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Abstract. The Budyko curve describes the patterns observedr, in those that do, it is often included generically or in ab-
between between climate, evapotranspiration and run-off andtract terms that are difficult to measure across space and
has proven to be a useful model for predicting catchment enthrough time. This is beginning to change with the recogni-
ergy and water balances. In this paper we review the Budykdion by the hydrological community that biological processes
curve’s underlying framework and, based on the literature play a key role in the catchment water balance (Rodriguez-
present an argument for why it is important to include vege-Iturbe and Porporato, 2005; Montaldo et al., 2004). One key
tation dynamics into the framework for some purposes. Thefeature of this role is that transpiration, a major component
Budyko framework assumes catchments are at steady-statef the catchment water balance, and biological productivity
and are driven by the macro-climate, two conditions depen-are intimately coupled (Berry et al., 2005). The fields of
dent on the scales of application, such that the framework’shydrology and ecology will benefit from a more integrated
reliability is greatest when applied using long-term averagesunderstanding of catchment behaviour. This is the central
(>>1year) and to large catchmentsX0000kn?). Atthese  challenge of ecohydrology.
scales previous experience has shown that the hydrological In order to characterise the components of catchment wa-
role of vegetation does not need to be explicitly considerecter balances, Budyko (1974) developed what is now one of
within the framework. By demonstrating how dynamics in the most enduring frameworks that links climate to catch-
the leaf area, photosynthetic capacity and rooting depth ofnent run-off and evapotranspiration. It is simple to inter-
vegetation affect not only annual and seasonal vegetation wapret and plainly links basic physical principles governing the
ter use, but also steady-state conditions, we argue that it isatchment water balance. The resulting relationship, widely
necessary to explicitly include vegetation dynamics into theknown as the “Budyko curve”, partitions average precipita-
Budyko framework before it is applied at small scales. Suchtion into average run-off and average evapotranspiration. De-
adaptations would extend the framework not only to appli-viations around this relationship are observed and consider-
cations at small timescales and/or small catchments but table work has been done to explain these deviations, attribut-
operational activities relating to vegetation and water man-ing them to variability and seasonality in climate, to soil char-
agement. acteristics, to vegetation type and to the scales of analyses.
It seems likely that the quantitative integration of measures
of key vegetation characteristics might enhance the Budyko
framework. If true, then the applicability of the framework
might be extended to a variety of land management applica-
h;ions. The purpose of this paper is to review the Budyko
ment water balance have traditionally been the realm ofameéwork with particular reference to vegetation and, by
the hydrological community. Investigations have used mod-hlghllghtlng 'Fhe dynamic role ve_getat|on often ;_)Iays In catch-
els predominantly based on physical processes and applicA1€nt behaviour, to argue the importance of including spa-
tions have generally remained in the same arena. Very feW@!ly and temporally dynamic measures of vegetation into
catchment-scale hydrological models incorporate vegetatiorpudyko's framework. More specifically, this review:

1 Introduction

Efforts to better understand the components of the catc

Correspondence to: R. J. Donohue 1. explicitly quantifies some of the assumptions inherent in
(randall.donohue@csiro.au) the water balance as formulated by Budyko, particularly

Published by Copernicus GmbH on behalf of the European Geosciences Union.



984 R. J. Donohue et al.: Vegetation dynamics and Budyko’s hydrological model

those relating to steady-state conditions (Sect. 2); We can convert to the familiar depth units by dividing both

sides by the catchment aref.( m?) and the density of liquid
2. examines the Budyko-related literature focusing on howyyater (o,,, kg m=3):

vegetation processes and dynamics can affect the as- L

sumption of steady-state conditions within the frame- AS, P —E—Q )
work as well as the components of the water balancep, At =~ p,A.

itself (Sect. 3);

The framework can be further extended by noting that soil
3. collates information from the literature that demon- Water depends on the volume of the buckeét (n*) and the
strates the magnitude to which vegetation dynamics cainass concentration of water in the buckes, ([, kg m=3):
affect the water balance and the timescales over wh|ch —V [Su] ©6)
these effects can operate (Sect. 4); and - v

An upper limit to [S,,] is set by the pore space within the soll
hich is a function of soil texture and structure (Craze and
amilton, 1991). Soil water can change because of a change
in the volume of the bucket or a change in mass concentration
within the volume. To the first order we have:

4. suggests some potential ways forward for investigatin
how time-series remote sensing may enable vegetatlor|1_|
dynamics to be incorporated into the Budyko frame-
work (Sect. 5).

ASw = [Sw] AV +V A[Sy] 7)
2 TheBudyko framework and curve

The volume of the bucket depends on the catchment area and
In the middle of last century Budyko (1958, 1974) published bucket depth, m):
a framework describing the partitioning of average precip-
itation into average evapotranspiration and average run-off’ = Acz (8)
based on simple physical relationships. This is now known

as the “Budyko curve” and is described below. For a given catchment, the area is fixed and the volume of the

bucket can only change because of the change in deyath (
With that, and combining Egs. (5, 7 and 8):

1 A A[Sy P-E-Q
Budyko described the hydrology of a catchment using a— ([Sw] =Ly [ ]> = " o
supply-demand framework and a simple bucket model where’v T T Puw e

net drainage is assumed to be negligible. The water balance Formulating the water balance in this way allows links to

2.1 Catchment water and energy balances

©)

was defined as: be made (later in Sects. 3 and 4) between vegetation charac-
ds, teristics and the spatial analysis scales, as well as the “flux
o —FPE- 0 (1)  components” (RHS of Eq. 9, that ig) and E) and the

“steady-state components” (LHS of Eq. 9) of the water bal-
where E, P and Q are catchment-wide estimates of evap- ance. Even though this seems more complicated than Eqg. (1)
otranspiration, precipitation and run-off fluxes, respectively it has the advantage that it makes all the terms, especially
(in SI units, which will be the units used henceforth, theser andz, explicit. Firstly, A. determines the spatial scale of
are allkgs™), ands,, (kg) is the soil water storage. A catch- analyses. Budyko only examined catchments withwell
ment iS in steady-state when changesijnare zero. Inre-  over 1000 krd, partly to minimise the effect of any ground-
ality, ¢ dt is almost continually varying due to fluctuations water flow (i.e. to ensure the validity of the bucket model)
in P, Q andE and steady-state conditions are typically es- as he assumed this to be negligible, and partly to minimise
tablished in analyses by integrating Eq. (1) over a finite timethe effect of “local conditions” orE (see Sect. 2.2). Sec-
penod ) that is larger than the time-scale of fluctuations in ondly, r determines the timescale of analyses. In developing

his framework, Budyko assumed catchments were at steady-

state (i.e. LHS of Eqg. (9)»0). Budyko therefore a priori

T T
/ @dt / Pdt — / Edr — / Qdt (2)  selected a value af to ensure that the steady-state assump-
0 0 tions would be reasonable. In doing that, Budyko found that
In finite form we have the catchment mass balance: AS, canbe as large dsor Q over asingle year, and so set
to be much greater than 1 year by using long-term averages.
AS, =Pt —Et — Q1 (3) Lastly, z controls total possiblé,,. However, under the as-
sumption that groundwater flow is negligible, water loss from
or the bucket is via soil evaporation or plant transpiration. Thus
AS, — — rooting depthz, (m), determines the water potentially avail-
=P—-E-Q (4)  able to plants and therefore the effective bucket depth.

T
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Fig. 1. Budyko’s framework and curve. The curve (dotted line), Fig. 2. Plot of mass balance data from 331 Australian catch-

defined by Eq. (12), describes the relationship between the drynessients showing the deviations of values around the Budyko curve.

index (@; R,/AP) and the evaporative index;(E/P). Line A-B Large, hollow circles denote the 30 moderate-sized catchments

defines the energy-limit to evapotranspiration, and line C-D definegA.>1000 knf) and small circles denote the remaining 301 smaller

the water-limit. catchments€<1000 knf). Data are from Peel et al. (2000) and Rau-
pach et al. (2001) calculated using Eq. (9) with8 years.

Fluxes of both mass and energy are involved in evapotran-
spiration and this provides a critical link between the watervalue of evaporation under given conditions” (Budyko, 1974,
and energy balances. The catchment-wide energy balance . 323). To avoid the need to define the widely used no-
given by: tion of “potential evaporation” (Granger, 1989), subsequent
discussion will refer to the available energy simplyRga.

ASe=R,—AE—H (10)

where the change in energy storage)(is the balance be-
tween net radiationK,,) and the fluxes of latent\g) and
sensible f) heat (all in J51) wherex (Jkg™?1) is the latent

This seems like a reasonable simplification as Budyko found
that, averaged over a year or longérjs always positive (i.e.
provides no net energy input) and tit alone is a good ap-
proximation of the available energy.

heat of vaporisation. Note that the sign convention used in Catchment-scale annual (or longer) evapotranspiration is
Eq. (10) assumes thaE and H are positive away from the usually estimated for gauged catchments by assuming that
surface whiler, is positive into the surface. Using the same ASy is 0 and hence is the difference between measured

form as Eq. (9) gives:

Aze

[Se] + Ze A [SE] =

R,—»E—-H
Ac

(11)

wherez, (m) is the depth to which energy can be stored. Over
annual timescales energy storage can usually be omitted fror’gz

the energy balance.

2.2 The framework and curve

values of P andQ (Eqg. 9). The need for a simple means of

estimatingE from ungauged catchments prompted Budyko
to develop the “equation of relationship” that describes the
dependency oF on the variable® andR,,/x:

R, P 1 "
("T tanhg (1 — cosh®d + sinhcb)) (12)

This curvilinear relationship, which built on the works of
Schreiber (1904) and Ol'dekop (1911), has become known

Evapotranspiration is limited by the supply of either water or as the Budyko curve (Fig. 1). Budyko often used the evap-

energy. At steady-state, when water is limiting, (1> P),
the maximum possibl& is P, at whichQ=0 (Eq. 9). Sim-
ilarly, the maximum possibl& when energy is limiting is

orative index £; which is E/P) to describe the partitioning
of P into £ and Q. The curve approaches the water and
energy limits as values ob become more extremeQ is

R,/ at whichH=0 (Eq. 11). Evapotranspiration approaches proportional to the vertical distance between the curve and
one of these two limits as water or energy, respectively, bethe water limit andd is proportional to the vertical distance
come increasingly limiting. This framework of mass and en- between the curve and the energy limit.

ergy balances and supply and demand-limited evapotranspi- Budyko tested this relationship using measured values of
ration is the key component of Budyko’s work. The type E from 1200 moderate sizedd(>1000kn?) catchments
and degree of limitation is determined by the radiative indexand found that it explained about 90% of the variation in

of dryness ¢) which is the ratio ofR,/A to P. Values of
® <1 represent energy-limited environments, antdwater-
limited. Intermediate environments occur wheére 1.

If all available energy is converted #E, then E=R,/A.

observed values. When limited to very large catchments
(A.>10000 kn?) the relation was even better. This improve-
ment with catchment area was attributed to the (macro-) cli-
mate being the principle determinant Bfover large areas.

Budyko considered this to represent “the greatest possiblés A, diminishes (i.e. as catchment size decreage&nay

www.hydrol-earth-syst-sci.net/11/983/2007/
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vary appreciably under the influence of local conditions of allowed for a dynamig,, Milly held this constant in the anal-

a non-climatic character” such as topography and vegetatiogses.

(Budyko, 1974, pp. 318 and 330). The availability of en- Choudhury (1999) did not directly examined the effects of
ergy, as described bg,,, is a micro-climatic variable that is  vegetation yet he did test the effects of spatial scales of anal-
dependent on albedo and surface temperature (Oke, 1987sis (A.) on predictions ofE which are significant from a
These, in turn, are affected by surface characteristics suckiegetation perspective. Choudhury used Pike’s (1964) equa-
as vegetation cover, slope and aspect which can vary oveiion which is numerically similar to Budyko'’s curve, except
fine spatial scales (tens to hundreds of metres) depending athat it had an adjustable parameter,

landscape complexity. Hence, we take Budyko’s statement

to mean that, the smaller the catchment area, the more serg _ P (13)
sitive estimates oR,, are likely to be to variations in local (1 n (F)‘/ﬂa)l/a
catchment surface characteristics and vice versa. "

This relationship was tested using observationsPofR,,

and E derived from mass balances and micro-meteorology
3 Understanding deviations from the Budyko curve at field sites 4.~1km?), and derived from a biophysical

process model (Choudhury and DiGirolamo, 1998) for large
Budyko did note that systematic deviations occurred betweeasins f.>1000000kn). It was found that the depen-
actual and expected values and that it was most pronounce@ence ofE on P and R, changes withA. («=2.6 for site
in intermediate climates (Fig. 2) and that these deviationd®@sed observations®0.99] and 1.8 for basins4+0.97]).
were, in part, related to the seasonal Cyc|e§>mnd Rn/)V That iS, the Iarger the basin area, the lowerdhand the less
(Budyko, 1974, pp. 326). When these are in phase, mea€vapotranspiration for a given (Fig. 3). Choudhury did not
sured values of are slightly higher than expected and, when Stipulate exactly what physical processes were involved in
out of phase, are slightly lower. Budyko did not comment in this scale-dependencedn
any detail about the underlying processes. Zhang et al. (2001) focused on the role vegetation plays
within the Budyko framework, acknowledging that a num-
ber of key vegetation characteristics affect evapotranspira-
tion rates. Their aim was to adapt the Budyko framework so

A number of studies have examined the Budyko curve tothat.It could be used to quantify the effect of long-term veg-
etation change o®. They developed an equation similar to

find out what causes the deviations (e.g. Eagleson, 1978 ) . . . i
Milly, 1994: Choudhury, 1999; Dooge et al., 1999; KosterBBUdykos and Choudhury’s, also with an adjustable parame

and Suarez, 1999; Zhang et al., 2001; Sankarasubramaniéﬁr’w' that they called the “plant available water coefficient”:
and Vogel, 2002; Porporato et al., 2004; Potter et al., 2005 1+wd

). Many have focused on climatic and geophysical processe§ = m
alone or have included vegetation but treated it as a constant. ®
Several studies are of particular interest here as they have diFhey hypothesised that this parameter should reflect the role
rectly examined the effects of vegetation. Milly (1994) set of vegetation, particularly,, on E. In fitting this curve

out to explore reasons why Budyko’s curve plots below theto mass balance data from forested and non-forested catch-
energy and water limits and what causes the deviations. Usments, the best-fit values ef were found to be 2.0$=0.93]

ing a stochastic model, Milly found that, when the suppliesand 0.5 [f=0.90], respectively (Fig. 3). Hence, forested
of energy and water varied seasonally, the phase differencesatchments (highv) have higherE and lowerQ for a given
betweenR, /). and P where important. For example, when & compared to grassed catchments (loyv Catchment sizes

the supplies ofk, /1 and P were seasonal and out of phase varied between 1 and 600 000 kmWhilst showing thatE
there was proportionally legs (and moreQ) than whenthey  was related to vegetation, no quantitative link was made be-
were either non-seasonal or when seasonal and in phase. Stiveen these two variables. Zhang et al. (2004) noted that
water storage, which is partly a function gf, provides a  w represents the integrated effect of multiple catchment pro-
buffer against this seasonal climate variability. In times of cesses on evapotranspiration, of which vegetation is one, and
surplus, water can be stored in situ and is available to vegetahat a priori estimations of for a catchment are very diffi-
tion for use at a later time of deficit. Thus, Milly (1994) also cult. An important point made by these authors (based on the
found thatE increases (an@ decreases) as potentig) in- work of Fu, 1981) was that evapotranspiration is most sensi-
creases. Milly’s analysis was grid-based, with a resolution oftive to variation inw under intermediate climate®¢1).

0.5 (A.~2500 kn? at 3% latitude). When compared to ob- Building on the work of Milly (1994) and Rodriguez-
served values (represented as interpolated surfaces of equilturbe et al. (2001), Porporato et al. (2004) used a simple
alent resolution) the model explained 88% and 85% of thestochastic model to explore the effect that changes in both
variation inQ and E, respectively. Even though the model z, and the temporal distribution of precipitation have on the

3.1 Previous studies

(14)

Hydrol. Earth Syst. Sci., 11, 983-995, 2007 www.hydrol-earth-syst-sci.net/11/983/2007/
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Fig. 3. Comparison of the Budyko curve (Eq. 12) with the curves Fig. 4. Inter-annual mass balance data for the Upper Cotter catch-
of Choudhury (1999) (Eg. 13) and Zhang et al. (2001) (Eg. 14). ment, showing several years with values above the energy-limit.
Choudhury 1.8 is calculated using1.8 and describesfrom large Values derived with Eq. (9) withi.=148 kn? andr=1 year. The
catchments4.>1x 108 km?). Choudhury 2.6 useg=2.6 and de-  progression ok and ® from 1972 to 1974 is shown to highlight
scribes field plots4.~1 km?). Zhang 2.0 and Zhang 0.5 uge2.0 the AS,, between a dry year (1972=780 mm,0=220 mm) and a
and 0.5, respectively, and describffom forested and non-forested very wet year (1973P=1320 mm,Q0=320 mm) and two very wet
catchments, respectively. years (1973) and (1974£=1460 mm,Q=750 mm). The hollow cir-
cle denotes the long-term#£39 years) value of. Data courtesy of
Ecowise Services (Australia), Pty. Ltd.
soil water balance and associated ecological processes. Us-
ing the Budyko framework, they showed that, has the _
inverse effect or as a change in average storm depth. Thatindicating a link between vegetatioA,. and variation in&
is, an increase ig, shifts the Budyko curve up (increasgs ~ and that such a link is most pronounced under intermediate
as does a decrease in average storm depth, holding all elsgimates.
constant. These results provide some confirmation of Zhang Vegetation can affect the spatial scales to which the
et al’s (2001) hypothesis of the relationship betweeand ~ Budyko framework can be applied. Choudhury’s (1999)
z-. Porporato et al. (2004) then demonstrated how their rework emphasised the importance @f in describing the
formulation of Budyko could be used to estimate the effect ofdynamics ofE. As Budyko's curve considers only macro-
long-term changes in average storm depth (for a gReon climatic processes, its reliability is greatest wherg ex-
vegetation productivity, and changes in vegetation on evapoceeds 1000k This is confirmed by Budyko (1974) and
transpiration. Milly (1994) who_, working at large scales, concluded that
most variation inE could be explained byp. Alternatively,
3.2 Interactions between analysis scale, vegetation angver half the catchments used by Zhang et al. (2001) were
Budyko deviations under 1000 krh and these authors concluded that vegetation
does play an important role in partitionirgyinto £ and Q
The only plant functional attribute considered in these pre-at these scales. Thus, ds decreases, the more important
vious studies ig,. This attribute is generally treated as a it becomes to incorporate the catchment-specific effects of
constant, except by Porporato et al. (2004) who represent ivegetation on the energy and water balances.
as a temporally dynamic variable. It is a pragmatic approach Vegetation can also affect the temporal scales appropriate
to holdz, constant as it is currently a very difficult attribute for analysis. Applying the Budyko framework over small
to measure. Ultimately, it would be extremely useful to inte- time-scales needs to be done carefully in order to maintain
grate vegetation into the framework in a more comprehensivesteady-state conditions as vegetation dynamics, and particu-
and spatio-temporally dynamic manner as it would enable théarly net changes in vegetation (e.g. due to harvesting, wild-
Budyko framework be applied to a wider range of ecological fire and land-use change) can result in larg®, even when
and hydrological issues. 7 is around 1 year. Several examples will illustrate this.
The dependence @ on the long-term climatic parameters Talsma and Gardner (1986) showed that sdfnealyptus
P andR,/x has been demonstrated by several authors usingpecies drew more heavily on stored water during the sum-
a variety of equations that represent variations of the Budykamer of a drought year than the summers of years with aver-
curve. According to Budyko (1974), the numerical similar- age precipitation, using 200 mm more soil water than aver-
ity of equations describing this relationship is inevitable. Theage. Another example is given in Fig. 4, which shows evap-
advantage of the Choudhury (1999) and Zhang et al. (2001ptranspiration for the Upper Cotter catchment in the Aus-
equations is computational simplicity and the flexibility af- tralian Capital Territory (1480, 35°40' S, 148 kn?) calcu-
forded by the adjustable parameters. These two adjustabliated using Eq. (9) with=1 year. Several years show evap-
parameters appear also to be functionally similar, possiblyotranspiration values above the energy limit. These years

www.hydrol-earth-syst-sci.net/11/983/2007/ Hydrol. Earth Syst. Sci., 11, 983-995, 2007
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had unexpectedly low) given the highP and were each characteristics have rarely been incorporated into catchment-
preceded by moderately dry years. This catchment containscale hydrological models (Arora, 2002) most likely because
Sphagnum bogs with large water holding capacities. The ob- they can be difficult to measure at these scales. Nevertheless,
served pattern implies that recharge/discharge of these bogsis important to understand how they each influefde or-
results in relatively large changes $,. When measure@ der to understand the nature of, and mechanisms driving, the
andQ are used to estimaté using Eq. (9) in a non-steady- different water use dynamics of different vegetation types.
state catchment, the estimateinherently includes\S,,.

Finally, Calder et al. (1997) reported thaticalyptus plan- 4.1 Three key vegetation attributes

tations established on former croplands exploited substan- . . -

tial stored soil water resulting in unusually highand that The first two vegetation characteristics - leaf area and pho-
AS, could be up to 50% o for several years after planting tosynthetic rate - only directly affect the flux components

(the oppositeAS,, would be expected in the years following Og Ef?' ©). dR?]oting ddepth, on the other han;j,haffects b(k))thl
clearing of the same plantations). These examples demorf€ flux and the steady-state components of the water bal-
nce. Focusing on the evaporative fldxcan be separated

strate that vegetation dynamics can resultin non-steady—stat% . = .
conditions, especially after net vegetation change, over perilnto three fractlons: transplratlorEQ, gviporatlon from
ods of up to several years. The longer the period needed tglqnt surface; of intercepted precipitatiof; arﬂe\/apo'
establish steady-state conditions, the less useful the approaiﬁt'o_q f.rom soil and other non-vegetated surfaces @ll in
for catchment and land management applications. 9s %)
Budyko’s curve is based on long-term averages which re-E = E, + E; + E, (15)

move short- to medium-term variability to establish steady- The |eaf area of canopies is commonly represented using

state conditions. Consequently, the reliability of Budyko's {ha |eaf area index() which is the total projected leaf area
curve is diminished if used to address issues of short—temPer unit ground area:

changes in the water balance. This is particularly pertinen leaf area
to vegetated landscapes as the hydrological role of vegetag, — —— — —— (16)
tion can be highly dynamic. It will be of great practical value ground area
to apply a Budyko-type framework to inter-annual (and evenL is an important plant structural attribute that relates to both
intra-annual) timeframes and therefore be able to use it tdhe energy and water fluxes (Nemani and Running, 1989;
address landscape change. Pierce et al., 1993; Hatton and Wu, 1999).is related to
Besides affecting the spatial and temporal scales tdphotosynthesis as it determines the fraction of Photosynthet-
which Budyko can be applied, quantitative incorporation ically Active Radiation absorbed by foliage (fPAR). It alters
of hydrologically important vegetation characteristics into albedo, and therefor®,, as well as surface roughness which
Budyko’s model is also expected to open its scope to mordnfluencesE (Arora, 2002). Of the three vegetation char-
ecologically-oriented applications such as vegetation pro-acteristics onlyL directly affects all three fractions of the
ductivity modelling (e.g. Porporato, 2004), to integrated veg-evaporative flux. Broadlyk; andE; are related td. andE;
etation and water management and to assessing possible iris-inversely related td.. Atlow values ofZ common in drier
pacts of climate change on catchment processes. A crucig@nvironments£3-5) increases if are accompanied by pro-
aspect of achieving this is to ensure that the vegetation charortional increases if; and decreases ifi; (Schulze et al.,
acteristics have relevance at catchment scales and be readiyp94, Law etal., 2002). As the climate becomes wetter/and
measured, preferably by some form of remote sensing. increases furthet;;becomes less responsive to changes in
(Schulze et al., 1994) and the relationship betwEgand L
becomes important, such th&t can comprise 40-50% af
4 Thedynamic role of vegetation in the water balance in energy-limited environments (Hutley et al., 1997; Barbour
et al., 2005). Considering these relatiohshears a general
It is well established that vegetation plays an important rolerelationship toE over most climates.
in the water balance (e.g. Jones, 1992; Calder, 1993; Arora, Leaf area is a highly dynamic vegetation characteristic. It
2002; Lee et al., 2005) and that changes in vegetation extentaries with resource availability (Field et al., 1992; White-
and type are accompanied by changes in catchment evafread and Beadle, 2004) being higher where conditions are
otranspiration and run-off (Sharma, 1984; \ertessy et al. more favourable for growth. Significant temporal variation
2003). This was recently highlighted by Farley et al. (2005) occurs due to climate dynamics and the type and age of veg-
and Jackson et al. (2005) in the context of the hydrologicaletation. Annual and deciduous species have extreme cyclical
consequences of proposed afforestation for carbon sequestreariation in L whilst evergreen species have more moderate
tion. Although many plant physiological and structural char- values with medium-low seasonal variabiliti. can change
acteristics affeck, the three that dominate are: 1) leaf area; inter-annually as a function of vegetation age: young vegeta-
2) photosynthetic rate; and 3) rooting depth (Pierce et al.tion quickly increases its leaf area which peaks before drop-
1993; Zhang et al., 2001; Arora, 2002; Eamus, 2003). Thesging to a lower and more constant value as it matures (Arora,
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2002). Vegetation age is altered by the frequency of major A
disturbances (e.g. fires, storms, diseases) and management
actions (e.g. destructive harvesting, crop establishment).

Photosynthetic rateA,, mol CG, s 1) refers to the net
carbon assimilation rate per unit leaf area (Salisbury and
Ross, 1992; Larcher, 1995}, is related, via leaf conduc-
tance (Wong et al., 1979), 6, as:

-

Evaporative Index (&)

E, = 0.018(3) (17) 00 05 1.0 15 20 25 30
ph Dryness Index (@)
whereW,, is the water use efficiency of photosynthesis and
is the ratio of the number of moles G@ained in photosyn-
thesis to the number of moles,8 lost in transpiration, ex-
pressed per unit leaf area. In this caBgis also per unit leaf
area. A variety of methods can be used to approximately con-
vert A, to canopy or catchment scales (Norman, 1993) and ]
.Wl”’ can be expressed similarly (Mc\ﬁcar etal., 2002) allow- 001
ing Eg. (17) to be expressed per unit g(ound area. It can be Jan 'A'pr' o Ot Jan 'A'pr' W Ot
seen from Eq. (17) that, at a givé¥,,, high A, is accom- Month
panied by high rates of transpiration, is highly dynamic,
varying within and across species and vegetation types, with
location and plant age. Highly fertile sites support vegetationFig. 5. The effect of seasonal vegetation dynamics on catchment
with higher A, than resource poor sites (Larcher, 1995; Ea-evapotranspiration and run-off. For a given dryness index, catch-
mus et al., 2001). There is a general relationship betwigen ments with a high prc_npo_rtlon of persistent vegetation (e.g. [1]) have
the ratio of leaf area to leaf volume\{ and leaf longevity greater evapotrgnsplratlon fluxes and smaller run-off fluxes (a_nd
(Reich et al., 1997; Roderick et al., 2000). Short-lived, thin thﬁre;‘]ore plot.hlgh;sr on the Budyko .Curve) than catchments with
leaves (highA) typical of annual and deciduous species and® ™ proportion of recurrent vegetation (e.g. [2]).
the young foliage of evergreens, have highcompared with (A): Indicative values of the evaporative index for catchments [1]
long-lived, thick leaves (lowA) of mature evergreens, all else and [2], both with®~1.45, demonstrating vertical deviations that
being equal. AlsoA, andL bear a general relationship as @€ possible within the Budyko framework.
both are higher in resource-rich locations and become less 8): Profiles of catchment fPAR showing seasonal vegetation dy-
water and/or nutrients become scarce. namics. Catchment [1] has a higher total fPAR (solid line) and
Rooting depth %) is an extremely important plant char- higher proportion of persistent fPAR (dotted line) compared to
acteristic as it alters the water balance in two ways. Firstly,catchment [2]. Recurrent fPAR is the difference between total
z» affects the flux components of the water balance (Eq. g)and persistent. Catchment [1] supports mostly open Eu‘calypt for-
by determining the soil water potentially available for tran- €St (149.725E, 34.070 S). Catchment [2] supports agricultural
spiration. In the absence of roots (vegetation), little buffer- pastures with patches of Eucalypt forest (147:36935.443 S).

ing of precipitation variability occurs and, considering that Derivatioqs of fPAR and the pgrsistent/recurrent components based
. . . N .. on Roderick et al. (1999) using AVHRR Global Area Coverage

evaporation from bare soil rapidly diminishes after precipi- \ 5\ data.

tation (Ritchie, 1972), the majority of precipitation eventu-

ally becomes run-off (Milly, 1994; Porporato et al., 2004).

It is worth noting that, has different affects o, in dif-  as deforestation can almost instantly reduce the effective

ferent soil types due to differences is,[] and that varia-  (roots may remain but are generally inactive) whilst regener-

tions in [Sy] can result from changes in vegetation and from ation and revegetation can increase it over time. Hegce,

management-induced changes in soil structure (Eldridge anglot only affectsE, but can also alteAS,, and therefore the

Freudenberger, 2005; Craze and Hamilton, 1991). Secondlyalue ofr required to achieve steady-state conditions.

7, can affect the steady-state components of the water bal-

ance. Roots extend down some proportion of total soil depth4.2 Seasonal vegetation dynamics

Even though soil depth at a site may be invariant (over typ-

ical timescales of interest, e.g. 100 yeats)js not. It can  Budyko (1974) and Milly (1994) both noted that phase dif-

vary inter-annually due to fluctuations in climate (Field et ferences between the seasonal dynamick,@% and P are

al.,, 1992), and even seasonally in concert with water tableassociated with differences that can occukiand Q under

fluctuations (Knight, 1999; Pate and Bell, 1999). Of signif- a given climate. Such differences result in vertical devia-

icance is the potentially rapid changeszin and therefore tions from the Budyko curve where, for a givén a variety

in S, (EQ. 9), due to vegetation change. Disturbances suclof values ine can occur (Fig. 5a). As Zhang et al. (2001)

0.5

Evaporative Index () w
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agery (DeFries et al., 1995; Roderick et al., 1999; Lu et al.,
2003). Persistent vegetation is comprised of species that are
active year-round and displays relatively little seasonal vari-
ation in canopy structure. This generally encompasses non-
deciduous, perennial species. Recurrent vegetation is com-
prised of species that operate in continuous cycles of activity
; and dormancy and includes deciduous, annual and ephemeral
0 R species. These two types are characterised by differences
) in the seasonal dynamics éfand A,. Also, if deciduous
species are uncommon in a catchment, then the useful gener-
alisation can be made that persistents have high and reason-
ably staticz, and recurrents have logy. and this only dur-
ing the growing season. One consequence of these dynamics
is that, for a given climateE from a catchment supporting
mostly persistent vegetation should be relatively high @nd
‘ : : relatively low compared to that from a catchment with mostly
0 w20 Time (sears) >40 recurrent vegetation (Hatton and Nulsen, 1999; Berry et al.,
2005). On the Budyko curve, a persistent catchment is likely
to plot above the curve and a recurrent catchment below the
curve (Figs. 5a and b), as per Zhang et al. (2001). Describ-
ing vegetation simply as annual averages will not fully cap-
ture these important differences Fhand Q associated with
seasonal vegetation dynamics. Instead, some indication of
the relative contributions of recurrent and persistent vegeta-
tion types to a catchment’s water balance (e.g. Fig. 5b) will
L Time Gears) most likely explain more of the vertical deviations that occur
around the Budyko curve.

A - forest to grassland

-10 to -30

Change in evaporation (%)

o]

- grassland to forest

30 to 100

poration (%)

31to44

0

Change in eva

@]

- post-disturbance forest regeneration

25t0 50

0

\nge in evaporation (%)

i -45 to 95

Ch

Fig. 6. Changes in catchment evapotranspiration following major

vegetation changes. 4.3 Annual vegetation dynamics

(A): Conversion of forest to grassland.(B): Conversion of Caichments experiencing net vegetation change between
grassland to forest(C): Forest disturbance and subsequent regen-Years will experience changes in catchment evapotranspira-
eration. Values given are predominantly based on Eucalypt forest§ion. The position that such catchments plot on the Budyko
and plantations in water-limited catchments (Langford, 1976; Vancurve can change over time even in the absence of changes
Lill et al., 1980; Kuczera, 1987; Pierce et al., 1993; Costa andin the macro-climate. For example, clearing of persistent
Foley, 1997; Vertessy, 1998; Cornish and Vertessy, 2001; Gordorvegetation means an instant reductiorrin A, and L and,

et al., 2003; Vertessy et al., 2003; Farley et al., 2005). The timingy, 5 given @, is followed by a decrease B and an in-

and magnitude of changes in evapotranspiration vary with annua[:rease in0. A change inS,, occurs as the soil profile fills

average precipitation, species and the proportion of catchment, v\ Jhsance of soil water extraction by deep roots. A new
undergoing change. Insets indicate vertical changes for a

given @) in a catchment’s location within the Budyko framework St_eady'State eventually re'eStab“Shes at "’,‘ ICENESSC_)C'ated
associated with each type of vegetation change. with the replacement vegetation type typically being recur-
rent (Fig. 6a). This is the typical hydrological impact of
clearing for agriculture (Calder, 1993; Pierce et al., 1993;
) ~ Walker et al., 1993). These changes mean a catchment will
and Porporato et al. (2004) have shown, these vertical deV'aprogressively plot lower on the Budyko curve. The oppo-
tions also relate to seasonal water use dynamics of differentjie yegetation change — the replacement of recurrent with
vegetation types. Further, seasonal vegetation dynamics a"&%rsistent vegetation — initially produces a marked increase
seasonal climate dynamics are coupled (Berry_ et al., _2_005- E and drop inQ (Fig. 6b) due to the higtL, A, and
— except where the vegetation has been heavily modified Tapid increases in, (up to 2.5mlyr (Calder et al., 1997))
such that it would be difficult to ascertain which of the two 555qciated with young evergreen vegetation. Rapid extrac-
dynamics are most directly responsible for these deviations.jq, of s, often occurs. As the vegetation ag@moder-

A useful classification of vegetation which captures theseates and a new steady-state establishes with higher ogerall
seasonal water use differences is persistent and recurreand lowerQ than that of the original steady-state condition,
functional types. This approach is useful because the funcwhich eventually locates the catchment higher on the Budyko
tional types can be distinguished in time-series satellite im-curve. This is the typical hydrological pattern following
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afforestation (Van Lill et al., 1980; Vertessy et al., 2003; Far- to be correlated to the net effect of all processes affecting wa-
ley et al., 2005). Both these cycles are observed when persiger availability and may bypass the need to measure each pro-
tent vegetation regenerates after disturbance (Fig. 6¢) such a®ss individually (Zhang et al., 2004). Sintds an above-
after fire (Vertessy, 1998) or after timber harvesting (Cornishground, structural characteristic and is therefore relatively
and Vertessy, 2001). These examples demonstrate that draasy to measure comparec:faandAg, it is the most useful
matic vegetation change can disrupt steady-state conditionsf the three vegetation characteristics to incorporate into the
within catchments and alter the relative proportion®aind Budyko model. AsL fluctuates according to ecohydrologi-
E for years, and even decades, after large disturbances, utal equilibrium theory, in some circumstances incorporation
timately changing a catchment’s position within the Budyko of L will account for the effects of,, and even changes in
framework. zr (Specht, 1972), and may provide a surrogate measure of
In summary, Sects. 3 and 4 have demonstrated the poz,. Additionally, L provides a link to land management as
tentially significant role vegetation plays in the hydrology L is manipulated by management practices such as planting,
of catchments. Vegetation dynamics can dictate the spatioharvesting and thinning of vegetation and by modifying site
temporal scales appropriate for analyses. This is because tHertility.
three key vegetation characteristi€s A, andz,, are all spa-
tially and temporarily dynamic. Each can influence the flux 5.3 Remotely-sensed measures of Leaf Area Index and the
components of the water balance whistcan also change fraction of absorbed Photosynthetically Available Ra-
steady-state conditions. When bathand A, are large, it diation (fPAR)
has been found that it is not necessary to explicitly include
vegetation in Budyko's framework to achieve reasonable pre-The easiest means of measurihgacross large areas and
dictions of catchment behaviour. However,asnd/orA, repeatedly through time is by satellite-based remote sens-
become smaller it becomes increasingly important to incor-ing. Vegetation has a unique spectral signature (Jones, 1992)
porate both the inter- and intra-annual vegetation dynamicgvhich forms the basis of a variety of remotely sensed vege-
into the framework. One potential way of achieving this may tation indices, including the Simple Ratio (SR) and the more
be to utilise remotely sensed vegetation information withincommon Normalised Difference Vegetation Index (NDVI).
the theoretical framework of ecohydrological equilibrium.  Theory and measurements have shown that SR is linearly re-
lated toL whilst NDVI is non-linearly related td. above val-
) o o ues ofL around 2-4 (Nemani and Running, 1989; McVicar
5 Using vegetation information in ecohydrology et al., 1996; Carlson, 1997; Lu et al., 2003). The NDVI-L
relationship saturates with further increased4.infPAR, on
the other hand, is near-linearly related to NDVI (Kumar and

Vegetation directly affects the energy and water baIancesMonteith’ 1981; Asrar et al., 1984; Lu .et ,al.,. 2003) and can
be related tod, and E;, through Monteith’s light use effi-

However, vegetation grows in response to the combined af-". gel (M th 1931 Roderick L 2001 B
fect of all conditions that limit growth (Odum, 1993), such ciency model (Monteith, » Roderick et al., » BErry

as light, temperature, pH, nutrients and disturbances. In engflnd Roderick, 2004). Considering the problematic NIVI-

vironments where the dominant limitation is water, Vegeta_relationship an_d that _fPAR i?’ functionally similar 19 from
tion grows in response to the multiple processes that affect remotg sensing point of View f.PAR would be an excellent
the availability of water (Specht, 1972; Zhang et al., 2004) alternat_|ve measure for describing the hydrological role of
and may provide a shortcut to quantifying the local, micro- vegetatlop. ) .

climatic factors affecting. As Nemani and Running (1989) N @pplications, integrals of NDVI have often been used

suggested, vegetation is the great landscape integrator. ~ (€-9- Prince, 1991; McVicar and Jupp, 1998). Annual NDVI
has been found to be linearly related to annual catchment

5.2 Ecohydrological equilibrium E from both an energy-limited environment (Szilagyi, 2000)

and a water-limited environment (Mora and Iverson, 1998).
In water-limited environments strong relationships have beer-or more detailed work, the seasonal dynamics of the fPAR
found between water availability and mature, perennial veg-signal can be processed to estimate the persistent and recur-
etation, most particularly vegetation structure (Specht, 1972rent vegetation types (Fig. 5b) (Roderick et al., 1999; Lu et
Woodward, 1987). Perennial vegetation supports leaf aral., 2003) which can then be used to estimate primary pro-
eas that can be predicted from moisture availability andductivity andE of the separate types (Berry and Roderick,
which vary in concert with it. This suggests an ecohydro-2004). It is worth noting that before using fPAR data in ap-
logical equilibrium, or steady-state (Eagleson, 1978, 1982pplications, it is important to ensure potential sources of sig-
Nemani and Running, 1989; Pierce et al., 1993; Hattonnal contamination are accounted for, such as the effects of
and Nulsen, 1999), a dynamic condition that fluctuates withsatellite calibration, atmospheric and cloud interference, and
micro-climatic variations and only occurs in relatively undis- Sun-target-sensor geometry (Gutman, 1999, Kaufman et al.
turbed vegetation. Measures of such vegetation are expecte&2D00, Tanre et al., 1992).

5.1 \Vegetation — the great landscape integrator
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6 Conclusion ities. It is also expected to be a powerful tool for exploring
the possible effects of short and long-term climate change on

The assumptions inherent in Budyko’s hydrological model both vegetation and hydrology.

have been highlighted by explicitly restating the framework
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tions can be violated. It is in these circumstances that in-Edited by: C. Hinz
corporating vegetation into the framework is expected to en-
hance the frameworks predictive capacity.

Vegetation is known to play a significant and highly
dynamic role in determining catchment evapotranspiration.
Veget.atio_n accesses stored soil water, the pqtential V_Olumgxrora, V.: Modeling vegetation as a dynamic component in soil-
of which is determined by,, and evaporates this water into  yegetation-atmosphere transfer schemes and hydrological mod-
the atmosphere at rates dependentandA, amongst other els, Rev. Geophys., 40(2), doi:10.1029/2001RG000103, 2002.
things. The role of vegetation in the water balance is contin-Asrar, G., Fuchs, M., Kanemasu, E. T., and Hatfield, J. L.: Estimat-
ually changing as,, L andA, all vary with climatic condi- ing absorbed photosynthetic radiation and leaf-area index from
tions and with the type and age of vegetation. At small spa- spectral reflectance in wheat, Agronomy J., 76, 300-306, 1984.
tial and temporal scalesi{ <1000 knf andt <1-5 years), Barbour, M. M., Hunt, J. E., Walcroft, A. S., Rogers, G. N. D., Mc-
which are scales arguably more relevant to management ac- Seveny, T. M., and Whitehead, D.: Components of ecosystem
tivities than those originally used by Budyko, vegetation be- €vaporation in a temperate coniferous rainforest, with canopy
comes an important explanatory variable of catchment hy- transpiration scaled using sapwood density, New Phytologist,

drological behaviour. This is particularly true for catchments .. -6 549-558, 2005.
rological benaviour. IS IS particularly true 1or catchmen SBerry, S. L., Farquhar, G. D., and Roderick, M. L.: Co-evolution

experiencing net vegetation change as this means the relative ¢ climate, soil and vegetation, in: Encyclopaedia of hydrolog-

proportions off andQ are shifting and, because of changes  ica| sciences, edited by: Anderson M., John Wiley And Sons,
in z,, steady-state conditions are unlikely to exist in these |ndianapolis, 2005.
catchments. Berry, S. L. and Roderick, M. L.: Gross primary productivity and

The theory of ecohydrological equilibrium is based on the transpiration flux of the Australian vegetation from 1788 to 1988
idea that, in water-limited environments, vegetation is the AD: effects of CG and land use change, Global Change Biology,
integrated response to all processes affecting the availabil- 10, 1884-1898, 2004. ,
ity of water. Consequently, incorporation of some key mea-Budyko, M. I.: The hea_t balance of the earth’s surface, U.S. Dept.
sure of vegetation into Budyko’s model is expected to extend_ °f Commerce, Washington, 1958.

; . : . Budyko, M. I.: Climate and life, Academic, New York, 1974.
the model’s ability to describe catchment behaviour to small- ] . .
| vsesl i h it has b h Calder, I. R.: Hydrologic effects of land-use change, in: Handbook

Scale ang yses. Is ong suc measur.e as ithas been s i own - hydrology, edited by: Maidment, D. R., McGraw Hill, Sydney,
to vary with water availability according to ecohydrological  19g3
equilibrium theory. It is difficult to measurg across large  caider, I. R., Rosier, P. T. W., Prasanna, K. T., and Parameswarappa,
areas and repeatedly through time and so remotely-sensed s.: Eucalyptus water use greater than rainfall input-a possible ex-
estimates of fPAR can provide a useful alternative measure planation from southern India, Hydrol. Earth Syst. Sci., 1, 249—
of vegetation. We expect that the integration of the tempo- 256, 1997,
rally dynamic recurrent and persistent components of fPAR  http://www.hydrol-earth-syst-sci.net/1/249/1997/.
into the Budyko framework will extend the framework to be Carlson, T. N., and Ripley, D. A.: On the relation between NDVI,
a reliable predictor o and@ over small timescales and/or fractional vegetation cover, and leaf area index, Remote Sens.

in small catchments, even when those catchments are exp%- Environ., 62, 241-252, 1.997' - .
. . S . houdhury, B. J.: Evaluation of an empirical equation for annual
riencing significant vegetation change.

f hi I h b evaporation using field observations and results from a biophys-
As far as we are aware, this proposal has not yet been ;. model., J. Hydrol., 216, 99-110, 1999.

tested. If such a modified Budyko framework can be devel-cnoudhury, B. J. and DiGirolamo, N. E.: A biophysical process-
oped, its use is expected to extend not only to application at pased estimate of global land surface evaporation using satellite
small scales but also to practical applications such as predict- and ancillary data — |. Model description and comparison with
ing the hydrological effects of vegetation management activ- observations, J. Hydrol., 205, 164-185, 1998.
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