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5.1 How much water do we have?

Human civilisation depends upon a reliable water supply.

One critical role of practical hydrology in delivering this 

supply is estimating the reliability of water resources avail

ab le for meeting human and environmental needs. Two 

key elements of water resources planning are the long

term mean rate at which river runoff is generated, and its

variability from year to year. For example, water supply

reservoirs are designed to smooth out fluctuations in

inflows and provide a reliable yield of water to sustain

human needs. Successful reservoir design must therefore

account for the mean and inter-annual vatiability of river 

inflows. Inter-annual variability also provides a way to

quantify its sensitivity to variations in driving factors such

as climate. Fundamental understanding of the nature and

causes of variability of annual runoff is critical to assessing

how the reliability of water supplies will change when the

drivers of variability might change in the future, e.g.,

climate change, land use and land cover changes. Such

understanding is needed globally to improve water 

availability and livelihoods for large human populations 

worldwide, as well as protecting the natural environment.

Equally important, achieving an understanding of the aver

aoe water flows and their vaiiability on a continental scale
0 

is an exciting aspect of eaith system sciences per se, as the

water flows are intimately connected to many processes in 

the oceans, in the atmosphere, on the land surface and in

the shallow subsurface. 

Mean annual runoff is the average of annual runoff

values estimated over many years. Its inter-annual variabil

ity is usually quantified in terms of the standard deviation 

(or coefficient of variation) of annual runoff. It can also be 

expressed in terms of the growth-curve (i.e., cumulative

frequency distiibution scaled by the long-term mean, see 

Chapter 9 for examples in the context of floods) of the 

annual runoff. Although commonly treated as constants 

(i.e., stationary in the statistical sense) both the mean and

inter-annual variability of runoff may change over time as

a result of long-term (natural) changes in climate, catch

ment characteristics or anthropogenic factors. For example,

Kuczera (1987) and Vertessy et al. (2001) describe inter

decadal to century-scale changes in runoff due to non

stationary water use of Mountain Ash (E. regnans) forest 

durino re!!rowth following disturbance by fire. 
0 0 

Annual runoff is used in the preliminary design of water

supply systems (McMahon and Adeloye, 2005) involved in 

allocating water for the environment, irrigation, industry,

human consumption, hydropower, navigation, recreation

and catchment management. Techniques for preliminary 

analysis associated with the sizing of water supply systems

or estimating the annual yield from an existing systern are

available and were reviewed by McMahon et al. (2007a)

usino a olobal database of annual (and monthly) runoff.
0 0 

Estimates of mean annual runoff, its variability and auto·

correlation are needed for many of these techniques. Annual

runoff is also used to assess climate change impacts on

water resources (Arnell, 1999; Milly et al., 2005) and land

use chanoe impacts on catchment yield (Bren et al., 2006:

This chapter focuses on prediction of annual runoff in 

ungauged catchments. We define annual runoff as the total 

volume of water discharging past a point of interest in a

river or stream in one year divided by the contributing

catchment ai·ea. Using this definition, the units of runoff

are usually mm/yr . If the total volume of water discharging

past a point is the variable of interest, volume units of m3 

yeai·-1 or millions of m3 yeai·- 1 
and terms such as annual 

runoff volume are adopted.

Komatsu

0

et al., 2011). Other uses of annual runoff include
· · ter and 

analyses with respect to the global water cns1s, wa . ' f 

sustainability, global food production, and understanding O 

the olobal water cycle (e.g., Vorosmarty et al., 2010). 

Annual runoff and its inter-annual variability are import·

ant diarrnostics of the surface water balance of a Jan� c�
,
re· 

o al ff vanab1 it)

especially at large spatial scales. Annu runo . 1 n 

is one of several signatures of runoff variability (Si�apa a� 
th . be1no h ..

2005 Waoener et al. 2007), the o e1s " �
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regime curve (see Chapter 6), the flow duraU 
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er ai1 the flood frequency curve (see Chapter 
). Understandin th d · . . . g e nvers and causes of annual runoff 

vanabihty c · . .  
b·1· 

an unprove our ability to predict runoff vari-
a I ny at all ti al · 
hyd 

me sc es, mcludmg the complete nmoff 

m th
rog

d
rap h

l 
(see Chapter I 0). These signatures can assist 

e eve opment and · · 
models (F 

parametensatlon of rainfall-runoff 

annuai run��
r :t al., 2003; Ba.rdossy, 2007). Mean

other . . 
is so often used as an index to normalise 

sig natures as part f . . . 
cxampl . . o .reg1onahsat1on studies. For 

e. 1t 1s comrno t 
Ilion c 

n o est1IDate normalised flow dur-
urves for ung d 

lion is \''th 
auge catchments, where the nonnal-

. �1 respect t th Adetoye 200S 
O e mean runoff (McMahon and 

. ) or the median runoff (Best et al., 2003). 

5.2 Annual ff 
Fiaure 

runo : processes and similarity 
5.1 presents 

-.ua) runoff . ��amples of mean annual runoff and
variability fr located in th US 

om two catchments of similar 

e A but in t · . 
Vely wet West V" 

, . . wo contrastmg climates : the 

The pictures ar 
i.rg1ma and the dry Southern Califor

e representative of the landscape and 

400 

300 

200 

v�getation �or the two catchments. The catchment in West 

Vtrgm1a (Figure 5. 1, top row) has much higher mean annual 
run?ff. \close to 1000 mm/yr) with moderate inter-annual
vai1_ab11i� (r�nge of about ±300 mm). The catchment in 
Caltforrua (Figure 5.1, bottom row) has instead a very low 
mean annual runoff (below 50 mm/yr) but high variability 
between yeai:s �close to zero and/or exceeding three times 
the mean). It IS mteresting to explore why there is much less 

runoff but with greater variability m· the C 1·" . a 1101111an nver 

�ompared to that in West Virginia. Predictino annual runoff 
tn ungauged �asins is the starting point fo� predicting all 
other runoff signatures in this book. Therefore, insight into 

the. ca��al processes leading to the long-term mean and
variability• and how similarity and dissimilarity between 

catchments can be defmed is essential. 
This chapter begins by discussing the process controls 

on the nature and extent of annual runoff variability, and 
ho_w these are governed by the combined effects of climate 

s01ls �nd vegetation (including land cover change). Under� 
standmg. of these catchment physiographic and process 

controls is used to fonnulate a list of similarity indices that 
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A1nnual precipitat on 
.S 10 

firrure 5.2. Daily precipitation and

ru:off time series, with the annual 

series superimposed as thick lines.

Here, the seasonal cycle is driven 

mainly by potential evaporauon. 

Data are from the Stanto� River at

Cheddar Valley, a 43 km catchment

in north Canterbury, New Zealand. c 
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observed in nature, as in the case of the catchments shown 
in Figure 5.1. The climate in West Virginia is humid, 
which means that on an annual time scale more water 
arrives in the catchment than energy can remove it through 
evaporation. Therefore the magnitude of annual runoff in 
the West Virginian Williams River is always high. In 
contrast, Southern California has an ai·id climate. More 

energy is available to evaporate water than precipitation 

provides to the catchment. Hence evaporation is high and 

mean annual runoff in the Santa Ysabel Creek is low. More 

interestingly, the aridity of the climate also determines the 

high between-year runoff vai'iability, because of the non
linearity of the rainfall-runoff relationship. This is due to 

th reshold effects (e.g., the fact that, depending on the yeai·, 
precipitation can be higher or lower than the potential 
evaporation) that mean that small differences in precipita
tion can translate into much higher differences in runoff, 
even at the annual scale. In the Santa Ysabel Creek, 
there are many years with zero runoff. In a humid climate, 
such as for the Williams River, precipitation always
Cllceeds potential evaporation at the annual scale, so that
the rainfall-runoff relationship is more linear and the 
between-year variability of runoff is moderate (reflectingthe between-year variability of precipitation).

Differences i.n annual runoff variability between catch
�L\, to first order, are caused by differences in the relative availability of 
lit . water and energy. However, additional factors differences in seasonality and stonni.ness of precipitation �,;, _as demonstrated by Jothityanerkoon and Sivapalan'""'IN) 111 e I 

" 
Fiau 

vera Australian and New Zealand catchments._:: S.3 presents a further illustration of how available-"""I" (mean annual · · · ) -... prec1p1tation and available energy"'"""-\Cd through . . mean annual evaporation potential, Ep)

0 1000 2000 3000 4000 5000 
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Figure 5.3. Long-term mean 
precipitation, potential evaporation 
and local runoff (mm/yr) in New 
Zealand. From Woods er al. (2006). 

in New Zealand, presented o.n a rectangular grid nationally, 
governs spatial vaiiations of mean annual runoff, dividing 
New Zealand into relatively wet ai1d dry regions. 

The relative availability of water and energy can be 

formalised in the form of the aridity index, denoted by 
E/P, and defined as the ratio of mean annual potential 
evaporation to mean annual precipitation. The aridity index 
forms the basis of several empi1ical relationships between 

mean annual evaporation (and hence mean annual runoff) 
(Budyko, 1974; Turc, 1954). The most famous and widely 
used one is that by Budyko (1974), which is therefore 

called the Budyko curve (Fu, 1981; Choudhury, 1999; 
Zhang et al., 200 1; Yang et al., 2008). It plots EIP (ratio 
of mean annual actual evaporation to mean annual precipi
tation) as a function of E/P (see Figure 5.4 for over 331 
catchments in Austt·alia; Donohue et al., 2007). The 

Budyko curve is an empirical relationship, and yet it brings 

out a number of principles that are crucial to the organisa
tion of this book. First of all, it introduces a key similarity 
index, E/P, unique to hydrology, to express the relative 

availability of water and energy, and thus helps to classify 
hydrological landscapes into various degrees of aridity. 
Second, while cleai·ly recognising a certain amount of 
scatter, the fact that most catchments of the world (on 
average) follow the Budyko curve confinns the signifi
cance of water-energy availability as a first-order control 
on catchment prope1ties. Other climatic and catchment 
factors either (i) contribute to the scatter, or (ii) are them
selves governed by cbmate. The relative effects of most of 
these factors are included in theoretical frameworks (e.g., 
Milly, 1994a, b; Woods, 2003). 

One climatic factor that does contribute to annual runoff 
variability is the relative seasonality of annual precipitation 
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(and runoff enhanced) in catchments where precipitation 

and Ep are out of phase. 
Of course, within-year climatic variability on all time 

uJ 0.5 

scales can impact annual runoff variability. For 

example, the statistics of rainfall inter-anival, modified 

by runoff generation processes and vegetation uptake,

have been shown to predict the mean and variance of

annual runoff (Porporato et al., 2004; Zanardo et al.,

2012). A detailed example of the effects of precipitation

timing was presented by Montanari et al. (2006), who 

showed that annual runoff in the monsoonal area of

Northern Australia could vary by a factor of 100%

between two years with equivalent annual precipitation,

solely due to precipitation in the wet year arriving

slightly later in the wet season when evaporation poten-

0.5 1.0 1.5 

Ep/P 

2.5 3.0 

Figure 5.4. Budyko curve and points representing 331 catchments in

Ausn·a\ia. Large, hollow circles denote the 30 moderate-sized 

catchments (�1000 kni2) and small circles denote the remaining 301

smaller catchments ( < 1000 km2). From Donohue et al. (2007). Data

are from Peel et al. (2000) and Raupach et al. (2001) . 
tial was smaller. 

Analyses of the effects of within-year cl
imate variability

and annual potential evaporation (used as a surrogate for 

energy available, see Milly et al., 1994a, b and Potter et al.,

2005). These may be either in phase - where maxima in 

potential evaporation (Ep) coincide with annual maxima in 

precipitation (P) - or out of phase - where annual maxima 

in Ep coincide with annual minima in P (Figure 5.5a).

Many regions of the world exhibit strong seasonality in

climate forcing, ranging from completely in phase to com

pletely out of phase. The relative seasonality of precipita-

on annual runoff have to be put in the context of co

evolution of climate, soils and vegetation, because over 

time the landscape and vegetation adapt to the climate

forcing and develop functional features unique to a par

ticular region. This was illustrated by a comparative study 

by Jothityangkoon and Sivapalan (2009) in Australia, 

which showed that the dominant climate regimes (e.g.,

seasonality dominated in Western Australia, storminess 

dominated in Queensland) governed the inter-annual vari-

ability of annual runoff.

tion and potential evaporation has significant impacts on

mean annual runoff and inter-annual vaiiability. In catch

ments where rainfall and potential evaporation are out of

phase, runoff production is enhanced, and evaporation 

reduced, and vice versa. If P and Ep 
are out of phase (solid

lines in Figure 5.5a), there is an excess of water compared

to energy during the wet season. When this water accumu

lates beyond the ability of the catchment to store it, runoff

is generated. In contrast, when P and Ep 
are in phase 

(dashed lines in Figure 5.Sa) or there is no seasonality at

all, evaporation reduces the accumulation of water, and

thus reduces runoff generation. This phenomenon explains 

why 1unoff is observed in otherwise aiid regions: although 

annually the Meditenanean climates of the south-west of

Western Australia and Southern California have a deficit

of precipitation compared to energy, during cool wet

winters there is a localised water excess that generates

runoff. (Note that in other aiid places seasonal phasing is 

less important, because infiltration excess is the dominant

runoff mechanism and storage of water in the catchment 

matters less). The effects of in-phase and out-of

phase seasonality are highlighted in Figure 5.5b, which 

presents annual water balance data from the USA within 

a Budyko style framework, with the catchments stratified

by whether precipitation and Ep 
are in phase or out of

phase. The observations show that evaporation is reduced

Catchment (physical) processes 

If the Budyko curve is taken as representing the first-order

effects of water and energy availability on annual runoff

variability, then the scatter around the curves shown in

Figures 5.4 and 5.5 is evidence of the second-order effect 

of catchment storage on annual runoff. Based on detailed

analysis of hundreds of catchments across the continental

USA, Wolock and McCabe (1999) concluded tbat, to

improve predictions of mean annual runoff beyond the

Budyko relationship, soil moisture storage capacity, sea

sonality in water supply and seasonality in water demand

had to be accounted for. 
Catchment storage includes temporary storage in the

snowpack and/or soil moisture and longer-term storage in

Jakes, glaciers and groundwater. Climate fluctuations that

lead to an excess of water, relative to the capability of the

catchment to infiltrate and store water, will favour the

generation of runoff at the expense of evaporation. On

the other hand, climate fluctuations that promote the infil·

tration and storage of water for extended periods favour

evaporation, since they provide the opportunity for water

to be evaporated. The storage effect can be pronounced_00 

seasonal time scales where soil water storage can pr0'/Jc 

water for evaporation during extended precipitation- fl.:

periods, sustaining vegetation that otherwise would n 
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water uptake (Ha.1man et al., 201 J a, b). In Australia,
woody vegetation was shown to buffer annual transpiration 
more effectively than non-woody vegetation, presumably 
due to differences in root zone depth (Xu et al., 2012).

Vegetation cover is therefore both a response to the 

partitioning of the water balance and a driver of the annual 
water balance dynamics. Vegetation is also a significai,t 

driver of weathering, of soil biogeochemisu-y, and a deter
minant of soil hydraulic properties (Thompson et al., 20 IO;
Lucas, 200 l ). The role of vegetation in modifying its local 
hydraulic environment can result in striking organisation 
of the landscape. For instance, modification of soil 
hydraulic properties by vegetation can result in the forma
tion of spatial patterns in vegetation distribution, in which 
bands of vegetation are interspersed with regions of bai·e 

soil (Borgogno et al., 2009; Thompson et al., 201 la). In
northern hemisphere rngged landscapes, the difference in 

energy balance between north- and south-facing slopes 

regularly leads to drought-adapted vegetation communities 

on the south-facing slopes, and mesic vegetation on the 

north-facing slopes. These vegetation differences are also 

reflected in differences in soil depth, and carbon and nutri
ent content (lower on the south-facing slopes) (Burnett 
et al., 2008; Klernmedson and Weinhold, 1992; Franzme
ier et al., 1969). These differences alter the storage cap
acity and habitat quality of the slopes, providing a positive 

feedback that exacerbates the differences between slopes 

with different aspects, and ultimately driving both water 
balance and catchment evolution (with vegetation, for 
instance, suppressing erosion and runoff on north-facing 
slopes, e.g., Cerda, 1998; Istanbulluoglu et al., 2008).

Effec1s of global change 

Given that the primary control of annual runoff variability 
ts climate, through the relative availability of water and 
energy, changes in the magnitude or timing of precipitation
and temperature (or potential evaporation) could contribute 
lo major changes in annual runoff. A first-order indication
of the expected change can be approximated via the
Budyko curve. Changes in mean temperature (and hence 
mean annual evaporation) and in mean annual precipitation 

: 
be �xpressed as changes in the aridity index, E/P.

pcndmg on the magnitllde of this chancre one couldmove along the Budyko curve ' and deter�1ine the new value_ of £/P. For example, if the potential evaporation
tcma

l l 
tn\ constant and annual precipitation decreases, E/P

"' then inc c· rease 1.e., become more ruid) and annual
:::

ff would be expected to decrease. A dra1�atic illustra
•

··-·�f. exactly this effect arises in south-west Western
.-..uuaha as ·11 . . 

J 
· 1 ustrated m Figure 5.8. Observation records artahdale (near Perth) over the past I 00 years indicateannual p · · · -..._. . rec1p1tat1on went through a 16% step-chancre -·non in 1975 o 

· and another small reduction in 1997.
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The consequent increases in a.1·idity in this strongly sea
sonal Mediterranean climate led to more dramatic reduc
tions in river flows to Perth's dams. For example, the 16% 
reduction in precipitation led to a 55% reduction in runoff. 

Predicting runoff response to climatic changes is not 

usually this straightforward (Montanari et al., 2010). For
example, reductions in precipitation could lead to 
increased water stress on the vegetation, leading to pos
sible fore�t thinning, changes in vegetation composition, 
disease infestation and die-off, all of which can modify 
annual runoff. The Budyko curve cannot capture the 
transient changes in annual runoff associated with these 

modifications, and may not be sensitive to vegetation or 
soil changes even once the catchment reaches a new 

equilibrium. 
Increases in average temperature promote not only vege

tation change, but also changes in snowfall, snow storage 

and snowrnelt regimes. These changes ru·e likely to alter 
seasonal runoff, and result in new patterns of annual runoff 
as well. Several regions of the world have already seen 

major dramatic changes as a result of increases in tempera
ture, e.g., the Himalayas in India and Nepal, and California 

in the western USA. 
Since seasonality of climate, disaibution of precipitation 

throughout the year, and temporal patterns of precipitation 
can be key determinants of inter-annual runoff variability 
(Montanari et al., 2006), any changes in the seasonality of
these controls can also impact annual runoff. There are 

historical examples where changes to the monsoon dynam
ics and timing have led to huge changes in annual runoff 
variability and collapse of entire civilisations, as in the 

cases of the Indus Valley (Giosan et al., 2012) and the 

Maya (Medina-Elizalde and Rohling, 2012). 
Human-induced land use, water use and land cover 

changes ai·e the remaining catchment-scale factors altering 
annual runoff. Examples include forest planting and hru·
vesting, forest conversion to agriculrnral crops and urban 
settlements, regulation of runoff by upsu·eam storage, and 
withdrawals for consumptive use (irrigation, municipal and 
indusu·ial use) (Peel et al., 2010; Vogel, 2011). Vegetation 

change can be caused by human intervention, or may occur 
because of adaptation to climate change. For example, 
replacing a forest with crops or pasture typically reduces 

evaporation, increasing annual runoff. This change can 
manifest differently in different environments, depending 
on the runoff generation processes. The effect of land use 
and land cover change on rnnoff has been the subject of 
many paired catchment studies around the world (e.g., 
Peck and Williamson, 1987; Brown et al., 2005; Bari and 
Smettem, 2006), revealing, for instance, that a·ansient 

responses to land use change persist for longer during 
afforestation than deforestation experiments, that land use 

changes dispropo1tionately affect low flows, a.11d that there 
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Figure 5.8. Reduction in rnnoff in 
the south-west of Western Australia, 
and its relation to annual rainfall. 
Data from the WA Water 
Corporation. 
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is considerable variability in the timing and sometimes 
directionality of water balance responses to change 

(Andreassian, 2004; Brown et al., 2005).

5.2.2 Similarity measures 
The process controls on annual runoff variability described 
above point naturally to indices or similarity measures that
can be used to organise regions into groups with similar 

hydrological characteristics. Similarity measures can be 

defined to describe runoff patterns, climate and catchment 
morphology. 

Runoff similarity: Based on runoff data, the similarity
between catchments can be expressed in terms of mean 

annual runoff (flow volume rescaled by catchment area), or 
in terms of a runoff ratio (or coefficient): the ratio of mean 

annual runoff to mean annual precipitation. Inter-annual 
variability can be expressed in terms of the coefficient of 
var·iation (CV) of annual runoff, or in terms of a growth 
curve (cumulative distribution rescaled by the mean). 
Catchment responses to dynamic changes in climate or 
land use can be captured in terms of runoff elasticity, i.e., 
proportional change in runoff divided by proportional 
change in the climate or land use feature. For example, 
the precipitation elasticity could be defined as the propor
tional change in annual runoff over the proportional 
change in annual precipitation. 

Climate similarity indices: Given the primary control of
water and energy availability on annual mnoff variability, the 

ar·idity index, EplP, is an obvious climate similarity measure 

with a proven predictive capacity. Figure 5.9a shows a global 
map of the aridity index. Locations with high ruidity index 
usually have low runoff ratios, i.e., mean annual runoff is a 

small fraction of mean annual precipitation. 

1981 1991 

- Annual total 

-1911-1974 
-1975-2011 
-2001-2011 

- Annual total 

-1911-1974 
-1975-2011 
-2001-2011 

2001 2011 

Within-year variability and in particular the relative 
seasonality of (or phase difference between) precipitation 
and potential evaporation also impact runoff variability. 
This seasonality can be computed with a seasonality index. 
lop - Ep OdPI, where Op and OE are the amplitudes of 
the precipitation and potential evaporation curves. Figure 
5.9b presents the global distribution of the phase differ
ences between precipitation and potential evaporation. 
A combination of the aridity index and the relative season
ality are needed to predict annual runoff in some region . 
For example, in Mediterranean climates (e.g., south-we t 
Western Australia, Southern California, southern Spain 
etc.) observed runoff amounts are inconsistent with predic
tions made from the annual aridity index: the prevailing 
out-of-phase seasonality (Figure 5.9b) elevates seasonal 
runoff production. Figure 5.9c shows the inter-annual 
variability of annual precipitation, expressed as the coeffi
cient of variation; it is typically largest in arid locations
(Figure 5.9a). 

Catchment similarity indices: Within a region with
homogeneous climate (e.g., similar aridity values, similar
seasonality of precipitation and potential evaporation). dif

ferences in annual runoff relate to catchment proce se,.

e.g., storage and vegetation uptake. Similarity indice . to 

describe these processes should reflect soil water holding

capacity, soil texture (or saturated hydraulic conducti\il) '·

topographic slope and vegetation cover. . . 
A dimensionless similarity framework for quanuf) ing 

the relative roles of multiple factors in annual water bal·
th pion·

ance was developed by Woods (2003) based on e 

eering work by Milly (1993, 1994a, b), and by Yokooeta
al 

(2008) based on the physically based model of an: 
water balance by Reggiani et al. (2000). A sun.ii� fraalall
work was developed by Jothityangkoon and s,,·ap 
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Table 5 . 1 .  Dimensionless nwnbers for pore-water dominated hydrology at long time scales

Dimensionless 
Dimensionless number Interpretation Application 

Approximate water balancegroups 
Aridity index, R Ratio of average demand for

moisture to average supply of (e.g., using Budyko curve)
Climate E,JP 

moisture 

\J, - R Jd Seasonality index, S Amplitude of the seasonal cycle of Seasonal pattern of atmospheric

precipitation minus potential moisture surplus/deficit 

evaporation Throughfal1 
Canopy storage index, Ratio of canopy storage to

characteristic rainfall event depth\Vcn/(P/N) Canopy and 
soil W, 

Relative infiltration, K Ratio of characteristic infiltration Infiltration excess 

rate to characteristic rainfallkr.j(PIN) 

event rate 
Ratio of soil water storage capacity Seasonal filling of soil moisture-

Wrin/Pr Rootzone storage index,
w, 

to annual rainfall deficit 

Ratio of travel time for advective Responsiveness of lateral 

Saturated flow DLI Advection response 
(T0 

tan/Jr) index, t0 

signal to duration of seasonal subsurface flo,v 

forcing 
Relative transmissivity, Ratio of maximum lateral outflow to Depth to ,vater table

T0 tan/3/LP 
T characteristic water input rate 

Rate at which saturated area expands Saturation excess runoff
Slope of topographic 

index distribution, w

Climate variables: mean annual precipitation,  P; mean annual potential evaporation,  E,: dimensionless amplitudes of precipitation

and potential evaporation, Jp, JE; number of rain events per unit time, N; duration of annual cycle, r; characteristic duration of 

Canopy and soil variables: average interception storage. w,m; mean saturated hydraulic conductivity at surface, k; rootzone water holding
rainfall event, re· 

capacity, Wnii· 

Saturated flow variables: depth to bedrock (or aquifer thickness), D; length of hillslope (or other relevant flowpath), L; transrnissivity, 

slope of topography (or head gradient), tan/3. 

After Woods (2003) and Wagener et al. (2007).

homogeneity tests for the index flood method. Dalrymple

( 1960) proposed a test, described in several classic text

books (e .g., Chow, 1964), to assess flood homogeneity by

analysing the variability of the maximum annual flood peak 

CV and/or skewness (CS) across multiple sites (see also,

among others , Lettenmaier et al., 1987; Stedinger and Lu,

1995;  Hosking and Wallis, 1997). Viglione et al. (2007b)

compared the power of several homogeneity tests and Cas

tellarin et al. (2008) showed how the cross-correlation

among sites can affect the performance of the tests. 

In this book, the term homogeneity is used in a still more 

comprehensive way, to mean that a single model structure 

can be used to describe variability across a group. For

example, a group of catchments could be considered homo

geneous if a single regression model, parameterised w ith

different catchment characteristics, can capture the variabil

ity of a hydrological signature of interest for the group. If

geostatistical methods are being applied, th
en the assump

tion that a given spatial correlation structure is valid for a

given study area effectively enforces homogeneity within

that study area (a single model of the correlation struct

can describe the spatial variability). Where process-b 

methods are used, a group of catchments are hydrologi 

homogeneous (similar) if the same dominant pr 

drive the behaviour of all the catchments (Wagener

2007). For instance, the assumptions of the derived

bution approach might hold across a homogeneous 

or a given model structure of a rainfall-runoff model

apply to all the catchments under consideration. Cha 

will deal with regionalisation of 1nodel para111eters � f

approach to be valid the model structure must be fi 

the whole region: that is, the region must be hydrolo 

homogeneous in terms of model structure. Altl1ou 

comprehensive idea of hydrological homogeneity (

ity) is not rigorously statistically defined, it is very 

practice and will appear throughout this book. 

When grouping catchments, there is a trade-off

hydrological homogeneity and the size of th�

Larger pooling groups improve the reliability ofe

made for a target catchment, to the extent that th 
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1999). Seasonality has also been used for classification to 
identify low flows and floods (see e.g., Young et al.,

2003; Laaha and Bl5schl, 2006b), based on the assump
tion that differences in the occurrence of low flows or 
floods within a year are a reflection of differences in 

hydrological processes and can thus be used to define 
homogeneous regions . Homogeneous groups can be 

delineated manually on a map, or by means of statistical 
grouping techniques. 

5.3 Statistical methods of predicting annual 
runoff in ungauged basins 

To predict runoff signatures in ungauged catchments, 
transfer mechanisms are needed to link information from 
other catchments to the catchment of interest. Regional 
statistical techniques have been a topic of intensive explor
ation in this area. These techniques treat the prediction of a 
target variable as the problem of estimating a random 

')ariable, while explaining the maximum amount of the 

·:�patial variance. Similar statistical assumptions and struc
}�res are used for many different predicted runoff signa
.t\Jres. In Chapters 5 to IO these methods are reviewed,
· .rider tl1e topics of: 

1:egression n1ethods, where specific runoff signatures are 
transferred based on their relationship with catchment 
-�rd climatic attributes via some analytical expression;
ilJ_dex 1nethods, which assume that a known, quantitative

Iloff, catchment or climatic signature is constant 
't.hin a defined homogeneous region, except for a 
any vruying scaling index; 

_fatistical and proxinzity nzethods, which exploit 
\ial smoothness of the runoff signature. Here 'spatial' 
j_',_:-refer to either geographic space or a parameter 
sf defined by catchment attributes; 
, , _____ estbnation fronz short-records, which exploits the

·,i�ship between moments of short runoff records
<�"ff in neighbouring catchments. 

simplest statistical methods 

i!llate mean annual runoff. The relationships 

it>independent variables that are prime drivers 
,_�1eration, for example, mean annual precipita-

.?re clearly related to runoff volume, such as 
�a. An early application of regional modelling
P?ff was by Langbein (1949), who developed 
,�onships between mean annual runoff, pre
.;temperature in the USA.
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More complex multivariate analyses include additional 
independent variables, e.g., hydroclimate, area, elevation 
and land cover. Hawley and McCuen (1982) discuss 

numerous advantages of multivariate regional regression 
analysis to estimate mean annual runoff. Water yield 
estimates from regression methods are objectively repro
ducible, their bias is minimised by the method, and uncer
tainty associated with them can be quantified under 
explicit as$umptions. A less evident advantage is that 
regression methods may capture relationships that are 
evident in the data, but for which no theoretical explan
ation is available, for example due to the co-evolution of 
vegetation, landscape and hydrological response. In 

regression models, mean annual runoff is related typically 
to geomorphic and climate characteristics. Examples for 
the USA include Lull and Sopper (1966) and Johnson 
(1970) for New England, Thomas and Benson (1970) for 
regions in the western, central and southern USA, Majte
nyi (1972) for areas of South Dakota, Hawley and 
McCuen (1982) for the western USA, and Vogel et al.
(1997) for the north-eastern USA. Vogel et al. (1999) 
developed regional multivariate models to estimate mean 
and variances of annual runoff across 18 regions in the 

USA. The results of Vogel et al. (1999) are discussed 
further in Section 5.5.1. Figure 5.12 presents one case
study in north-western Italy (Viglione et al., 2007a). The 
mean annual runoff was obtained by a non-linear regres
sion with the mean annual precipitation and the catchment 
average elevation. Elevation provides a surrogate for tem
perature (and therefore energy, vegetation type, snow 
processes and their seasonal variation). Cross-validation 
results are shown, along with the 90% prediction intervals 
for the regression in Figure 5.12b. 

Duan et al. (2010) used principal component analysis to 
relate 51 yeru·s of annual runoff data for 11 stream gauging 
stations in north-west China to annual precipitation, evap
oration and catchment characteristics. The regional regres
sion model accounted for 87% of the variance in the runoff 
estimates. The eight variables included in the model are 
annual precipitation, annual surface water evaporation, 
sub-basin centroid coordinates, sub-basin centroid eleva
tion, sub-basin area, sub-basin wetland area and sub-basin 
shape factor. 

Inter-annual variability 
Kalinin (1971) was probably the first researcher to develop 
an empirical relationship to estimate the coefficient of 
variation of annual runoff (CV). The CV was related to 

the catchment area through a two-parameter, decreasing, 
non-linear relationship. The decrease of the CV of annual 
runoff with area is to be expected, as a result of space-time 

averaging. McMahon et al. (1992) related the CV to the 

mean annual 1unoff with a power-law relationship, which 
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fioure 5.13. Coefficient of variation 
or"'annual runoff versus mean annual 
nmoff. Dashed line relates to 
Australia and Southern Africa 
(ASA), solid line relates to the rest of 
world (RoW). from McMahon et al.

(2007b), Koster and Suarez (1999). 
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5 3 2 Index methods . . 

1�dex methods assume that the locally_ s�aled s1gnat�
1e 

. functional form of it, is the same or
of mterest, or some . 

h. h . called homooe
all catchments in the group, w ic ts . . dex 
neous if it fulfils this assumption. In the followmg

l.
, _

in

noff· b·1· f the arrnua 1 u 

methods for mean and vana l ity o 

are discussed. 

the aridity index and prec1p1t�t1on w1
as 

o;
e residual of

Mean annual runoff is then estimated 
e models· Budkyo-typ 

precipitation and evap_orau on. 
'd ko corctekOP·

include: Schreiber (Schreiber, 1904�, 01 
1�6/ M.illY and

1911), Turc-Pike (Turc, 1954; Pike, 
F� (Fu. J98L

Dunne 2002), Budyko (Budyko, 1974�h dhury-Yang
Zh 

, 
t al 2004· Yano et al., 2007); ou 1,,·0-ano e ., , 0 8) Zhan° • 

(Cho�dhury, 1999; Yang et al., 200 
d, line; rnodc:l

parameter model (Zhang et al., 2001), a; 1/ are driven b�
by Potter and Zhang (2009). These mo 

\ 't conceptual·

the aridity index., and they do not use ex? :�y include one

isations of catchment processes. They typ1c 

arilY related to

parameter, treated as fixed and not necess 
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Table 5.2. Functional (Budyko-type) relationships F(<p) plotted in Figure 5.14

Model 

Schreiber 
Ol'dekop 
Generalised Turc-Pike

Model details 

F(rp) = [1-exp(-rp)J
F(rp) = <p·tanh(rp-1) 
F(rp) = [l + <p-vrl/v 

References 

Schreiber (1904)
Ol'dekop (191 I) 

Budyko 
Fu-Zhang

For the Turc-Pike model, v = 2 
F(rp) = {rp[l-exp(-rp)Jtanh(rp- 1)}o .s 
F(rp) = l + rp-[1 + (rp)Y( 

Milly and Dunne (2002),
Turc (1954), Pike (1964) 
Budyko (1974) 
Fu (1981) , 

Zhang two-parameter model 
Linear model 

F(rp) = (1 + w·rp )( I + W·<p + rp- 1 f I 
F(rp) = b·rp 

Zhang et al. (2004) 
Zhang et al. (2001) 
Potter and Zhang (2009)

1p is the aridity index, w, v, y, and b are parameters 
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Figure 5.14. F(rp) for a collection of Budyko-type methods listed in
Table 5.2. 

catchment or climate characteristics. Although the func
tional forms and parameter values in Budyko-type models 
arc (usually) selected empirically, they do capture hydro
logical reasoning in the form of the physical constraints of 
water - and energy - limitation on evaporation. They are 
cla\sified here as an index-type statistical model, with 
more hydrological reasonino than a simple reoression modi O O • e , but less than a truly process-based model. lmproved-Budyko' models, which include adrutional l'tpresentalions of seasonal or event-scale variability and catchment characteristics to improve model performance Ire di . , �--

·· scussed with other process-based methods in ""'-�son 5.4. 
lbe general form of the Budyko relationship is 

,:_PA == F(rp), where EA is the mean annual actual catch-111 evapo u· . ra on, PA is the mean armual catchment pre-latson and rn ·s th .d. . 
I "9iert E 

".' 1 e an 1ty mdex defined as EpA PA, 
PA is mean annual catchment potential 

evaporation. Budyko-type models can be treated as an 

index method because the functional fonn F(rp) can be 

treated as the climatic homogeneity signature, and the 

aridity index rp as the locally varying scaling index. Table
5.2 presents a list of Budyko-type functional relationships 
found in the literature. They reproduce the control of 
annual climate on runoff to differing extents. Their limita
tions include the omission of seasonal and event-scale 

variability, and their very limited capacity to represent 

catchment characteristics. 
More recent applications of the models in Table 5.2 

relate to estimating mean annual actual catchment evapor
ation (Zhang et al., 2004; Yang et al., 2008; Potter and 
Zhang, 2009). With assumptions of a long-term steady
state storage and neglecting groundwater recharge, how
ever, EA = PA - QA , where QA is the mean annual runoff. 
In Figure 5.15 Yang et al. (2007) plotted the Fu-Zhang 
curves with the fitted parameters for each region (the 

Tibetan Plateau, Loess Plateau, Haihe River basin and 
inland river basins) against data from 108 catchments. In 
their work, they use the Fu-Zhang equation for predicting 
the armual water balance in ungauged basins. The annual 
water balance of a catchment can be represented as 
(McMahon et al., 2011): 

(5.1) 

where F(rp), is the annual value of the functional relation
ship between annual actual evaporation and annual precipi
tation for year t, and cov(P,, F(rp),) is the temporal 
covariance of precipitation P1 and F(rp),, both considered 
for year t. McMahon et al. (2011) found that the simple 

Schreiber (1904) relationship performed satisfactorily on 
699 worldwide catchments when used in Equation (5.1). 
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is based on the hypothesis that while the mean annual 
runoff may vary between different sites within a statistic
ally homogeneous disti·ibution, the remainder of the 

probability distribution is identical. The regionalisation of 
the mean annual runoff is usually performed with one of 
the statistical methods addressed in Section 5.3.l, while 

pooling of data in homogeneous regions is used to estimate 

the regional growth curves (i.e., probability distributions 
re caled by the mean). Vogel and Wilson (1996) present 
some applications related to the USA, while in Italy some 
previous works can be traced back to Fe1Taresi et al. (1988)
and Claps and Mancino (2002).

A case study of regional frequency analysis is pro
vided by the study of Viglione (2007a), who performedan index flow regional frequency analysis in north
\\estern Italy. The mean annual runoff was obtainedthrough regression (see Figure 5 .12), and the betweenyear variabj]ity of the annual runoff divided by the mean was considered fixed in homogeneous reoions obtained through cluster analysis. Figure 5.16a shows the resul_ts of the cluster analysis (Ward algorithm and
:allocauon) in the space of the similarity indices, in
r•s case the mean catchment elevation and the latitude o the ce tr f lltrib 

n e o mass of the catchment . These two-�-Ules have the following hydrological interpretation:
--,, elevation._ 1. is a surrogate for temperature and sea-..... a tty of s now processes ; while latitude in the study

area correlates to the climatic gradient from the drier 
south to the rainiest part of the region in the north. 
These two catchment attributes are related to slope and 
shape of the growth curve (Ganora et al., 2009). The 

number of clusters was selected using a homogeneity 
test (Hosking and Wallis, 1997), and the homogeneous 

regions are shown graphically in Figure 5.16b. Figure 

5.16c shows the estimated growth curves for the four 
regions. The Pearson type Ill distribution was used to 

model the growth curves. Figure 5.16d shows how 
ungauged catchments in the region were allocated to 

the groups. The parameters of the Pearson type III 
distribution to be used as growth curves of the ungauged 
catchment were chosen by selecting the appropriate 

region based on its mean elevation and latitude. Regions 

1 and 4 present the largest difference in the shape of the 

growth curves and are at the extremes in the attributes 

space. Region 1, corresponding to the Valle d' Aosta 
region in the north-west, is characterised by very high 
elevation and a cold-alpine climate. The between-year 
variability of annual runoff was less pronounced than in 

other parts of the study area, and in particular than in 
Region 4, located in the south and characterised by low 
elevation and a temperate climate. This higher runoff 
variability is attributed to higher mean annual evapor
ation and a more non-linear relationship between pre
cipitation and runoff. 
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5.3.3 Geostatistics and proximity methods

Traditional runoff maps present isolines or isopleths of

QA at the outlet or centroid of a catchment to illustrate

the runoff depth through space. Such maps were initially

drawn from manual interpolation of measured runoff

data (Gannett, 1912 referred to by Yan et al., 2011).

Mean annual runoff depth maps for the USA were pro

duced by Busby (1963) and Gebert et al. (1987) and by

Bishop and Church (1992), who used automated regional

mapping for the north-eastern USA. A range of tech

niques are now available that objectively consider nearby

values to determine the isolines and to estimate accuracy

across the map (e.g., Hutchinson, 1995). Based on a

comparison of eight automated procedures with a manual

method to map runoff in the eastern USA, Bishop and 

Church (1995) concluded that automated methods pro

vided runoff estimates equal to or better than the manual

method. These mapping methods are statistical interpol

ation procedures (Bloschl and Grayson, 2000). They use

spatial proximity as a similarity measure to estimate the

value of a variable of interest (in this case QA) at

stations with appropriate basin scales are chosen as the 

background for the interpolation. The interpolation proced

ure guarantees that the water balance equation is satisfied

ungauged locations. 
Geostatistical methods also use spatial (or hydrological)

proximity as a simila1ity measure (Merz and Bloschl,

2005), but they are distinct from interpolation methods

because (i) they deal with random va1iables, (ii) they

account for the spatial con-elation structure and (iii) they

de-cluster redundant information (e.g., when two gauging

stations are close in space and their observations are cor

related in time, this information is considered once and not

twice). While standa1·d geostatistics applies to problems 

that are continuous in space (such as meteorological fields

so that the sum of runoff from this second level of basins is

equal to that of the first-order basin accommodating them.

The procedure can be repeated to a third level and so on.

Auxiliary runoff values to supplement or replace observed

runoff values can be calculated for points in space in a

regular or in-egular pattern by means of empirical relation

ships and water balance models. In this way information

from precipitation stations and on topography and other

catchment characteristics can be included to resolve small

scale variability not covered by regular runoff observation 

networks. From a hydrological perspective, the key point

of the method is that it incorporates water balance con

straints, i.e., at confluences the water balance is fully

satisfied. The method is also consistent with runoff meas

urements within prescribed uncertainties. The method was 

tested in a number of regions including the Rhone River in

France. Yan et al. (2011, 2012) applied their method to the

Huaihe River basin in China (121 000 km2 
catchment

area). The resulting runoff map (Figure 5.17) has a 10

km x 10 km resolution and the runoff map along the river

has a l km basic length unit. There is a strong north-south

precipitation gradient in the region, which translates into a

similar gradient in annual runoff (Figure 5.17). 

or estimation in mineral exploration), the problem in 

hydrology is to estimate runoff on a stream network. The

difference is the topological structure and therefore the

way spatial distance is formulated. Gottschalk (1993a, b)

pioneered a new method for the interpolation of runoff. It

takes full account of the fact that runoff is to be integrated 

to streamflow, thus considering the hierarchical structure 

of the basin drainage system. To achieve this, distance is

measured along the river network and the covariogram for 

points is replaced by a covariogram for the drainage basins,

i.e., a covariogram model for the whole river system 

needs is developed. Building on the work of Gottschalk

(1993a, b) and Gottschalk and Krasovskaia (1998),

Sauquet et al. (2000a, b) developed a hierarchical disag

gregation method (also see Sauquet, 2004, 2006). In their

approach, the drainage basin is divided into sub-basins in a

hierarchy of scales. The first level in a larger drainage

basin is usually already well defined by existing observa

tion stations in the main rivers constituting the first level of

sub-basins. These basins are in their tum divided into a

second level of sub-basins (or grid cells), and observation 

5.3.4 Estimation front short records

When only a short river runoff record is available at the

point of interest, the mean and inter-a11nual variability of

the short data se1ies are likely to provide a biased estimate

of the runoff statistics. This issue is of paiticular concern if 

climate fluctuates on time scales longer than the length of

the measured runoff record. It is unclea1·, in general, on 

what time scales climate could be reliably treated as sta·

tiona1)', and therefore on what time scales it is meaningful

to speak of long-te1m mean a11d variability metric ·

Regardless, it is still important to account for known

sources of climate variability when estimating the statistics

of annual runoff. 

Correlation with longer runoff record . 

A common method for improving the reliability of runofl 

statistics estimates is to establish a coffelation between a

short record and a longer record at a hydrologically 
irni·

Ja1· catchment. For example, Figure 5.18 shows a ho:

runoff record with 7 yeai·s' data, and a QA of 1190 010 

Yr alono with a lono runoff record of 19 years , who,c
' "' 

"' 

01on

mean value is 1930 mm/yr over the 7 years of colllfi cd

record, and 2300 mm}yr over the 19 years. The 
,J 

111 31

regression line is used to transform the 2300 nin ) r of

the site with the long record into an estimated inea» 
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5.4.1 Derived distribution methods 
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seasonality and soil water storage.
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(Global Soil Data Task Group, 2000); in some countries a 

higher resolution national data set is available. Milly

(1994b) showed that a model of this simplicity was unable 

to reliably predict annual runoff throughout central and 

eastern USA, mainly because temporal fluctuations in

water availability at the event scale were not represented.

Models that include event-scale storage processes include 

Milly' s stochastic soil water model (Milly, 1993; Potter

and Zhang, 2009), Woods (2003) and the stochastic

dynamic soil water storage model of Rodriguez-Iturbe 

(Rodriguez-Iturbe et al., 1999; Laio et al., 2001; Porporato 

et al., 2004). See Milly (2001) for a comparison of some of

these approaches. 
Based on a theoretical analysis of an idealised water

balance, Milly (1994b) developed analytical solutions to

estimate annual runoff, representing both event-scale and 

seasonal variations in climate. He tested this method with

out model calibration, for data from catchments located 

east of the Rocky Mountains in the USA. He concluded

that the seasonal fluctuation of the forcings was always 

relevant, especially in aiid catchments, while the effect of 

local spatial vai·iability of soil water holding capacity on 

annual runoff was negligibly small. By extending Milly' s

approach to include variable phase shifts in the representa

tion of seasonal climate, Potter et al. (2005) made esti

mates of the water balance of 262 Australian catchments;

results ai·e presented in Figure 5.20. Potter et al. (2005)

found satisfactory results except for catchments with

summer-dominated rainf
all, where they hypothesised that

infiltration excess was a dominant runoff generation mech

anism, not represented in their model. 

equations over the distribution of inputs, to obtain the 

probability distribution of the model output. This tech

nique is known as the derived distribution approach. There 

ai·e many examples of applications of this approach in

hydrology (e.g., Eagleson, 1972; Hebson and Wood,

1982; Ramirez and Senai·ath, 2000; Sivapalan et al.,

2005). To estimate annual (or shorter time-step) mnoff,

Budyko-type models require modification to account for

the catchment water storage (Zhang et al., 2008a; Tekleab

et al., 2011). Models that incorporate monthly or seasonal

storage processes include the 'abed' model (Thomas, 1981;

Sankarasubramanian and Vogel, 2002), Milly's seasonal

water storage model (Milly, 1994b), and the combined 

seasonal/event model of Woods (2003). 

Figure 5.19 shows a simplified example of this type of

model. Precipitation and potential evaporation are assumed 

to be sine curves (blue and brown traces), and their differ

ence (green trace) is the excess water available. A soil 

water store (black dashed trace) fills duiing the first part 

of the wet season (when P > Ep), and once storage reaches 

its capacity (90 mm in this case), any further excess water

generates runoff (solid black region). The area of the black

region is the annual runoff. Water is assumed to evaporate 

at the potential rate during the wet season and whenever 

stored water is present. Once the dry season begins (when 

P < Ep), storage starts to empty, with water evaporating at

the potential rate until storage is exhausted. 

Models such as that shown in Figure 5.19 can be imple

mented for ungauged catchments if climate and soil water

holding capacity data are available. Global data sets exist

for precipitation (New et al., 2002), potential evaporation 

(Ahn and Tateishi, 1994) and soil water holding capacity

In their analytical approach, Sankarasubramanian and

Vogel (2002) adopted the 'abed ' model (Alley, 1984) a 

an alternative to Budyko-type models in order to be able to

account for effects of the dynamics of soil moisture. They

derived relationships capable of predicting actual evapor

ation and the inter-annual variability of runoff, which

depended on both the ruidity index and a soil moisture

storage index, related to one of the model parameters. To

apply the method to ungauged catchments, the soil mois

ture storage index was estimated using monthly time series

of precipitation, potential evaporation and an estimate of

maximum soil moisture holding capacity. This is available 

globally at a 0.5 degree resolution (Dunne and Wilrnoll,

1996). 

5.4.2 Continuous models
Annual runof

f 

and inter-annual variability 1 
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2007), the Manasi River in north-west China (Yuan et al.,

2007) and the Maule River in Chile (1590-2000) (Urrutia

and then compute runoff through the use of a rating curve.

Alsdorf et al. (2007) reviews progress in this area of

research. 
Figure 5.21 presents the results from an application of

et al., 2011). 
All the above techniques are based on correlating annual

runoff to a proxy time series record. Saito et al. (2008) and 

Gray and McCabe (2010) extended this approach by

incorporating a simple water balance model with annual

time series of tree ring data modified to represent annual

precipitation as input. Gray and McCabe (2010) incorpor

ated temperature as well . The procedure requires further 

research but the results are encouraging. 

Beyond tree ring analysis Xu et al. (2012) recently

showed that vegetation cover may be useful as a proxy

for annual runoff. Their study used elasticity analysis to

quantify the effects of climate vaiiability on hydrological

paititioning (including total, suiface a 11d subsurface runoff)

and vegetation cover (including total, woody and non

woody vegetation cover). They concluded that annual

runoff, evaporation and runoff coefficient increase with 

vegetation cover for catchments in which woody vegeta

tion is dominant and annual precipitation is relatively high.

These results suggest that vegetation cover may be used as 

a runoff proxy, but further research is needed. 

remote sensing to obtain distributed estimates of annual

runoff across Sri Lanka, taken from Bastiaanssen and 

Chandrapala (2003). In this case, the SEBAL technique 

of Bastiaanssen et al. ( 1998) was used to first estimate

annual actual evaporation, and then, through combining 

these estimates with measured and interpolated rainfall, a 

rainfall surplus (gross rainfall minus actual evaporation)

was obtained, which was then partitioned into several lai·ge 

basins. Figure 5 .21 b shows comparisons of monthly runoff 

for two selected river basins, and Figure 5.2 l c presents 

comparisons between measured and estimated (based on

remote sensing) annual runoff volumes for the majority of

river basins across the country, indicating that there is 

considerable potential for this method to estimate annual 

runoff over large river basins. 

5.5 Comparative assessment 

The aim of the comparative assessment of annual runoff

predictions in ungauged basins is to learn from the similar

ities and differences between catchments in different 

places, and to interpret the differences in peiformance in

tenns of the underlying climate-landscape controls.

Understanding these controls sheds light on the nature of

catchments as complex systems and provides guidance on

what methods to choose in a particular environment. The

assessment is performed at two levels (see Section 2.4.3).

The Level I assessment is a meta-analysis of studies

repmted in the literature. The Level 2 assessment involves

a more focused and detailed analysis of individual basin 

from selected studies of Level 1 in terms of how the

performance depends on climate and catchment character

istics as well as on the method chosen. In Level I and

Level 2 assessments, the performance was evaluated b} 

leave-one-out cross-validation (or just goodness of fitted 

regressions where the cross-validation results were not

available). In the leave-one-out cross-validation each

catchment was treated as ungauged and the runoff predic

tions were then compared to the observed runoff. The

perfonnances obtained by the comparative assessment are

estimates of the total uncertainty of runoff predictions tn

Remote sensing 

Despite tremendous promise, remote sensing data do not 

yet offer reliable means to estimate time series of annual

runoff at ungauged sites. Research to estimate annual run-

off via remote sensing follows two lines of enquiry. In the

first approach, remote sensing is used to estimate the

components of the water balance independently. For 

example, evaporation can be estimated using thermal

methods that relate evaporation to the temperature differ

ence between soil and vegetation canopies; or through 

residual energy balance techniques in which thermal obser

vations of air and surface temperature are used to estimate 

net radiation and soil heat flux, and a vaiiety of competing

schemes then employed to pai·ameterise sensible heat 

fluxes. These techniques ai·e employed by the land surface 

schemes SEBAL, SEBS and ALEXI/DIS-ALEXI (Couralt 

et al., 2005; Bastiaanssen et al., 1998; Anderson and

Kustas, 2008). Precipitation can be estimated using satel

lite radar data (e.g., TRMM), microwave products are

available to estimate shallow soil moisture and, at large 

scales, the GRACE mission can constrain estimates of

storage change. Runoff is then computed as the residual 

of the water balance. Gao et al. (2010), however, found

that closure of the water balance is not cu1Tently possible 

using remote sensing in large catchments. Combining

modelling and observations through data assimilation,

however, offers an opportunity to reduce modeiling errors.

In the second approach, remote sensing is used to estimate 

hydraulic aspects of surface water, such as river top width,

these ungauged basins. 

5.5.1 Level 1 assessment 

Table AS. I lists the 34 studies evaluating mean annual

. . al atino intc:r 

runoff and Table AS.2 lists the 9 studies ev u " 1 

annual runoff variability used in the Level 1 asses nien 
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These are all interpolation methods including geostatistical 
approaches. Process-based models are only rarely applied 
and are represented here by four results that used different 
rainfall-runoff models. Finally, eight results that estimate 

annual runoff based on proxy data are available. 
For annual runoff, spatial proximity methods show the 

best performance with median ?- values close to 0.89. 
The e results are mainly from north-eastern USA and 
France where a considerable number of stream gauges 
exist. The performance of regression methods tends to be 

slightly lower. The studies come from a mix of continents. 
Two studies in Europe compared spatial proximity with 
regression and found significantly better performance of 
spatial proximity. In regions where annual runoff varies 

rather smoothly in space and where a reasonable number of 
stream gauges exist, it is not surp1ising that spatial prox
imity methods would perform well. It should also be noted 
that some of the results for the regression methods are 

ba,;cd on volumetric runoff values (crosses in Figure 
S.24) so, if only specific runoff is considered, the median
performance is actually lower.

Index methods (such as Budyko) also perform quite well,
In fact as well as or better than reoression considerino that

e, , e, IOl1le of the regression results are for volumetric runoff. The 
perfonnance of process-based methods (mainly runoff
�

Is) tends to be lower, with a median? of around 0.7.
ltodcly. the performance strongly depends on the way the

less. 
ls are calibrated to existing mnoff data. For complete
methods that use tree ring (proxy) data were includednot s . . 

'->not urp�smgly, suggest that the main focus of tree ring
to 

ogy _1s to rec�nstruct past runoff variability rather
Fo
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Figure 5.24. Squared correlation 
coefficient (r2) of predicting annual 
runoff (left) and inter-annual runoff 
(right) in ungauged basins stratified 
by regionalisation method. Each 
symbol refers to a resu It from the 
studies shown in Table AS. I (annual 
runoff) and Table AS.2 (inter-annual 
runoff). Lines indicate studies that 
compared different methods for the 
same set of catchments. Boxes show 
25%-75% quantiles. 

median ?- of 0.65 and 0.57 respectively. The results of 
the regression method have a much larger scatter. In gen
eral, the performance is somewhat lower than the perform
ance obtained for mean annual runoff since, clearly, inter
annual variability is harder to predict. 

How does data availability impact performance? 

Figure 5.25 shows the predictive performance as a function

of the number of catchments analysed in each study. Most of 
the studies used relatively large data sets, although this 

probably reflects the fact that most studies evaluate the 

accuracy of predictions in space. An exception is the pre
diction of temporal variability by proxy methods (i.e., tree 

rings), which is usually tested only on single catchments. 
The results indicate that the performance does not seem 

to depend on the size of the data set. Apparently, only data 

from a small number of gauged catchments are needed in 

order to predict mean annual runoff within the study area in 
ungauged basins. There may be two effects related to scale. 
The first is that the total heterogeneity tends to increase as 

the size of a region increases, which would be expected to 

lower the perfom1ance if the same method is used in the 

entire region. The second is that, with increasing sample 

size, the methods may be adjusted more reliably to the 

existing runoff data. These two effects may counterbalance 

each other as the size of the data set increases. The predic
tion of inter-annual runoff variability, on the other hand, is 

more specific and improves with the availability of larger 
data sets. 

More detailed insight into the dependency of perform
ance on both method and number of catchments per study 
is shown in Figure 5.26. Index-based methods have been 
evaluated mostly for data sets with more than 200 catch
ments, while spatial proximity and regression methods 



96 

:c
N 

I 

\

Runoff Prediction in Ungauged Basins 

lnterannual variability
Annual runoff 

x 

1.0 
• 

• 

fioure 5.25. Squared correlation

co:fficient (/) of predicting annual 

runoff (left) and inter-annual . 
runoff (right) in ungauged basins

stratified by the number of 
catchments within each study.
Each symbol refers to a result from

the studies shown in Table AS. l 
(annual runoff) and Tabl_e AS.2 
(inter-annual runoff). Tnang_les
indicate the temporal vanab1lity
assessment based on tree nng�. 

Boxes show 25%-75% quantiles.

• 

0.8 • • 
A 

• 

A • • 

0.6 • 
• 

0.4 
"' 

0.2 20 100 250 

:c
''L 

20 100 250 
Number of catchments Number of catchments

Annual runoff 

0.8 • 

0.6 

0.4

-

•• 

• 
.. 

• •• 
• 

••

• ••
•

•• 

• 

• • A A 

lnterannual variabilit

• 

x 

x 

• 

••
.. 

• 

• 

• 

• 

Index 0.

2

l�\N;o�.o�!c�a�tch�
m
�

e
�
nts

�:�•<;
2

=
0

=·�
2

��
2
�
0

=
0

::::::i•�>�ZOO��\
;;;

-:;-���b.l�Mil·� Regression 
. ·w Process b. Tree-ring d 0.0 Regression Index Sp.prox1m1 Regionalisation metho 

Regionalisation method
ff ( ·ght) in unoauged basins

ff (1 ft) and inter-annual runo n " 
AS l ( nnual . ( .2) of redictino annual runo e the studies shown in Table . a 

Figure 5.26. Squared corrdation c�e���;:a�ked b: perfor�ance. Each symbol refers to: re�t�:·:;cific runoff, crosses to the ones based
stratified by the regionalisauon met o 

ff) c· \es refer to the performance indicators ase 
5 2 (' t annual runo · !JC 

runoff) and Table A . m er- . . ber of catchments per study. 
. 'ts Circle size md1cates num 

on volumetnc um · 
. . al nmoff do not depend on the

. d for data sets with less than 200
have been mainly teste 

f thod seems to more strongly
catchments. The type o me 

th mber of catchments per
control the performance than e nu 

• Pred1ct1ons of mean an�u 

d while predictions of
number of catchments m t�e stu y, 

'th the number of
annual runoff variability improve w1 

study. . reoression and index methods
The companson between 

_ob.lity indicates that the. al runoff vana 1 
for mter-annu similar data set sizes
methods have been tested on very 

with similar performance.

d. ,F Level 1 assessment 
Main fin mgs OJ • 

th performance of predictmg
1 ld and humid reo1ons e d • n co . bility of annual runoff in ungauge 
the mean and vana 

in other climates. 
basins tends to be better t�

:;
1 

roximity perform best,
• Methods based on spati p 

· s which per-
d b . dex methods and regression , 

followe Y m 
form similarly· . . 

onal and olobal) the 

• At the scale of the analys1s
d 

(reg
�

ods avail;ble for the 

perfon�a_nce of th
�

p
���:�:n ::ms to be essential.

analysis is lower. a 

catchments. 

5.5.2 Level 2 assessment . . dies (Table AS. I)
The Level 1 synthesis of ex1st'.ng stu 

re ort surnmar)
clearly showed that many stud1es only

ntor catchment
. 1· tion performance a f h.statistics of reg1ona isa 

ail d attribution o l � 
. · h. l hampers det e Th� charactenstics, w ic 1 . of results. . t d companson J performance and mter-s u y. . . to examine an 

. . f the Level 2 synthesis is . thod� inobJectJve o . 
nalisatton roe 

explain the pe1formance of the reg10 . based on iht

. d tail The Level 2 assessment is 
'd d detai!L.Jgreater e · 

lO) that provi e . 0
olobal data set of Peel et al. (20 

t characterisUC' t 
o . t nd catchmen rf nn
information about chma e a . a]isation pe o 
a consistent way and reported the region 

robines data fro01

ance for each catchment. This data set co 

Prediction of annual runoff in ungauged basins 

861 catchments located in 82 countries around the world. 
No data for the inter-annual runoff vaiiability were avail
able, so the Level 2 assessment presents only results for 
mean annual runoff. In order to identify differences in 

global and local scale analysis an additional assessment 
for 220 catchments in AustJia was also performed (Vig
lione et al., 2013b). Based on the data availability and 
global coverage, three approaches were applied: two stat
istical approaches, global and regional regression, and a 

Budyko index model. The normalised error (NE) and the 

absolute normalised error (ANE) were used as perform
ance indicators (Table 2.2). The NE highlights biases in the 

methods, while the ANE is a measure of the overall per
formance. For compruison with the other runoff signatures 
in Chapter 12, the r2 

of annual runoff were calculated for 
all methods of both the global and the Austrian data. The 

25% and 75% quantiles of these r2 are 0.52 and 0.81, 
respectively. 

Performance measures are presented in the following 
figures as a function of the aridity index, mean annual air 
temperature, mean elevation and catchment area. Note that 
the ANE is an error measure, so it has been plotted down
wards on the ve1tical axis to make it comparable with the 

performance measures, i.e., higher up in the plot is better. 

To what extent does runoff prediction pe,formance depend 

011 climate and catchment characteristics? 

Before analysing the NE and ANE of the three chosen 
approaches, a regression analysis of mean annual runoff 
with area, mean annual precipitation and mean annual 
1emperature (TA) was pe1formed in order to understand 
which predictors are important for mean annual runoff 
under different climatic conditions. The r2-value, calcu
la1ed based on specific runoff, did not exceed 0.5 for any 
of the regressions. This indicates that the size of catch
ment and global climate variability control only part of 
mean annual runoff patterns. While all three predictors 
"'ere significant for estimating mean annual runoff in 

humid, cold and arid conditions, the analysis showed that
for tropical climates TA does not play any role.

The ANE error measure of mean annual runoff with
rcspcc1 to the four climate and catchment chru·acteristicsts presented in Figure 5.27. The results clearly indicate thatthe perfonnance of all models decreases with increasino 

�-
0 tty (top panel). For crlobal reoression and reoionaln:gr . o o o css1on the median ANE is around 0.2 for humid catch-ments and I or larger for ruid catchments. For the Budyko lpproach. the errors in the arid catchments are smaller thanor the oth th d Biid . . er me o s. Apparently the stJ·ucture of the � ko is more suited to predicting mean annual runoff

ier:
d catchments than regressions. The regression modelslo overesti te . . 

g 
ma mean annual runoff m ru·1d catchmentsUre 5·28), while Budyko generally tends to 
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underestimate mean annual runoff. It should be noted that 
the Budyko relationship was not calibrated but the regres
sion coefficients were. The dependence of ANE on air 
temperature shows a similru·, but less pronounced pattern. 
This means the difficult climates to predict are the ruid 
catchments and not necessarily the catchments with a 

warm climate . 
A clear relationship does not seem to exist between 

ANE an9 catchment area. For regression models, the 
variability of ANE performance between catchments of 
the same size is larger than for the Budyko model. This 
variability is the largest for catchments larger than 1000 
km2

. The Budyko model seems to be a robust method. 
Even though there is a tendency for underestimating run
off, the results are more consistent for a given catchment 
size. 

Which method performs best? 

Figure 5.29 summaiises the performance for different 
regionalisation approaches, stratified by the aridity index . 
The top, middle and bottom panels show the performance 

for all catchments, and catchments with an aridity index 
below and above 1, respectively. Overall the Budyko 

model perfonns better than the two regression approaches. 
Regional regressions perform better than global regression . 
While the performance in humid catchments is quite simi
lar for all three approaches, in arid regions the performance 
of the Budyko approach is much better than that of regres
sions. The built-in principle of water versus energy com
petition included in the Budyko model appeai·s to provide 
an inherent advantage for mean annual runoff prediction 

compared to purely statistical approaches, particularly in 
arid regions. It should also be noted that in arid regions the 

regional regressions pe1form significantly better than 
global regressions, while this is not the case in humid 
regions. 

Global scale results vs. local scale results 

The results of the Level 2 assessments compai·ed the 

performance of statistical and index methods on a global 
scale. The performance of methods for mean annual 
runoff prediction in a particular region depends on the 

hydrological variability, as well as data availability. As 
an example, Figure 5.30 compares different approaches 
for mean annual runoff prediction in 220 catchments in 
Austria (Viglione et al., 2013b), which is generally 
humid with the aridity index ranging from 0.2 to 1.4. 
The following methods were used: the global regression 

model fitted to the global data set of Peel et al. (2010) 
using catchment area, mean annual precipitation and air 
temperature as catchment characteristics; the Budyko 
approach; a regional regression model fitted to the Aus
trian data (using the same catchment chai·acteristics as 
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Figure 5.28. N ormalised error (NE) 
of predicting annual runoff in 
ungauged basins as a function of 
and1ty (EpA/P A), mean annual air 
temperature (TA) and catchment area 
for different methods B · oxes are 
40o/o--60% quantiles, whiskers are 
20%-80% quantiles. 
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Figure 5.29. Absolute nonnalised error (ANE) of predicting mean

annual runoff in ungauged basins for different regionalisation 

methods, stratified by aridity. (Top) All catchments; (centre) humid

catchments (aridity index < I); (bottom) arid catchments (aridity 

index �I). Lines connect median efficiencies for the same study. 

Boxes are 40o/o-60% quantiles, whiskers are 20%-80% quantiles.

• The Budyko approach tends to underestimate mean 

annual runoff. The regression models tend to overesti-

mate runoff in arid catchments. 

• In humid catchments, the Budyko approach and regres-

sion methods perform similarly. 

• In arid catchments, the Budyko approach performs

Runoff Prediction in Ungauged Basins
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Figure 5.30. Absolute nonnalised error (ANE) of mean annual rnnoff

estimated by global regression, Budyko model, regional regression 

(fitted to Austrian data), process-based (conceptual hydrological 

model) and geostatistical (top-kriging) approach in 209 humid 

catchments in Austria. 

5.6 Summary of key points

• Annual runoff variability reflects, and is governed by, 

the relative availability of water (annual precipitation)

and energy (expressed in terms of the annual potential 

evaporation). Consequently, the aridity index (the ratio 

of potential evaporation to precipitation) is the most 

widely used similarity measure for annual runoff. 

• Increasingly, traditional interpolated spatial maps of

mean annual runoff are being replaced with predictions

based on regressions with climate and catchment attri

butes (as predictors and as surrogates for runoff pro

cesses), geostatistical interpolations in data-rich regions,

and the application of index-based methods that exploit

the competition between water and energy (e.g., Budyko 

curve and related methods). 

• Budyko-type methods have the advantage that they

reflect the co-variation of climate, catchment properties

(including vegetation) and runoff, and exploit their inter

relationships in a holistic way. Another advantage of

Budyko-type methods is that they exemplify the benefits

of a comparative hydrology approach, learning from

similarities and differences between different places. 

much better than the regression methods. Regional 

regressions perform better than global regression. 

• In a regional case study, the performance of predicting

mean annual runoff in ungauged basins for different 

methods increases in the following order : global regres

sion, Budyko model, regional regression, process-based 

method and geostatistical approach. 

• Under humid, arid and cold climate conditions, catch

ment area, mean annual temperature and mean annual

precipitation are important predictors for mean annual

runoff in the regression approach (with the exception of

tropical climates where mean annual temperature does

not have much predictive power). This reflects . th
e

capacity of these predictors to capture the combined

effects of several process controls on annual runoff
j

Co-evolutionary indices that are reflective of ann�a 

runoff vruiability are drainage density and vegetau_ on

patterns (fraction of vegetation cover, as well as relau,e

fractions of deep-rooted trees and shrUbs). 
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• Proces�-base� �ethods, especially those that belon to 

:e denved d1stnbu�on category, can assist in interi!et-
g the process basis of the index-based relationsh' 

(�.g., Bud_yko)_, help understand their applicability l�� 
different s1tuat1ons, and can explain the reasons for the 

scatter (and hence uncertainty) around the mean B d k 
curve. 

u Y o 

• �omparative assessment of all methods used for predic
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• tnnual runoff variability represents the foundation (i e 
o�. fre�uency variation) on which all other runoff 
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i o
e1e ore, there is much to be gained from understand� 

no the nature of a�nual runoff variability and how it 
connects _to vegetation, drainage density and other pat
terns, which are all a result of the same co-evolutionary 
processes. Compru·ati h d . 1 
wa £ . . v� . Y _ ro ogy represents a clear

y �rwrud fo1 the Jomt investigation of these 

evolut10nary patt . co-
erns across different parts of the world. 
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