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Abstract

Available energy (often expressed in terms of potential evaporation) and precipitation largely determine annual
evapotranspiration and runoff rates in a region. The ratio of annual potential evaporation to precipitation, referred to as the
aridity index by Budyko, has been shown to describe the evaporation ratio (the ratio of annual evapotranspiration to
precipitation) of catchments from a range of climatic regimes in a number of studies. It has been shown that aridity index alone
can be used to obtain an estimate of ratio of standard deviation of annual evapotranspiration estimates to that of precipitation
(the evaporation deviation ratio). At present, there are at least five functional forms available, which describe evaporation ratio
as a function of aridity index. This study assesses data from Canadian Centre for Climate Modelling and Analysis’ (CCCma)
third-generation atmospheric general circulation model (AGCM) against these five functional forms. Evaporation ratio and
evaporation deviation ratios from an AGCM simulation are compared against these five functional forms and it is shown that the
primary control of available energy and precipitation over annual partitioning of precipitation, and interannual variability of
evapotranspiration, is preserved well in the AGCM. The aridity index is further used to obtain an analytic equation, which can
be used to estimate change in runoff given annual changes in precipitation and available energy. This equation is validated using
data from control and climate change simulations of the CCCma coupled GCM (CGCM1) and shown to perform fairly well.
The correlation between CGCM1 simulated annual change in runoff and the values obtained using aridity index is consistently
around 0.95, and the average bias varies between 40.5 and 50.3 mm/year, for the five functional forms. The successful
validation of this equation against data from a GCM climate change simulation illustrates the continued relevance of aridity
index, and the primary control of precipitation and available energy in determining annual evapotranspiration and runoff
rates. Crown Copyright q 2002 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

For a given region, the annual mean evapotran-
spiration ðEÞ and runoff ðRÞ rates are governed
primarily by the amount of available energy (the

demand) and precipitation ðPÞ (the supply). If the
available energy and potential evaporation rates are
fairly low, then for a given amount of precipitation
runoff is likely to exceed evapotranspiration. Simi-
larly, runoff would be expected to be a smaller
fraction of precipitation if available radiative energy
is very high resulting in high evapotranspiration. The
primary control of available energy (i.e. net radiation)
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and precipitation in determining annual runoff and
evapotranspiration rates has been long recognized. It
has been observed that annual evapotranspiration
approaches annual precipitation in regions where the
available energy greatly exceeds the amount required
to evaporate annual precipitation. Conversely, in
regions where available energy is a fraction of the
amount required to evaporate the entire annual
precipitation, the annual evapotranspiration
approaches potential evaporation. These two annual
evapotranspiration amounts, limited by the available
water and energy, are shown as segments A and B,
respectively, in Fig. 1a. This figure plots evaporation
ratio (E=P; the ratio of annual evapotranspiration to
precipitation) as a function of the ratio of potential
evaporation, E0; to precipitation ðE0=PÞ commonly
known as the aridity or dryness index ðfÞ after
Budyko (1974). Regions where aridity index ðfÞ is
greater than unity are broadly classified as dry since
the evaporative demand cannot be met by precipi-
tation. Similarly regions with f less than unity are
broadly classified as wet. The aridity index may also
be related to climatic regimes in a broad sense, e.g.
arid, semi-arid, sub-humid, and humid regions are
defined by the aridity index ranges of 12 . f $ 5;
5 . f $ 2; 2 . f $ 0:75; and 0:75 . f $ 0:375;
respectively (Ponce et al., 2000).

Over an annual time scale the partitioning of
precipitation (units of mm) and net radiation (N; units
of W/m2) into their corresponding water and energy
balance components may be written as

P ¼ E þ Rþ DS; ð1Þ

N ¼ LE þ H þ DG; ð2Þ

where L is the latent heat of vaporization, H is the
sensible heat flux, DS is the change in moisture
storage in soil and snow, and DG is the net ground
heat flux. Dividing Eq. (2) by Eq. (1) and assuming DS
and DG are small over an annual time scale, H is
positive, and representing net radiation ðNÞ in terms of
potential evaporation ðE0 ¼ N=LÞ yields

E0

P
¼ E

P
þ ðH=LÞ

P
: ð3Þ

Representing H in terms of Bowen ratio ðg ¼ H=LEÞ;
the ratio of sensible to latent heat flux, and substituting
in Eq. (3) yields

E0

P
¼ E

P
þ Eg

P
; ð4Þ

which on rearrangement gives an expression for the
evaporation ratio ðE=PÞ as a function of the aridity

Fig. 1. (a) Comparison of evaporation ratio curves predicted by the Schreiber, Ol’dekop, Budyko, Turc–Pike, and Zhang et al.’s functional
forms, and (b) comparison of data from CCCma GCM3 with these five functional forms.
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index ðf ¼ E0=PÞ and the Bowen ratio ðgÞ
E

P
¼ f

1þ g
: ð5Þ

Eq. (5) is easy to interpret. As a region becomes dry
and is characterized by high potential evaporation,
low precipitation and evapotranspiration, and high
sensible heat fluxes then f!1, g!1 and E=P
tends towards unity implying little runoff (Fig. 1a). On
the other hand, as a region becomes wet and is
characterized by low values of aridity index ðfÞ and
Bowen ratio ðgÞ then E=P , 1 and runoff occurs.
Since Bowen ratio ðgÞ is also a function of available
energy and precipitation (and thus a function of f )
evaporation ratio may be expressed as a function of
aridity index alone.

E

P
¼ f

1þ f ðfÞ ¼ FðfÞ: ð6Þ

The assumptions made in deriving Eq. (6) require that
the change in moisture storage in soil and snow ðDSÞ
be small and that sensible heat flux ðHÞ be positive.
Evaporation ratio for cold regions, which experience
permanent ice/snow cover and negative sensible heat
flux, therefore, cannot be adequately described in
terms of aridity index. Eqs. (5) and (6) form the
physical basis of all functional forms which express
evaporation ratio as a function of aridity index. For
example, Schreiber (1904) developed a simple
formula for representing the evaporation ratio as a
function of the aridity index in the form

E

P
¼ 12 e2f: ð7Þ

The functional form of Schreiber’s (1904) relation-
ship implies that the evaporation ratio asymptotically
approaches unity for higher values of the aridity index
ðfÞ; implying that in extremely arid regions all
precipitation is essentially converted into evapotran-
spiration. Ol’dekop (1911) developed a similar
relationship to that of Schreiber (1904) but used a
hyperbolic tangent relationship.

E

P
¼ f tanh

1

f

! "

: ð8Þ

Budyko (1948) found that water balance data from a
number of catchments, when plotted, lay between the
curves proposed by Schreiber (1904) and Ol’dekop

(1911). He accordingly proposed the geometric mean
of the two relationships.

E

P
¼ f tanh

1

f

! "

ð12 e2fÞ
# $1=2

: ð9Þ

Budyko further tested this relationship for 29
European rivers (Budyko, 1951) and then for 1200
regions for which precipitation and runoff data were
available (Budyko and Zubenok, 1961). On the basis
of data from 250 catchments from different climatic
regimes Turc (1954) proposed a relationship which
expressed evaporation ratio as a function of aridity
index in the form

E

P
¼ 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:9þ 1

f

! "2
s : ð10Þ

Turc’s (1954) relationship was modified by Pike
(1964) who found that using 1 instead of 0.9 gave
better results. These four functional forms (Schreiber,
Ol’dekop, Budyko, and Turc–Pike) numerically
behave in a similar manner (Fig. 1a) and the predicted
evaporation ratio asymptotically approaches unity for
higher values of aridity ratios. Budyko and Turc–Pike
curves are hardly distinguishable from each other, and
Ol’dekop’s curve lies above all curves for values of
the aridity index less than about 3. All functional
forms deviate from asymptotes A and B, more so
around f ¼ 1; where it appears that there is a
transition from energy-limited evapotranspiration
(segment B) to water-limited evapotranspiration
(segment A). Milly (1994) questioned why transition
occurs from B to A and analytically showed that it is
the annual cycle of climate which causes this
transition. He showed that in absence of an annual
cycle, i.e. for constant climate, evapotranspiration is
equal to the maximum of P or E0: Indeed, Budyko and
Zubenok (1961) noted that when precipitation and
potential evaporation have seasonal cycles that are in
phase with each other then catchments plot closer to
the asymptotes, and when the seasonal cycles of
precipitation and potential evaporation are out of
phase then catchments plot away from the asymptotes.
Asymptotes A and B define the upper water and
energy limits to evapotranspiration, and therefore, the
minimum runoff for a region. Milly (1994) high-
lighted other possible causes for deviation from the
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asymptotes (i.e. runoff in excess of this minimum). He
identifies water-holding capacity of soil, infiltration
capacity of soil, and the rate at which the water flows
toward plant roots, as three possible causes. For
example, if water-holding capacity of the soil is too
small then saturation-excess runoff will occur even
though aridity index may exceed 1. Precipitation
intensities in excess of infiltration capacity will lead to
infiltration-excess runoff irrespective of the aridity
ratio. Finally, if potential evaporation rates exceed the
rates at which water within the root zone can flow
short distances to the plant roots (or to bare soil
surface), then evapotranspiration may fall short below
its water- and energy-limited rates.

In addition to their similar numerical behavior (as
shown in Fig. 1a) Eqs. (7)–(10) all assume that the
evaporation ratio is principally determined by cli-
matic conditions and the only effect of vegetation on
evapotranspiration is through the influence of surface
albedo on net radiation. These formulae do not
explicitly take into account the effect of type of
vegetation and the fact that forests can transpire more
water than herbaceous plants and grasses since they
have access to potentially larger available water
capacity through their deep root systems. Zhang
et al. (2001) refer to a number of studies which
indicate that deep roots play an important hydro-
logical role in plant systems, especially under dry
conditions, and attempt to overcome this limitation by
developing a new formula (Eq. (11)). They express
evaporation ratio as a function of aridity index ðfÞ and
a plant-available water coefficient ðwÞ which in
essence attempts to take into account the deviations
in evaporation ratio due to variability in water-holding
capacity of the soil as pointed by Milly (1994).

E

P
¼ 1þ wf

1þ wfþ 1

f

: ð11Þ

Using data from more than 250 catchments, which
varied in area from 1 to 6 £ 105 km2, and in annual
rainfall from 35 to 2980 mm, Zhang et al. (2001)
estimated the value of plant-available water coeffi-
cient ðwÞ of 2.0 for catchments dominated by forests,
and 0.5 for catchments dominated by short-grass and
crops. A higher value of w for forests implies a higher
evaporation ratio for a given value of f: For their
relationship, Zhang et al. (2001) found that the plant-

available water coefficient ðwÞ value of 1.0 provided
the best agreement with Schreiber (1904), Budyko
(1948), and Pike (1964) relationships.

Budyko (1948) relationship has also been success-
fully tested using general circulation model (GCM)
data by Koster and Suarez (1999) who also developed
a relationship, similar to that of Budyko, which
expresses the ratio of standard deviation of evapo-
transpiration to that of precipitation ðsET=sPÞ as a
function of the aridity index.

The successful application of the five functional
forms in Eqs. (7)–(11) to observed annual water
balance data from catchments around the world, and
data from a GCM, emphasize the primary control of
precipitation and available energy in determining the
ratio of annual evapotranspiration to annual precipi-
tation. This paper assesses the data from Canadian
Centre for Climate Modelling and Analysis (CCCma)
third-generation atmospheric GCM (AGCM3) against
these five functional forms. It assess how the
evaporation ratio, and the ratio of standard deviation
of annual evapotranspiration to that of precipitation
ðsE=sPÞ; from the CCCma AGCM3 compare with
those estimated by these five functional forms. The
aridity index is further used to obtain an analytic
equation, which is used to estimate change in runoff
given annual changes in precipitation and potential
evaporation. This equation is validated using runoff
data from CCCma’s first-generation coupled GCM
(CGCM1) control and climate change simulations and
is shown to perform fairly well.

Section 2 briefly explains the climate model
simulations from which the results are used in this
study. Analysis of mean annual evapotranspiration
and precipitation, and their interannual variability, is
presented in Sections 3 and 4, respectively. Section 5
describes the simple analytic equation which is used
to obtain an estimate of change in runoff, due to
change in climate, and its validation with CGCM1
data. In Section 6, the results of the study are
summarized and conclusions are drawn.

2. Climate model simulations

Annual evapotranspiration and precipitation data,
used to estimate evaporation ratio and the interannual
variability of evapotranspiration and precipitation
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estimates in Sections 3 and 4, are obtained from the
Atmospheric Model Intercomparison Project 2 (AMIP
2) simulation made with the CCCma third-generation
atmospheric GCM. CCCma AGCM3 evolved from
the CCCma second-generation model (AGCM2)
which is described by McFarlane et al. (1992). The
results analyzed here are obtained with the T47 32-
level version of the model, in which dynamic terms
are calculated at triangular T47 spectral truncation,
and the physical terms on the associated 96 £ 48
(3.758) horizontal linear grid. The vertical domain
extends to 1 hPa and the thicknesses of the model’s 32
layers increase monotonically with height from
approximately 100 m at the surface to 3 km in the
lower stratosphere. While many of the parameterized
physical processes in the third generation model are
qualitatively similar to AGCM2, key new features
include: (1) a new parameterization of cumulus
convection (Zhang and McFarlane, 1995), (2) an
improved treatment of solar radiation which employs
4 bands in the visible and near infrared region, (3) an
‘optimal’ spectral representation of topography (Hol-
zer, 1996), (4) a revised representation of turbulent
transfer coefficients at the surface (Abdella and
McFarlane, 1996), (5) a hybrid moisture variable
(Boer, 1995), and (6) the introduction of Canadian
land surface scheme (CLASS), a new module with
three soil layers for treatment of the land surface
processes (Verseghy et al., 1993).

In AMIP 2 simulations the atmospheric GCMs are
integrated for a 17 year period (1979–1995) with
specified lower boundary conditions of observed
monthly sea surface temperatures (SST) and sea-ice
concentrations (Fiorino, 1997). The AMIP, initiated in
1989 undertook the systematic evaluation, diagnosis,
and intercomparison of the performance of the
atmospheric GCMs (Gates et al., 1999). For this
purpose, participating models simulated the evolution
of the climate during the decade 1979–1988. AMIP 2
is an extension of AMIP, with improvements in
experimental design, additional diagnosis of an
expanded model output and establishment of new
standards and protocols for data analysis.

Climate change results used in Section 5 are
obtained from the control and transient enhanced
greenhouse warming simulations of the CCCma’s
coupled general circulation model, CGCM1. The
climate of CGCM1’s control simulation is described

by Flato et al. (2000). The atmospheric component of
the model is described byMcFarlane et al. (1992). It is
a spectral model with triangular truncation at wave
number 32 (grid resolution roughly 3.78 £ 3.78) and
10 levels in the vertical. The ocean component is
based on the Geophysical fluid dynamics laboratory
(GFDL) MOM1.1 code (Pacanowski et al., 1993) and
has a resolution of roughly 1.88 £ 1.88 and 29 vertical
levels. The model includes a thermodynamic sea-ice
component and a single layer bucket soil moisture
component whose depth and evapotranspiration rate
depend on soil and vegetation type. An ensemble of
three transient enhanced greenhouse warming simu-
lations performed with CGCM1 is described by Boer
et al. (2000a,b). These simulations follow the IS92a
forcing scenario as implemented by Mitchell et al.
(1995) where the overall greenhouse gas (GHG)
forcing change is specified in terms of an equivalent
concentration of CO2. Observational estimates are
used from 1850 to the present. Thereafter, an increase
of CO2 at a rate of 1% per year (compounded) until
the year 2100 is imposed. The direct forcing effect of
sulphate aerosols is also included by increasing the
surface albedo (Reader and Boer, 1998) based on
results from the sulphur cycle model of Langner and
Rodhe (1991).

3. Analysis of mean annual evapotranspiration and
precipitation

Mean annual evapotranspiration and precipitation
estimates from the 17 year AMIP 2 simulation made
with CCCma AGCM3 are used to obtain the
evaporation ratio. Potential evaporation, E0; values
are obtained as

E0 ¼
N

L
; ð12Þ

where N is the net radiation and L is the latent heat of
vaporization. The use of net radiation in this context is
to represent the maximum evapotranspiration that
could occur for given climatic conditions. Values of
potential evaporation in this study are easily obtained
using net radiation from the GCM since the land
surface scheme takes into accounts the energy
balance. In practice, however, estimation of potential
evaporation could be a large source of error. Budyko
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(1974) himself used net radiation instead of potential
evaporation and argued that the upper limit for
evapotranspiration is equal to net radiation. Grid
cells with year-round ice and snow cover are not
considered, (1) because these cells have a potential for
long-term moisture storage in form of snow/ice and
this violates the assumption that precipitation be
balanced by evapotranspiration and runoff, and (2)
because many of these grid cells are characterized by
negative sensible heat fluxes which allows mean
annual evapotranspiration, ET, to exceed potential
evaporation, E0:

Evaporation ratio obtained using GCM data, for
869 ice- and snow-free grid cells, is plotted against the
aridity index in Fig. 1b. The GCM points are overlaid
by the curves predicted by the five functional forms.
Grid cells (78 in number) with aridity index more than
5 are not shown in the figure although their
evaporation ratio, as expected, is found to be close
to 1. The GCM data show a clear increase in
evaporation ratio ðE=PÞ with an increase in the aridity
index ðfÞ and the qualitative shape of the GCM data
compare well with the five functional forms. The
correlation between model evaporation ratio and that
predicted by these five functional forms varies
between 0.925 and 0.934. There is substantial scatter
around the curves. This is expected since these
functional forms do not take into account (1) the
annual cycles of precipitation and potential evapor-
ation and if they are in or out of phase, (2) that surface
runoff can be generated due to saturation- and
infiltration-excess, and (3) that transpiration from
vegetation may not occur at a rate determined by the
aridity index. Nevertheless, the relationship between
evaporation ratio and the aridity index is strong
enough to illustrate that a reasonable first-order
estimate of evaporation ratio can be obtained from
aridity index. The fair agreement between GCM
results and the five functional forms affirms that the
primary control of precipitation and available energy
in annual partitioning of precipitation into evapotran-
spiration and runoff is preserved reasonably well in
the GCM.

This, however, is by no means a test of GCM
annual precipitation, evapotranspiration, and runoff
fluxes against observations. Precipitation and runoff
estimates from CCCma GCM3 are compared with
observations in Arora and Boer (2002) and Arora

(2001a,b) who find that although the globally
averaged precipitation and runoff over land are
simulated well in the model there remain discrepan-
cies in regional estimates of these quantities.

4. Analysis of interannual variability

Koster and Suarez (1999) extend the use of aridity
index to predict interannual variability of the
evapotranspiration and runoff fluxes. Assuming inter-
annual changes in soil moisture storage ðDSÞ are much
smaller than the annual precipitation, evapotranspira-
tion, and runoff fluxes, they write evaporation ratio for
i th year as a function of that year’s aridity index,

Ei

Pi

¼ FðfiÞ; fi ¼
E0i

Pi

: ð13Þ

Using Eq. (13), the deviation of the i th year
evapotranspiration ðDEiÞ can be written in terms of
deviation of precipitation ðDPiÞ; and aridity index
ðDfiÞ from their respective climatological means as

DEi ¼ FðfÞDPi þ PF0ðfÞDfi: ð14Þ
Expanding Dfi in terms of DPi and DE0i

Df ¼ DE0

P
2

E0

P2
DP

and substituting in Eq. (14) yields

DEi ¼ ½FðfÞ2 fF0ðfÞ&DPi þ F0ðfÞDE0i : ð15Þ

Squaring, time-averaging, and re-arranging Eq. (15)
yields an expression for ‘evaporation deviation ratio’,
that is the ratio of standard deviation of annual
evapotranspiation to that of annual precipitation.

sE

sP

! "2

¼ ½FðfÞ2 fF0ðfÞ&2 þ F0ðfÞ2 sE0

sP

! "2

þ2½FðfÞ

2fF0ðfÞ&F0ðfÞ covðP;E0Þ
s2
P

: ð16Þ

Eq. (16) implies that evaporation deviation ratio is a
function of aridity index, the mathematical form of
FðfÞ; and deviations in precipitation and potential
evaporation from their climatological means. Under
the assumption that interannual variations in net
radiation (and thus potential evaporation) are gener-
ally smaller than those of precipitation, Koster and
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Fig. 2. Standard deviation of model annual potential evaporation estimates ðsE0
Þ plotted against the standard deviation of model precipitation

estimates ðsPÞ: The 1:1 line is also shown.

Table 1
Mathematical expressions for evaporation deviation ratio ðsE=sPÞ for all five functional forms

Functional form
sE

sP

¼ FðfÞ2 fF0ðfÞ

Schreiber
sE

sP

¼ 12 e2f 2 f e2f

Ol’dekop
sE

sP

¼ 4

e1=f þ e21=f
& '2

Budyko
sE

sP

¼
f tanh

1

f

! "

½12 e2f 2 f e2f& þ sech2
1

f

! "

½12 e2f&

2 f tanh
1

f

! "

ð12 e2fÞ
# $1=2

Turc–Pike
sE

sP

¼ 1

1þ 1

f

! "2
" #1=2

2
1

f2 1þ 1

f

! "2
" #3=2

Zhang et al. sE

sP

¼ 12 wþ fþ wfð1þ wfÞ

1þ wfþ 1

f

! "2
;

sE

sP

¼ 2fþ f2

1þ fþ 1

f

! "2
; for w ¼ 1

V.K. Arora / Journal of Hydrology 265 (2002) 164–177170



Suarez (1999) write Eq. (16) in a simplified form as

sE

sP

¼ FðfÞ2 fF0ðfÞ: ð17Þ

Using data from a GCM, they show that standard
deviation of net radiation is generally, but not
universally, smaller than standard deviation of
precipitation. Fig. 2 shows the standard deviation of
annual potential evaporation estimates ðsE0

Þ plotted
against the standard deviation of precipitation esti-
mates ðsPÞ using data from the AMIP 2 simulation of
the CCCma AGCM3 for 869 ice- and snow-free grid
cells. The assumption that sE0

is generally less than

sP is true for most land cells. A few land cells,
however, do lie above and extremely close to the 1:1
line in Fig. 2. At these points, where sP is small,
interannual variations in potential evaporation and
precipitation are of similar magnitude.

Using Eq. (17), the Schreiber, Ol’dekop, Budyko,
Turc–Pike, and Zhang et al.’s functional forms are
used to obtain their corresponding expressions for
predicting evaporation deviation ratio sE=sP and
these are shown in Table 1. The expression for
evaporation deviation ratio for Budyko’s functional
form is same as that obtained by Koster and Suarez
(1999) and a value of w ¼ 1 is used for Zhang et al.’s
(2001) functional form, i.e. when no distinction is
made between forested and herbaceous catchments.
The curves for evaporation deviation ratio predicted
by these five functional forms are compared in Fig. 3a.
As expected, despite their different mathematical
forms, the qualitative shapes of the sE=sP versus f
curves predicted by the five functional forms are fairly
similar. Evaporation deviation ratio sE=sP obtained
from the AMIP 2 simulation is plotted against the
aridity index ðfÞ; and overlaid sE=sP versus f curves
predicted by the five functional forms, in Fig. 3b.
About 110 grid cells (out of 869) at which variations
in potential evaporation were significant ðsE0

=sP .
0:6Þ are excluded. These points are excluded since at
these points evaporation deviation ratio also depends
on interannual variations of potential evaporation
(which are of similar magnitude to interannual
variations in precipitation) and therefore, at these
points Eq. (17) is not a good approximation of Eq.
(16). The first-order relationship between sE=sP and
f agrees well with the curves predicted by the five
functional forms. The correlation between model
evaporation deviation ratio and that predicted by these
five functional forms varies between 0.840 and 0.854.

Fig. 3a and b show that as the aridity index
increases (and the climate becomes drier) the
magnitude of the interannual variations in evapotran-
spiration tends to become as large as the magnitude of
interannual variations in precipitation. For extremely
wet regions, characterized by smaller values of aridity
index ðf , 1Þ; the interannual variations in evapo-
transpiration are small (relative to precipitation) since
evapotranspiration in wet regions is controlled by
available energy which generally shows little vari-
ation from year to year relative to precipitation (Fig.

Fig. 3. (a) Comparison of evaporation deviation ratio curves

predicted by the Schreiber, Ol’dekop, Budyko, Turc–Pike, and

Zhang et al.’s functional forms, and (b) comparison of evaporation
deviation ratio from CCCma AGCM3 with these five functional

forms.
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2). Conversely, in arid regions ðf . 4:5Þ since nearly
all precipitation is converted into evapotranspiration,
the interannual variations in evapotranspiration and
precipitation are of similar magnitude. There is
substantial scatter in Fig. 3b and this is the result of
(1) assuming that interannual changes in moisture
storage are small, (2) neglecting interannual vari-
ations in precipitation and potential evaporation (i.e.
the last two RHS terms in Eq. (16) are ignored), and
(3) the small 17-year duration of the AMIP 2
simulation. Scatter in Fig. 3b is also the result of
neglecting infiltration- and saturation-excess runoff
and the phasing of precipitation and potential
evaporation annual cycles in estimating annual runoff.
Nevertheless, the sE=sP versus f curves predicted by
the five functional forms describe the first-order
dependence of interannual variations in evapotran-
spiration on aridity index reasonably well.

5. Use of aridity index to estimate change in runoff

The use of aridity index is extended to obtain an
estimate of change in annual runoff, due to a change in
climate, given information about changes in annual
precipitation and potential evaporation. A change in
climate may cause either or both precipitation and

potential evaporation to change. A change in potential
evaporation may be due to (1) a change in temperature
(e.g. due to climate warming), (2) a change in net
radiation associated with a change in albedo (e.g. due
to land-use change), or (3) both.

Following Eq. (15), and omitting the subscript i for
clarity, the change in runoff due to change in
precipitation and potential evaporation is given by

DR ¼ DP2 DE

DR ¼ DP½12 FðfÞ þ fF0ðfÞ&2 DE0F
0ðfÞ:

ð18Þ

Change in runoff can also be expressed as a fraction of
original runoff ½R ¼ Pð12 FðfÞÞ&
DR

R
¼ DP½12 FðfÞ þ fF0ðfÞ&2 DE0F

0ðfÞ
P½12 FðfÞ& ; ð19Þ

which on rearranging yields

DR

R
¼ DP

P
ð1þ bÞ2 DE0

E0

b; ð20Þ

where

b ¼ fF0ðfÞ
12 FðfÞ : ð21Þ

Eq. (20) implies that the fractional change in annual
runoff is a function of fractional changes in annual

Fig. 4. The sensitivity factor b plotted against the aridity index f for the five functional forms.
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precipitation and potential evaporation, and the value
of the coefficient b (which depends on the aridity
index, f ). Eq. (20) is similar to the one obtained by
Dooge (1992) and Dooge et al. (1999) who express
their formulae in terms of the humidity index ð1=fÞ
rather than the aridity index. The mathematical form
of Eq. (20) and the functional form of coefficient b
obtained here are, therefore, different from Dooge
(1992) and Dooge et al. (1999). Eq. (20) is easy to
interpret. In the absence of any change in potential
evaporation ðDE0 ¼ 0Þ change in runoff is solely
determined by change in precipitation. Conversely, in
the absence of change in precipitation ðDP ¼ 0Þ;
change in potential evaporation governs the change in
runoff. When change in potential evaporation is
associated with a change in precipitation then their
absolute magnitudes determine the change in runoff.

The coefficient b may be considered as a
sensitivity index in a broad sense. If only one of
precipitation or potential evaporation changes, then a
larger value of b implies a larger change in runoff.
Fig. 4 shows the coefficient b plotted as a function of
the aridity index ðfÞ for the five functional forms
considered in this study and the F0ðfÞ expressions
used to obtain b; for the five functional forms, are

summarized in Table 2. The value of coefficient b
increases as the aridity index increases, and this
implies that runoff is more sensitive in dry and arid
regions. Dooge (1992) draws a similar conclusion
although the functional form of his sensitivity index is
different and based on the humidity index. When
changes in potential evaporation are associated with
changes in precipitation, then it is the absolute
magnitudes of these quantities that determine the
change in runoff and the effect of b in determining the
change in runoff may not be obvious. In Fig. 4,
Schreiber’s formulation stands out and predicts that b
continues to increase with aridity index while all other
formulations predict that for larger values of the
aridity index the coefficient b becomes relatively
constant. This is a numerical artifact of Schreiber’s
formulation.

5.1. Test of the climate change equation

While Dooge (1992) and Dooge et al. (1999) use an
expression similar to Eq. (20) to explore the
sensitivity of runoff, to change in climate, in various
climatic regimes they do not explicitly attempt to
validate their expression. In this study, data from the

Table 2

Mathematical expressions for F0ðfÞ for all five functional forms

Functional form F0ðfÞ

Schreiber F0ðfÞ ¼ e2f

Ol’dekop F0ðfÞ ¼ tanh
1

f

! "

2
4

½fðe21=f þ e1=fÞ2&

Budyko F0ðfÞ ¼ 1

2
f tanh

1

f

! "

ð12 e2fÞ
# $21=2

tanh
1

f

! "

2
1

f
sech2

1

f

! "! "

ð12 e2fÞ þ f tanh
1

f

! "

e2f
# $

Turc–Pike F0ðfÞ ¼ 1

f3 1þ 1

f

! "2
" #3=2

Zhang et al.

F0ðfÞ ¼
wþ 2w

f
2 1þ 1

f2

1þ wfþ 1

f

! "2
; F0ðfÞ ¼

2

f
þ 1

f2

1þ fþ 1

f

! "2
; for w ¼ 1
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control and transient enhanced greenhouse warming
simulations of CCCma’s first-generation coupled
general circulation model (CGCM1) are used to test
Eq. (20). As mentioned in Section 2, the CGCM1 uses
the bucket soil moisture component that treats the
land surface processes in a much simpler manner than
the CLASS land surface scheme used in AGCM3.
Thirty-one years of annual precipitation, potential
evaporation, and runoff data from the years 1965–
1995 of the control simulation and years 2070–2100
of the transient GHG simulation of CGCM1 are used
to estimate mean annual values. As mentioned in
Section 3, the potential evaporation estimates are
obtained using model’s net radiation data. The mean
annual values of precipitation and potential evapor-
ation from the control simulation are then used to
estimate aridity index ðfÞ for all ice- and snow-free
grid cells. The changes in precipitation ðDPÞ and
potential evaporation ðDE0Þ are obtained from the
difference between values from the control and GHG
simulations, and these are used in Eq. (20) together
with aridity index to estimate predicted change in
runoff (DRaridity).

Changes in runoff predicted using aridity index,
DRaridity, (using Eq. (20)) are compared with CGCM1
simulated changes, DRcgcm, in Fig. 5. Eq. (20) predicts
the change in annual runoff, given the changes in
precipitation and potential evaporation, reasonably

well. The correlation between CGCM1 and values
predicted by Eq. (20) varies between 0.948 and 0.953
for the five functional forms. The average bias

X

n

1

lDRcgcm 2 DRaridityl=n
 !

in values predicted using Eq. (20) varies between 40.5
(Ol’dekop) and 50.3 (Schreiber) mm/year. The small
bias and the high correlation between CGCM1 and
Eq. (20) values demonstrates the continued relevance
of aridity index in analyses of Budyko and other
researchers. It is also interesting to note that the
DRaridity values predicted by the five functional forms
are fairly similar to each other and no single
functional form stands out as an outlier. Thus any of
the five functional forms may be used to obtain an
estimate of change in runoff. Note that the scatter
present in Fig. 1b (when predicting evaporation ratio)
and Fig. 3b (when predicting evaporation deviation
ratio) using aridity index is significantly reduced in
Fig. 5. There are two possible reasons for this. First,
the bucket land surface scheme used in CGCM1 does
not account for runoff generation due to infiltration-
excess, and saturation-excess runoff only occurs when
the entire bucket becomes saturated (which is not
expected to occur often, especially since precipitation
intensity is assumed to be uniformly distributed over

Fig. 5. Comparison of change in runoff estimated by Eq. (20) (DRaridity) with values obtained from CCCma’s coupled GCM (DRcgcm). The 1:1

line is also shown.
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the large GCM grid cells). The absence of infiltration-
and saturation-excess runoff brings the bucket model
closer to the model of Budyko and other researchers.
However, since the coupled GCM itself is run at a
time step of few minutes the bucket model does not
ignore the annual cycles of precipitation and potential
evaporation. Second, and the more likely reason is
that, since the quantity being evaluated is the change
in runoff ðDRÞ and not the absolute runoff, the errors
that might result due to neglect of runoff generation
mechanisms and consideration of annual cycle of
precipitation and potential evaporation in the five
functional forms, are cancelled out.

Most grid cells in Fig. 5 are plotted with negative
DR values since CGCM1 simulates a decrease in
globally averaged runoff by 14% due to climate
warming (Arora and Boer, 2000). Using the same data
as in this study, Arora and Boer (2001) analyze results
from CGCM1 for 23 major river basins and show that
the model simulates a median decrease of 32% in
mean annual discharge for 15 out of 23 major river
basins considered. For the remaining 8 rivers the
median increase in mean annual discharge is found to
be 13%.

The estimates of change in precipitation and
potential evaporation for use in Eq. (20) can be
obtained from GCM and/or regional climate model
(RCM) simulations. These values may also be
assumed arbitrarily to perform sensitivity studies as
is done in a number of hydrological studies (Nemec
and Schaake, 1982; Chiew et al., 1995; Avila et al.,
1996; Singh and Kumar, 1997). Eq. (20) may thus be
used to obtain a first-order estimate of change in
annual runoff based on changes in precipitation and
potential evaporation in a fairly straight-forward
manner without performing any detailed hydrological
model simulations. The successful validation of Eq.
(20) against GCM data re-emphasizes the control of
annual precipitation and available energy in determin-
ing annual runoff rates.

6. Summary and conclusions

The control of available energy and precipitation in
determining annual evapotranspiration and runoff
rates has been highlighted in a number of studies.
Schreiber (1904), Ol’dekop (1911), Budyko (1948),

Turc (1954), and Pike (1964) have successfully
expressed annual evaporation ratio from catchments
as a function of aridity index using different functional
forms. Zhang et al. (2001) developed a new functional
form using aridity index and additionally a plant-
available water coefficient ðwÞ which takes into
account the fact that forests can transpire more
water than herbaceous plants and grasses because of
their deep root systems. Koster and Suarez (1999) test
GCM data against Budyko’s formula and extend the
use of aridity index to determine evaporation
deviation ratio, that is ratio of standard deviation of
annual evapotranspiration values to that of
precipitation.

This study evaluates the annual evapotranspiration
and precipitation values from the AMIP 2 simulation
made with the CCCma AGCM3 against the Schreiber,
Ol’dekop, Budyko, Turc–Pike, and Zhang et al.’s
functional forms. It is shown that values from CCCma
AGCM3 compare well with these functional forms,
and the primary control of precipitation and available
energy in annual partitioning of precipitation is
preserved reasonably well in the GCM. Using Koster
and Suarez’s (1999) equation, expressions of evapor-
ation deviation ratio are obtained corresponding to the
five functional forms and AGCM3 data are compared
against these formulae. Although, the interannual
variations in precipitation and potential evaporation
are neglected in the expressions for evaporation
deviation ratio, the sET=sP versus f curves predicted
by the five functional forms describe the general
behavior of interannual variations in model evapo-
transpiration values fairly well.

Budyko’s approach and the use of aridity index is
extended to obtain an expression for change in annual
runoff given information about changes in precipi-
tation and potential evaporation. This expression for
change in runoff is similar to the one obtained by
Dooge (1992) and Dooge et al. (1999) but differs in its
mathematical form since Dooge (1992) developed his
expression in terms of humidity index rather than the
aridity index. This expression for obtaining a first-
order estimate of annual change in runoff is tested
using data from control and transient enhanced
greenhouse warming simulations of the CCCma’s
coupled GCM. The estimates of change in runoff
obtained using the aridity index compare well with the
CGCM1 simulated values. The correlation between
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CGCM1 simulated annual runoff changes and values
predicted by using aridity index is consistently around
0.95 and the average bias varies between 40.54 and
50.31 mm/year, for the five functional forms. The
successful validation of the use of aridity index to
obtain an estimate of change in runoff against GCM
data from a climate change simulation demonstrates
the strong control of available energy and precipi-
tation in determining annual evapotranspiration and
runoff rates, and the continued relevance of aridity
index in analyses of Budyko and other researchers. It
is also found that annual changes in runoff predicted
by the five functional forms are similar to each other
and no single functional form stands out as an outlier.
Thus any of the five functional forms may be used to
obtain an estimate of change in runoff.

The simple expression for obtaining an estimate of
change in runoff based on changes in precipitation and
potential evaporation, and the use of aridity index,
provides a straight-forward method to obtain a first-
order estimate of the effect of climate change on
annual runoff with performing detailed hydrological
model simulations.
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