when the leaves are wet. Hourly evaporation 

rate from a wet NotllOfagus forest canopy is about 0.25 mm, and the inte rception rate 

is around 25% of the rainfall , so that for an annual ra infall of 1200 mm the canopy is 

wet for 14% of the year. U sing these same data, this percentage increases to 35% when 

annual rainfall reaches 3000 mm. The percentages are 5-10% greater than the dura

tion of rainfall. Consequently, it has been found that the percentage may be estimated 

from the annual rainfa ll (mm Yi l) as 0.22 x 10-3) P, where P represents annual rain

fall (Calder 1990) . 
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Figure I 1.4 (Left) Relation between normal ised va lues of transpiration rate and soi l water deficit for two Pinus 
radiota forests located near Christchurch at Ashley (1981-87) and Eyrewell (1992-93). 

Figure I 1.5 (Right) Relation between annual rates of total evaporation and rainfall for two Nothofogus forest 
catchments at Maimai ( •• M6 and M 15 after Rowe & Pearce 1994) near Reefton and Big Bush (e. DC2 after Fahey 
& Jackson 1997) near Nelson. Transpiration rate (0 for Maimai and @ for Big Bush) . 
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Forest versus pasture: a hydrological analysis 

Comparative analyses can be done of closed-canopy forest and pasture catchment 
water balances for three rainfall regimes at sites encompassing the range observed in 
New Zealand (Figure 11.6). The sites are Ashley, Puruki, and Maimai, and the annual 

rainfalls used are 600, 1400, and 2400 mm, respectively. Over this range of rainfall, 
restriction of transpiration by so il water deficit, unrestricted transpiration , and we t
canopy evaporation may be dominant. For the forests, rainfa ll interception is mod

elled as a fraction of rainfall, based on field studies, as 0.33 for Ashley and 0.25 for 
Puruki and Maimai. The larger fraction for Ashley reflects the lower intensity of rain
fall there. Transpiration follows a seasonal pattern that is also based on field studies 

including times when soil water deficit was limiting. It is therefore compared with val
ues calculated using the Penman equation for pasture and 70% of the calculated val
ues for forest. This percentage is also based on our experience comparing measured 
and calculated forest transpiration rates. For pasture, transpiration is considered to be 

total evaporation because there is little difference between wet- and dry-canopy evap
oration rates. The difference between transpiration and the calculated value repre

sents additional transpiration that would have occurred if the required so il water had 
been available. It is thus portrayed as a negative number and simply termed the deficit. 
Finally, catchment water yield is computed as the difference between rainfall and the 
sum of interception and transpiration. 

At Ashley, all rainfall was used for evaporation and there was no water yield from 
forest or grassland. Interception of rainfall by the forest canopy significantly reduced 

the amount of water entering the soil. Consequently, dry soil restricted transpiration 
even for the deep-rooted trees. The same occurred for pasture because of its relatively 
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Figure 1 1.6 Components of the annual water balance calculated for pine forest (F) and pasture (P) located near 
Christchurch at Ashley, Rotorua at Puruki, and Reefton at Maimai.The daily calculations are described in the text. 
Transpiration, including so il evaporation and wet-canopy evaporation for pasture, rainfall interception by the tree 
canopy, and runoff and drainage are shown as positive values that add up to the rainfall . The soil water deficit is 
shown as a negative value. 
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shallow rooting depth. These effects would be manifest through a reduction in canopy 

conductance of both forest and pasture vegetation. Transpiration and deficits were 
400 and 600 mm and -216 and -280 mm for the forest and pasture, respectively. 

Evaporation was also the main water balance component at Puruki. Forest roots 

had access to a large store of soil water, canopy conductance was not reduced by water 
deficit, and transpiration was 650 mm. There was a 100 mm reduction of transpiration 
from the pasture because of a shallower rooting depth (i.e. deficit = -100 mm). Tran

spiration was again greater from the pasture at 800 mm. However, total evaporation 
was greater from the forest at 1000 mm, leading to a lesser water yield of 400 mm ver

sus 600 mm for the pasture. 
Water yield dominated the water balance at Maimai. Rainfall interception by the 

forest was also particularly significant because of the large amount and duration of 
rainfall. Transpiration was not affected by so il water availability. However, forest tran

spiration was similar to that at Ashley (i.e. 450 mm) because the tree canopy was so 
often wet. Pasture transpiration was 750 mm. Total forest evaporation was slightly 
higher at Maimai (1050 mm) than at Puruki. Consequently, runoff from the forest 
(1350 mm) was less than that from the pasture (1650 mm) . 

In accordance with earlier results, total annual evaporation from pasture was rel
atively constant in the absence of soil water deficit at around 800 mm. However, the 
relatively dry climate at Ashley led to a 200 mm reduction. Total forest evaporation 

was proportional to rainfall, increasing by 75% as rainfall increased by a factor of 4. In 
practice, because of the different evaporation rates and depending on rainfall, the 
analyses suggest that up to a 33% (350 mm) decrease in water yield may be expected if 

a pasture catchment was planted to forest that developed a closed canopy. 

Summary 

This chapter has focused on the evaporative components of the water balance. Evap
oration is an important component not only of the water budget but also in the surface 
energy balance (see Chapter 7). Thus it is important to have a good understanding of 

the controls on evaporation and means of estimating this term for different surfaces. 
The first part of this chapter discussed controls on evaporation from wet surfaces 

(including soil and vegetation), together with methods to estimate the amount of 
evaporation. The chapter continued by considering transpiration from plant canopies 
and introduced the Penman-Monteith equation and the Priestley-Taylor equat ion, 

both of which have widespread use by hydrologists and climatologists. Finally, the 
relationship between rainfall and evaporation was examined, with some examples 
from pasture and forest landscapes in New Zealand. 

Further reading 
Calder, l.R. 1990, Evaporation in the Uplands, Wiley, Chichester. 
Monteith, ].L. & Unsworth, M.H. 1990, Principles of Environmental Physics, 2nd edn, 

Edward Arnold, London. 
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