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Abstract.

It is now well established that forested catchments have higher

evapotranspiration than grassed catchments. Thus land use management and rehabilitation
strategies will have an impact on catchment water balance and hence water yield and
groundwater recharge. The key controls on evapotranspiration are rainfall interception,
net radiation, advection, turbulent transport, leaf area, and plant-available water capacity.
The relative importance of these factors depends on climate, soil, and vegetation
conditions. Results from over 250 catchments worldwide show that for a given forest
cover, there is a good relationship between long-term average evapotranspiration and
rainfall. From these observations and on the basis of previous theoretical work a simple
two-parameter model was developed that relates mean annual evapotranspiration to
rainfall, potential evapotranspiration, and plant-available water capacity. The mean
absolute error between modeled and measured evapotranspiration was 42 mm or 6.0%;
the least squares line through the origin had a slope of 1.00 and a correlation coefficient
of 0.96. The model showed potential for a variety of applications including water yield
modeling and recharge estimation. The model is a practical tool that can be readily used
for assessing the long-term average effect of vegetation changes on catchment

evapotranspiration and is scientifically justifiable.

1. Introduction

The massive land use change in Australia associated with
agricultural development has caused an imbalance in catch-
ment hydrological regime, leading to increased land and water
salinization over large areas. It is estimated that each year the
total cost of salinization to the nation is about $270 million
including cost of lost production, damaged infrastructure, and
degraded environmental assets (Prime Minister’s Science, En-
gineering and Innovation Council, Dryland salinity and its im-
pact on rural industries and the landscape, Canberra, ACT,
Australia, 1999, available at http://www.dist.gov.au/science/
pmseic/2ndmeeting.html). A number of land rehabilitation
programs have been established by the commonwealth and
state governments to control the degradation. According to
Forest Plantations 2020 Vision, a major initiative of the com-
monwealth and state governments, the area of tree plantations
by the year 2020 will treble [Department of Primary Industries
and Energy, 1997], with part of this increase justified by envi-
ronmental benefits. If the 2020 Vision is accurate, the planta-
tion area in Australia will increase to over 3 million ha and will
have significant impacts on catchment water yield and salinity.
The impacts of such plantations on the trade-offs between
economic viability, environmental sustainability, and water re-
source security will depend on the spatial distribution of the
plantations. It is important to be able to predict the water
balance-vegetation relationships at regional scales to deter-
mine these trade-offs. For the relationships to be useful, they
must be dependent only on data that is generally available at
those scales.

The research on the hydrological role of vegetation has
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extended over several decades [Horton, 1919; Wicht, 1941; Pen-
man, 1963; Bosch and Hewlett, 1982; Turner, 1991]. Sources of
information on the water balance associated with vegetation
change generally fall into two categories. The first involves
“paired-catchment” experimental techniques. Hibbert [1967]
reviewed results from 39 paired experiments. Bosch and
Hewlett [1982] updated Hibbert’s review to include 55 addi-
tional catchments. Results from these experiments showed a
large variation in catchment responses to changes in vegetation
cover. However, a clear conclusion was that a reduction in
forest cover increases water yield by decreasing evapotranspi-
ration. The second source of information on the impact of
vegetation comes from “single-catchment” water balance stud-
ies. These studies were not designed specifically to examine the
effects of vegetation changes on water yield. The fact that they
represent catchments with diverse climate, vegetation, and soil
can provide useful information about the hydrological role of
vegetation in catchment water balance. On the basis of these
studies a few empirical relationships have been developed link-
ing evapotranspiration to vegetation types for specific sites
[e.g., Holmes and Sinclair, 1986; Turner, 1991]. The applicabil-
ity of these empirical equations to other catchments needs to
be evaluated.

A number of attempts have been made to calculate annual
evapotranspiration using existing climatic data [Brutsaert,
1982]. Budyko [1958] postulated that long-term average annual
evapotranspiration from a catchment is determined by rainfall
and net radiation. The relationship proposed showed good
agreement with the long-term water balance data for a number
of catchments in the former USSR. Pike [1964] proposed an
equation based on water balance data from Malawi that can
explain interannual variation in evapotranspiration. Although
the functional forms of the Budyko [1958] and Pike [1964]
equations differ, their numerical values are similar [Dooge,

701



702

1992]. Milly [1994] developed a mathematical framework for
mean annual evapotranspiration that provides a theoretical
background for Budyko’s equation. Milly’s work recognized
the importance of storage capacity of the root zone in control-
ling evapotranspiration and has the potential for assessing the
catchment-scale response of vegetation changes. However, the
practical application of this model is limited because of the
complex numerical solutions required.

The purpose of this paper is to quantify the long-term im-
pact of vegetation changes on mean annual evapotranspiration
at catchment scales based on data and parameters that are
easily measurable at a regional scale. This study uses a “top-
down” approach that links the catchment response to our un-
derstanding of processes at finer scales. By reviewing and col-
lating many water balance studies from around the world, we
seek to develop generic relationships for assessing the impact
of vegetation changes on evapotranspiration.

2. General Framework

2.1.

The concept of water balance provides a framework for
studying the hydrological behavior of a catchment. It is useful
for assessing how changes in catchment conditions can alter
the partitioning of rainfall into different components. The wa-
ter balance for a catchment can be written as

Catchment Water Balance

P=ET+R+D + AS, (1)

where P is precipitation, ET is evapotranspiration, R is surface
runoff measured as streamflow, D is recharge to groundwater,
and AS is the change in soil water storage.

Precipitation is the largest term in the water balance equa-
tion, and it varies both temporally and spatially. For most of
the hydrological applications it is appropriate to assume that
precipitation is independent of vegetation type [Calder, 1998].
However, on a continental scale some studies using general
circulation models suggest that vegetation types may affect
precipitation [Rowntree, 1988; Gash et al., 1994; Xue, 1997].
Evapotranspiration is the second or third largest term in the
water balance equation, and it is closely linked with vegetation
characteristics. In arid and semiarid regions, evapotranspira-
tion is often nearly equal to precipitation, while in humid
areas, it is limited by available energy. Surface runoff is also an
important component of the water balance and is affected by
the structure of vegetation and through rainfall interception
and transpiration. On an annual basis, surface runoff will gen-
erally show good correlation with annual rainfall, particularly
in areas where potential evaporation and rainfall are out of
phase, such as winter dominant rainfall zones [Budyko, 1974].
Recharge is generally the smallest term in the water balance
equation and is usually inferred from precipitation and evapo-
transpiration measurements. The last term in the water bal-
ance equation is the change in soil water storage. Over a long
period of time (i.e., 5-10 years) it is reasonable to assume that
changes in soil water storage are zero.

2.2. Climatic Effects on Annual Evapotranspiration

Catchment evapotranspiration is a complex process that is
affected by rainfall interception, net radiation, advection, tur-
bulent transport, canopy resistance, leaf area, and plant-
available water [McNaughton and Jarvis, 1983; Zhang et al.,
1999]. Under dry conditions the principal controls on evapo-
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Figure 1. Ratio of mean annual evapotranspiration to rain-

fall as a function of the index of dryness (E,/P) for different
values of plant-available water coefficient (w).

transpiration are plant-available water and canopy resistance.
Under wet conditions the dominant controls are advection, net
radiation, leaf area, and turbulent transport. Under interme-
diate conditions the relative importance of these factors varies
depending on climate, soil, and vegetation. The challenge in
modeling catchment-scale evapotranspiration is to be able to
represent these processes and factors in a simple fashion in
order to use generally available data yet allow practical pre-
diction of the effect of vegetation changes.

It is a common practice to combine these factors by consid-
ering their net effects. One way of approaching catchment
evapotranspiration is to assume that evapotranspiration from
land surfaces is controlled by water availability and atmo-
spheric demand. The water availability can be approximated by
precipitation; the atmospheric demand represents the maxi-
mum possible evapotranspiration and is often considered as
potential evapotranspiration. Under very dry conditions, po-
tential evapotranspiration exceeds precipitation, and actual
evapotranspiration equals precipitation. Under very wet con-
ditions, water availability exceeds potential evapotranspiration,
and actual evapotranspiration will asymptotically approach the
potential evapotranspiration. On the basis of these consider-
ations, Budyko [1958] postulated that the following relation-
ships are valid under very dry conditions:

R/P =0 ET/P —> 1 R,/P — o, (2)

where R is surface runoff, P is precipitation, ET is evapotrans-
piration, R,, is net radiation, and under very moist conditions,

ET —R, R,/P — 0. 3)

The dry and wet limits are represented by BC and AB in Figure
1, respectively. Budyko [1958] used net radiation (R,,) as a
surrogate for potential evapotranspiration; we use potential
evapotranspiration (E) calculated by the method of Priestley
and Taylor [1972]:

A

Ev=axry

R’l’ (4)
where « is a constant equal to 1.28, A is the slope of the
saturation vapor pressure curve, and vy is the psychrometric
constant.

The dimensionless function (F) that satisfies conditions (2)
and (3) must take the following form:
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ET/P = F(E,/P). )

This formulation is based principally on the influence of cli-
matic conditions, and it assumes that the only effect of vege-
tation on evapotranspiration is through the influence of sur-
face albedo on net radiation.

2.3. Vegetation Effects on Annual Evapotranspiration

Our belief is that other vegetation effects come primarily
through the plant-available water capacity. Nepstad et al. [1994]
estimated that half of the closed forests of Brazilian Amazonia
depend on deep root systems to maintain green leaf areas and
evapotranspiration during the dry seasons. In a similar study,
Hodnett et al. [1995] also showed that during wet seasons
evapotranspiration of a terra firma type forest was very similar
to that of pasture (Brachiaria decumbens) in central Amazonia.
The soil moisture under the two vegetation types showed little
difference. However, in the dry seasons the forest sustained a
higher evapotranspiration rate than the pasture, and the dif-
ference was attributed to the ability of the trees to access soil
moisture from greater depth. Calder [1998] suggested that
evapotranspiration in semiarid areas is limited principally by
plant-available water, whereas in the wet uplands of the United
Kingdom, evapotranspiration is limited principally by radiation
and advection. These studies indicate that deep roots play an
important hydrological role in plant systems, especially under
dry conditions.

Rooting depth determines the soil volume from which plants
are able to draw water, and together with soil hydraulic prop-
erties, it defines the plant-available water capacity. Trees gen-
erally have much larger available water capacity than herba-
ceous plants. During wet seasons, plants extract most water
from shallow layers where the root density is the highest. As
the soil progressively dries, more water is extracted from
deeper layers to keep stomata open. As a result, trees are able
to maintain a relatively constant evapotranspiration rate over
time, even when soil moisture in the upper part of the soil is
limited. Under such conditions, shallow-rooted plants tend to
close their stomata and have a reduced evapotranspiration
rate. In regions with dry climates, plant-available water capac-
ity is expected to be a main reason for differences in annual
evapotranspiration between trees and shallow-rooted plants.

The depth and distribution of plant roots is affected by a
number of factors such as physical barriers, chemical barriers,
and nutrient distribution. When soil physical properties such as
porosity, pore sizes, strength, and root channels are unfavor-
able to water and oxygen supply, plant growth can be severely
limited. Tennant [1976] showed that the available water for
wheat in five different soils depended more on the rooting
depth than it did on the soil hydraulic properties. Canadell et
al. [1996] reviewed 290 studies around the world and showed
that average maximum rooting depth was about 7 m for trees
and 2.6 m for herbaceous plants. Such a difference in average
maximum rooting depth will translate into a 540 mm difference
in plant-available water for sandy soils and up to 3 times this
amount for loamy and clayey soils. Therefore it is expected that
rooting depth will contribute to differences in evapotranspira-
tion between forests and herbaceous plants.

Greacen and Williams [1983] reported the plant-available
water for some important Australian soils. For example, in a
deep red earth under eucalypt woodland, the plant-available
water was about 360 mm, although its water-holding capacity
was relatively low (Figure 2). However, for a grey clay under
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Figure 2. Typical soil moisture profiles and plant-available
water capacity for two soil types under different plants (adapt-
ed from Greacen and Williams [1983]). Solid lines represent
upper and lower limits of the soil water store. Numbers on
Figure 2 refer to stored soil water.

irrigated pasture the profile was relatively shallow but with
high water-holding capacity; the plant-available water was only
137 mm. As shown in Figure 2, deep-rooted plants (i.e., trees)
generally have larger storage capacity than shallow-rooted
plants (i.e., shortgrass and crops). The differences in both
magnitude of the plant-available water and its profile water
store will affect plant transpiration. It is clear that the plant-
available water capacity is primarily responsible for greater
evapotranspiration from forests than from pasture and crops
[Turner, 1991; Nepstad et al., 1994; Hodnett et al., 1995].

2.4. Rational Function Approach

Two approaches can be used to formulate the relationship
embedded in (1). The first is to use a process-based model
dependent on a number of variables such as plant-available
water content, seasonality of rainfall, soils hydraulic properties,
etc. We refer to this as a “bottom-up” approach. An alternative
is to use simple interpolators of an appropriate form between
the two limits (2) and (3) based on observed data. The inter-
polators are, in turn, related to physical variables such as po-
tential evapotranspiration and plant-available water content.
We refer to this as a “top-down” approach.

The following simple rational function satisfies conditions
(2) and (3):

E,
ET 1+W?
P E, (E)\ " ©)
1+W?+(?>

where w is the plant-available water coefficient and it repre-
sents the relative difference in the way plants use soil water for
transpiration. We interpret this as mainly owing to differences
in root zone depth. The sensitivity of (6) to the plant-available
water coefficient w is shown in Figure 1. The area to the left of
the line AB defines a region where long-term average evapo-
transpiration would exceed long-term average rainfall; this is
impossible in the dryland situations where rainfall is the only
source of available water.

The effect of w on evapotranspiration is minimal under both
very dry and very wet conditions (see Figure 1). The maximum
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Table 1. Description of Different Relationships for
Estimating Annual Evapotranspiration

Equation® Reference

ET = P[1 — exp (—E,/P)]
ET = P/[1 + (P/E,)?]"*
ET = {P[1 — exp (—E/P)]E, tanh (P/E,)}°”

Schreiber [1904]
Pike [1964]
Budyko [1974]

“ET is annual evapotranspiration (mm). P is annual rainfall (mm).
E is potential evaporation (mm).

difference in the ratio of evapotranspiration to rainfall be-
tween trees and herbaceous plants occurs when annual rainfall
equals the atmospheric demand (i.e., E,/P = 1.0). Under this
condition the ability of trees to exploit a greater depth in soils
allows them to use water that has been stored during the times
they are least active, while shallower rooted herbaceous plants
may allow that water to escape their root zone.

2.5. Comparison With Empirical Equations

A number of relationships have been developed based on
the assumption that evapotranspiration is limited by available
water (i.e., rainfall) under very dry conditions and available
energy (i.e., potential evaporation) under very wet conditions
(see Table 1). A comparison of these relationships with (6) is
shown in Figure 3. It is clear that (6) is in good agreement with
these empirical relationships. The plant-available water coef-
ficient of 1.0 provided better agreement with these empirical
relationships than smaller or larger values of w.

3. Testing and Generalization of the Model
3.1. Data Description

As stated in section 1, the data used in this paper were
obtained from two sources: paired-catchment studies and sin-
gle-catchment water balance studies. There are some notice-
able differences between these two types of studies. The
paired-catchment studies generally involved small catchments
(<100 km?), and the main objective was to detect changes in
catchment water yield (i.e., precipitation minus evapotranspi-
ration and recharge) after afforestation or deforestation. De-
tailed information on vegetation type and cover is available
from these studies. The single-catchment water balance studies
focused on relationships among rainfall, runoff, and evapo-
transpiration. These are generally large catchments with good
quality rainfall and runoff data over a long period. However,
information on vegetation type and cover is not complete. To
draw some general conclusions about the impact of vegetation
on catchment water balance from these studies, we selected
catchments with the following characteristics: (1) Rainfall is
the dominant form of precipitation. (2) Slopes of the catch-
ments are gentle. (3) Soil depth is relatively thick (>2 m).
Given that detailed information on vegetation is not available
for all the catchments concerned, especially for large catch-
ments, we will use the following terms to describe vegetation
types: herbaceous plants, mixture of herbaceous plants and
trees, and forest (>70% of canopy cover). Most of the catch-
ments used in this study have long records of annual rainfall
and streamflow data, from which we were able to obtain aver-
age annual evapotranspiration by assuming zero soil water
storage change. In a few catchments, evapotranspiration was
measured directly. The size of the catchments varied from less
than 1 km? to 6 X 10° km?. These catchments span a variety of

climates including tropical, dry, and warm temperate. Mean
annual rainfall in these catchments varied from 35 to 2980 mm,
and the seasonal distribution varied.

The vegetation ranges from same-age plantation trees to native
woodlands, open forests, rainforest, eucalyptus, various species of
pine trees and conifers through to native and managed grassland
and agricultural cropping. Soil descriptions were not routinely
included in the reviewed papers. The sheer variation in geograph-
ical location and climatic regime in the data, however, is expected
to cover most of the spectrum of soil types, from sand through
loams to clays. The location of these catchments is shown in
Figure 4, and details are given by Zhang et al. [1999].

3.2. Comparison With Observational Data

The relationship represented by (6) is determined by the
plant-available water coefficient (w), and larger values of w
tend to promote evapotranspiration. For the data listed by
Zhang et al. [1999], it was found that (6) provides upper and
lower limits with w equal to 2.0 and 0.1 (see Figure 5). On the
basis of data shown in Figure 5, we assert that w varies between
0.5 and 2.0 for the range of plants. For forests the best fit value
was 2.0, while for shortgrass and crops the best fit value was
0.5. It is expected that the value of w for bare soil will be less
than 0.5 because the rate of soil evaporation becomes water-
limited before plant transpiration does [e.g., Zhang and Dawes,
1998]. For bare soils the parameter w simply represents the
relative water stored in the soil that can be directly evaporated.

Despite its semiempirical nature the functional form of (6)
was found to be in good agreement with the data listed in
Appendix A of Zhang et al. [1999] combined with E, estimated
by Priestley and Taylor [1972]; all data are shown in Figure 5.
The mean absolute error (MAE) in the ratio of evapotranspi-
ration to rainfall (ET/P) between observation and (6) is 5%,
and the root mean square error (RMSE) is 6%. In this com-
parison the plant-available water coefficient (w) was set to 2.0
for forest and 0.5 for pasture. For catchments with mixed
vegetation we arbitrarily assigned a value of 1.0 because data
were not available to accurately separate herbaceous and for-
est cover for individual catchments. The potential evapotrans-
piration (E,) was calculated using the equation of Priestley and
Taylor [1972] with average values of temperature and net ra-
diation data. Milly [1994] developed a theoretical model that
incorporates soil water storage, rainfall seasonality, and other
factors. For a midlatitude location and assuming an exponen-
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Figure 3. Comparison of equation (6) with the relationships
developed by Schreiber [1904], Pike [1964], and Budyko [1974].
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Figure 4. Location map of the catchments used in

tial distribution of soil water storage, his model yielded similar
results (Figure 5).

Equation (6) can be used to calculate actual long-term
evapotranspiration when both rainfall and potential evapo-
transpiration are known. A comparison of observed and cal-
culated evapotranspiration from (6) is shown in Figure 6. The
MAE between the model estimates and measurements is 42
mm or 6.0%. The correlation coefficient is 0.96, and the best fit
slope through the origin is 1.00.

3.3. Model Generalization

To extend the above method to catchments with varying
proportions of forest and agricultural land use, a simple catch-

1.0

(T e
S N

the study. Details are given by Zhang et al. [1999].

ment scale model is proposed. Following Eagleson [1982], we
assumed that annual evapotranspiration from a catchment is
the sum of the annual evapotranspiration from herbaceous
vegetation (including soil evaporation) and that from forest,
weighted linearly according to their areas. The general equa-
tion can be expressed as

ET = fET; + (1 — f)ET,, (7

where ET is the total annual evapotranspiration in millimeters,
[ is the fractional forest cover, ET, is the annual evapotrans-
piration from forests in millimeters, and ET, is the annual
evapotranspiration from herbaceous plants in millimeters.

As demonstrated earlier, (6) is a useful framework for esti-

/ i Y Tk Tt ety c
IIB L ) :x“l_k - W = 5=
X <0
Il A A‘ A : 'ﬁx * —
! o [ % X & x—- —_——— -
0 8 | II ‘; x X ° [ ] J —— —
’ I x r% e X e
/ x Toexe - xx
‘ Palar AP &%f. .
/N Ke ° P
£ -~
0.6 | )é“ x ¢x7 e
o ,;x//x
& A
4
04 F ?
*/ A Forest
A e Mixed
,5/ x Pasture
oz | / Eq (6) with w = 2.0
. /4 = = = Eq(6) withw =1.0
= —Eq (6) with w = 0.1
—e— Milly (1994)
A
0'0 L L L L |
0.0 1.0 2.0 Eo/P 3.0 4.0 5.0
(s)

Figure 5. Comparison of equation (6) with measurements for catchments with different vegetation covers.

Also shown is curve of Milly [1994].
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Figure 6. Scatterplot of the observed and calculated evapo-
transpiration using equation (6). The correlation coefficient
between the model estimates and measurements is 0.96, and
the slope of the best fit through the origin is 1.00.

mating annual evapotranspiration. However, it requires esti-
mates of potential evaporation (E) and plant-available water
coefficient (w) for each catchment. Holmes and Sinclair [1986]
studied 103 catchments within the state of Victoria, Australia,
with varying mixtures of grass and native eucalypt forest cover.
They found clear differences between evapotranspiration rates
for forested and grassland catchments along a rainfall gradient.
Turner [1991] reported similar relationships based on a study of
68 catchments in California, United States of America.

Inspired by these workers, the parameters of (6) were estab-
lished for forested and grassland catchments listed by Zhang et
al. [1999] so that average evapotranspiration could be esti-
mated from average annual rainfall. We assumed that £, in (6)
is a constant (E.), which was obtained by a least squares fit
based on the data listed by Zhang et al. [1999]. Figure 7a shows
the fitted function for trees, which has 7> = 0.93, RMSE = 93
mm, £, = 1410 mm, and w = 2.0. Figure 7b shows the fitted
function for herbaceous plants, which has r? = 0.90, RMSE =
75 mm, E, = 1100 mm, and w = 0.5. Thus the generalized
form of (7) can be expressed as

1410 1100
1+2T 1+05T
ET=1f a0 p T4 o P |

®)

A comparison of (8) with the curves described by Holmes and
Sinclair [1986] and Turner [1991] is shown in Figure 8. Over the
range 500 to 1500 mm of annual rainfall, curves are very
similar. For higher annual rainfall, (8) tends to overestimate
forest evapotranspiration compared to the curve of Holmes
and Sinclair [1986]. As stated earlier, the data listed by Zhang
et al. [1999] represent varying proportions of forest and grass
or crop covers. A scatterplot of these data against (8) is shown
in Figure 9. It is clear that most of the forested catchments
plotted around the upper curve, and grassed catchments plot-
ted around the lower curve with mixed vegetation catchments
in the middle.
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4. Discussion

In spite of the complexity of the soil-vegetation-atmosphere
system the most important factors controlling mean annual
evapotranspiration appear to be annual rainfall, potential
evapotranspiration, and vegetation type. A simple model
framework has been proposed for estimating long-term mean
annual evapotranspiration based on rainfall, potential evapo-
ration, and a plant-available water coefficient (6). The result-
ing relationship has the same general form as the relationship
developed by Milly [1994]. Further, a generalized version for
direct application has been developed where only annual rain-
fall and two vegetation-based constants are required for (8).
The relationship suggests that long-term average annual
evapotranspiration under the same climatic conditions is
mainly determined by vegetation characteristics, and the dif-
ference may be attributed to the way different kinds of vege-
tation use soil water. The model is not designed for exploring
interannual or intra-annual variability. However, it may be
possible to incorporate these features into the model. Milly
[1994] showed that the spatial distribution of soil water storage
capacity and temporal rainfall pattern can affect catchment
evapotranspiration, but on a long-term average basis these
effects appear to be secondary.

It should be noted that in the formulation of the relationship
for long-term average annual evapotranspiration, Budyko
[1974] used net radiation instead of potential evapotranspira-
tion. The use of net radiation in this context is to represent
maximum evapotranspiration that would occur under given
climatic conditions. He examined different methods for calcu-
lating potential evapotranspiration and concluded that the best
way to calculate potential evapotranspiration is to use a com-
bination equation (e.g., Penman’s equation). Budyko [1974]
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Figure 7. Scatterplots of the least squares fit for (a) forested
and (b) herbaceous plant catchments.
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argued that on an annual basis, the upper limit of evapotrans-
piration is equal to net radiation because the annual sums of
the sensible heat flux cannot provide significant input of energy
to the land surface; hence the latent heat flux must be provided
by net radiation. In this study, potential evapotranspiration was
calculated using the method of Priestley and Taylor [1972] with
average values of temperature and net radiation data. It is
likely that estimation of potential evapotranspiration using
other methods will yield different results. However, evaluation
of these methods for estimating potential evapotranspiration is
outside the scope of this study.

For the generalized model (8) both the potential evapora-
tion and plant-available water coefficient are set to constant
values for trees and grass. A constant £, in (8) is used to
simplify the model and cannot be interpreted as potential
evaporation in the traditional sense because actual evapotrans-
piration can exceed E, as rainfall increases. The value of E . is
1410 mm for forests and 1100 mm for shortgrass. Differences

in albedo and aerodynamic resistance between these vegeta-
tion types may explain these differences in E .

Annual evapotranspiration is generally greater for forested
than for nonforested catchments. The difference is larger in
high-rainfall areas and diminishes in areas with annual rainfall
less than 500 mm. From Figure 9 it is clear that catchments
with mixed cover have annual evapotranspiration between that
observed for fully forested and fully cleared catchments.
Therefore we can use the two curves as an envelope; that is, the
response of the mixed catchment must lie between these two
curves. It was assumed that mean annual evapotranspiration is
a linear function of tree cover [Liu and Zhong, 1978; Vertessy
and Bessard, 1999], and this may introduce errors in catch-
ments with mixed cover type in high-rainfall zones. However,
Sahin and Hall [1996] argue that the effect of tree cover is
likely to be a nonlinear function, and thresholds exist below
which no changes in evapotranspiration could be observed. It is
clear from Figure 5 that a single curve cannot explain all of the
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Figure 9. Relationship between annual evapotranspiration and rainfall for different vegetation types.
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variability among the data. The uncertainties associated with
rainfall, potential evapotranspiration estimates, and estimates
of fractional vegetation cover must contribute to the scatter.

5. Conclusions

A two-parameter model has been developed to estimate
mean annual evapotranspiration at catchment scales. The
model is based on, and constrained by, observations, and the
relationship should be both robust and scientifically justifiable.
The model has advantages over more traditional process-based
models, requiring data generally available at regional scales
and being easy to apply either to an individual catchment or in
a spatial modeling framework. The model is consistent with
previous theoretical work and shows good agreement with over
250 catchment-scale measurements from around the world.
The generalized model (8) provides a catchment approach for
estimating the order of magnitude of the changes in mean
annual evapotranspiration that result from changes in catch-
ment vegetation.

The model is a practical tool that can be readily used to
predict the long-term consequences of reforestation and has
potential uses in catchment-scale studies of land use change.
Using fixed parameters rather than allowing them to vary by
catchment reduces the data requirements and facilitates auto-
mated implementation of the model within geographic infor-
mation systems and other frameworks [e.g., Zhang et al., 1997,
Vertessy and Bessard, 1999]. The approach presented seeks to
establish long-term average relationships for annual evapo-
transpiration, and it can be considered as a preliminary step
toward the study of climate-soil-vegetation dynamics.
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