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Abstract

Hydrology does not yet possess a generally agreed upon catchment classification
system. Such a classification framework should provide a mapping of landscape
form and hydro-climatic conditions on catchment function (including partition,
storage, and release of water), while explicitly accounting for uncertainty and for
variability at multiple temporal and spatial scales. This framework would provide
an organizing principle, create a common language, guide modeling and measure-
ment efforts, and provide constraints on predictions in ungauged basins, as
well as on estimates of environmental change impacts. In this article, we (i) review
existing approaches to define hydrologic similarity and to catchment classification;
(i) discuss outstanding components or characteristics that should be included in
a classification scheme; and (iii) provide a basic framework for catchment classi-
fication as a starting point for further analysis. Possible metrics to describe form,
hydro-climate, and function are suggested and discussed. We close the discussion
with a list of requirements for the classification framework and open questions
that require addressing in order to fully implement it. Open questions include:
How can we best represent characteristics of form and hydro-climatic conditions?
How does this representation change with spatial and temporal scale? What functions
(partition, storage, and release) are relevant at what spatial and temporal scale? At
what scale do internal structure and heterogeneity become important and need
to be considered?

1 Introduction

Kings Play Chess On Fine Class Stools is one of many mnemonics used to
help remember the hierarchical classification of organisms in biology:
(Domain) Kingdom, Phylum, Class, Order, Family, Genus, Species. Biology
has been at the forefront of the science of classification and the term
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902 Catchment classification and hydrologic similarity

taxonomy (from Greek verb fassein =‘to classify’ and nomos = law, science,
cf. ‘economy’) had for long only been associated with classification of
organisms, but has since been used more widely to refer to classification
or the principles underlying classification in other fields as well. Classifi-
cation schemes have become well established in fields beyond biology.
Examples include chemistry (periodic table) where elements with the
same valency are expected to behave similarly, or limnology where bodies
of water are classified by mixing regime, or by nutrient status. Fields such
as fluid mechanics use continuous dimensionless numbers to describe the
character of flow (e.g. Froude and Reynolds numbers). For example, the
Reynolds number is used to separate the flow into laminar or turbulent
regimes, while the Froude number distinguishes between sub- and super-
critical flow in open channels; see Table 1 for other examples. These
similarity indices are a natural consequence of the governing equations for
fluid flow, when applied to particular cases.

Fifty years from now, if we were to look back at the state of the science
of hydrology, it is possible that we might describe its current situation in
the following terms: successful locally in its various subbranches, but there was
no global unity to the proliferating research programs. Indeed, it turns out that
this was actually a statement that appeared in a review of biology dating
back to 1830 (Woods 2004), showing that biology too had a preclassifi-
cation phase similar to where hydrology stands today. An important task
of science in any particular field is to perpetually organize the body of
knowledge gained by scientific inquiry. While biology is now a well-
established science and classification of organisms, its main entity of interest,
has progressed far, other sciences are younger and therefore perhaps less
advanced in understanding how their knowledge could be similarly organized
or generalized. Hydrology is such a science, which has not yet achieved
a globally agreed upon classification system for its main ‘entity’ of interest,
the catchment (also called basin or watershed), and the mechanisms of
movement and storage of water within it.

A catchment is defined as the drainage area that contributes water to a
particular point along a channel network (or a depression), based on its
surface topography. The catchment forms a landscape element (at various
scales) that integrates all aspects of the hydrologic cycle within a defined
area that can be studied, quantified, and acted upon (Wagener et al. 2004).
Catchments are typically open systems with respect to both input and
output of fluxes of water and other quantities (Dooge 2003), and can be
termed complex environmental systems — although with some degree of
organization (Dooge 1986; Sivapalan 2005). For most hydrologists, par-
ticularly those who undertake extensive field studies in diverse catchments
around the world, it is easy to believe that diversity is nature’s principal theme
(Gould 1989, 97). Such statements yield support to the uniqueness of place
argument put forward by Beven (2000a), in which he discusses how the
uniqueness of a place with respect to the topography, soil, geology, vegetation,
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Table 1. Dimensionless numbers used in fluid mechanics (Modified from Munson et al. 2002).

Dimensionless groups Dimensionless number

Interpretation’ (ratios)

Application

v Reynolds number, Re
u
Vv
— Froude number, Fr
NE]
p Euler number, Eu
pv’
pV? Cauchy number, Ca
E,
v Mach number, Ma
c
ol Strouhal number, St
Vv
2
pV Weber number, We
c

Inertia force to viscous force

Inertia force to gravitational

force

Pressure force to inertia force
Inertia force to compressibility force
Inertia force to compressibility force
Inertia (local) force to inertia

(convective) force

Inertia force to surface tension force

Generally of importance in all types
of fluid dynamics problems

Flow with a free surface

Problems in which pressure, or
pressure differences, are of interest

Flows in which the compressibility
of the fluid is important

Flows in which the compressibility
of the fluid is important

Unsteady flow with a characteristic
frequency of oscillation

Problems in which surface tension
is important

'Index of force ratio indicated. Variables: acceleration of gravity, g; bulk modulus, E,; characteristic length, I; density, p; frequency of oscillating
flow, w; pressure, p (or Ap); speed of sound, c; surface tension, o; velocity, V; viscosity, L.
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904 Catchment classification and hydrologic similarity

and anthropogenic modification associated with each catchment limits our
ability to create generalizable (or regionalizable) hypotheses. We are par-
ticularly limited due to our inability to ‘see’ the subsurface of a catchment,
in which much of the hydrologic response often remains hidden from our
current measurement techniques. On the other hand, the catchment is a self-
organizing system, whose form, drainage network, ground, and channel slopes, channel
hydraulic geometries, soils, and vegetation, are all a result of adaptive ecological,
geomorphic, and land-forming processes (Sivapalan 2005). Therefore, while the
complexity and the differences between catchments can often be over-
whelming, patterns and connections might be discernible and lead to
advancement in hydrologic science through the formulation of hypotheses
or relationships that may have general applicability. Achieving such gen-
eralization has been particularly difficult in all sciences related to the natural
world (see Harte 2002, for an example from ecology), not just hydrology.
Our currently available small-scale theories are limited in their ability to
explain hydrologic behavior at the catchment scale (Kirchner 2003), and
a potentially robust as well as reproducible theory is most likely to come
from quantitative and causal explanations of differences and similarities
between catchments in different parts of the world (Sivapalan 2005).
Underlying the search for a new theory is the human mind’s craving
for order — one approach to create order and sense in an otherwise
heterogeneous world is through the means of classification (Gould 1989,
98). We view classification not simply as a way of creating a filing system,
but rather as a rigorous scientific inquiry into the causes of similarities and
relationships between catchments. In this sense, classifications are theories
about the basis of natural order, not dull catalogues compiled to avoid chaos
(Gould 1989, 98). Any particular class of natural entities so chosen (organ-
isms, catchments, low regimes) is of course likely to still contain large
internal complexity or heterogeneity, but in our view classification groups
together those systems that are similay, and thus limits the variability within classes
(McDonnell and Woods 2004). In hydrology, we of course already have
some globally agreed upon concepts like the conservation of mass, even
if measurement techniques to capture such integrated fluxes and storages
at relevant scales are still limited (Beven 2006). We also have different
types of classification (or at least different descriptive terms) already in use,
including those based on climate (humid versus arid, semi-arid, etc.),
based on land cover (forested versus agriculture, urban, etc.), based on catch-
ment response (fast versus slow), based on storage (groundwater dominated
versus surface water dominated catchments), etc. Although these groupings
by themselves do not provide a comprehensive classification system in our
view, and some of them (e.g. fast versus slow) are not well defined and
therefore difficult to apply in a consistent manner, attempts at precise
definitions have been made (see for example Robinson and Sivapalan 1997).
These classifications also do not reach a higher goal that we have set
ourselves (i.e. providing insight into causes of similarities and relationships
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Fig. 1. Dominant processes of runoff generation mechanisms at the hillslope scale (after
Dunne and Leopold, 1978; Dunne, 1983).

between catchments). The benefit of having a comprehensive and holistic
classification system can be outlined by reference to the so-called Dunne
diagram for runoff generation mechanisms (Dunne 1983; Dunne and
Leopold 1978; Figure 1). Although not expressed in quantitative terms,
this diagram shows likely dominant runoff generation processes in any
catchment as a function of soils, topography, climate, vegetation, and land
use (it is admitted that there is probably a strong correlation between
some of these characteristics). In its essence, the Dunne diagram is able
to relate certain aspects of catchment response or functioning in terms of
a certain organization of climate and landscape properties, reflecting a
distillation of our collective observational evidence. We are interested here
in extending such a scheme to the overall catchment response through a
rigorous classification system that is perhaps a generalization of the Dunne
diagram.

As we begin to compare and contrast catchments across places (e.g.
across diverse climates and geologies), and across processes and function-
ing, we also recognize likely variations across scales (spatial and temporal).
Thus, the general catchment classification scheme we seek to develop will
likely require explicit consideration of both spatial and temporal scales. A
study by Olden and Poff (2003) demonstrates that daily, monthly, and
annual hydrologic indices are not always correlated, suggesting that different
or independent information is present at these different temporal scales.
Sivapalan and his colleagues (e.g. Atkinson et al. 2003; Farmer et al. 2003;
Son and Sivapalan 2007) have shown that dominant climatic and landscape
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906 Catchment classification and hydrologic similarity

controls on hydrologic behavior are time-scale dependent. Similarly, Poft
et al. (2006) discuss our limited knowledge about how far hydrologic
characteristics can be extrapolated up- or downstream along a river net-
work away from a gauge location. This limited extrapolation potential could
be caused by varying hydrologic characteristics with spatial scale (Dunne
and Leopold 1978), particularly if the catchment under study covers
different climatic or geologic regions. Additionally, it is likely that internal
variability and connectivity of the catchment will play important roles at
smaller spatial and temporal scales (Buttle 2006).

A globally agreed upon, broad-scale classification system for catchments
is needed to advance the science of hydrology. Such a system would (mod-
ified and extended from McDonnell and Woods 2004):

* provide an important organizing principle in itself, complementing the
concept of the hydrologic cycle and the principle of mass conservation,

* help with both modeling and experimental approaches to hydrology,
by providing guidance on the similarities and differences between
catchments,

* improve communication by providing a common language for discussions,

* allow the rational testing of hypotheses about the similarity of hydro-
logic systems from around the globe, as well as better design of experi-
mental and monitoring networks by focusing on measuring the most
important controls,

 provide better guidance for choosing appropriate models for poorly
understood hydrologic systems,

* be a major advancement toward guidance for the applicability of various
simulation methods for predictions in ungauged basins,

* provide constraints and diagnostic metrics that can be used for model
evaluation/diagnostics and application and ungauged locations, and,

* provide, to first order, insights into the potential impacts of land use
and climate changes on the catchment scale hydrologic response in
different parts of the world.

In particular, a rigorous catchment classification system would enable us to sort
and group the tremendous variability in space, time, and process, which is present
in natural hydrological systems all around the globe (McDonnell and Woods
2004), and to bring some harmony to the cacophony that is present in hydrology
(Sivapalan et al. 2003b). We might be called overconfident in claiming that
we could produce a comprehensive classification system in a short article
such as this one, whereas in other fields such as biology whole mono-
graphs have been required to achieve the same objective. The intention
here is therefore to provide a basic discussion about what such a classifi-
cation system should try to achieve and what the characteristics of a
classification framework should be. This includes a discussion of what
metrics should be used to judge similarity or dissimilarity between catch-
ments, as well as advantages and disadvantages of metrics and schemes for
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Catchment classification and hydrologic similarity 907

discrete classification (as in biology) or for continuous similarity variables
(as in fluid mechanics). We start this discussion with three premises,
namely, (1) the enormous complexity of environmental factors impacting
the catchment response requires us to concentrate initially on dominant
(or first-order) characteristics (controls) only, (ii) any classification system
has to explicitly consider uncertainty in the variables underlying the clas-
sification metrics, and (ii1) it should be based on data that is (relatively)
uniformly available around the world — although the latter point is likely
to change with advances in measurement techniques. The uncertainty
present is mainly caused by our inability to observe or represent hydrologic
variables/processes and catchment physical characteristics (Wagener and
Gupta 2005). When the uncertainty of predictions of expected behavior
is excessive, be it due to inadequate understanding of catchment behavior
or due to the inability to know or estimate the salient catchment charac-
teristics, the classification system loses its power or vitality. A discussion
of mathematical techniques to discern clusters of similar metrics could be
viewed as an essential component of a classification system but is viewed
as beyond the scope of this article and can be found elsewhere (e.g. Arabie
et al. 1996; Burn 1989, 1990, 1997; Burn and Goel 2000; Castellarin
et al. 2001; Gordon 1999; Holmes etal. 2002; Mclntyre etal. 2005;
McKay 2003; Mirkin 1996; Nathan and McMahon 1990; Rao and Srinivas
2006a,b; Wagener et al. 2004; Yadav et al. 2007; etc.).

In this article, we (i) review existing approaches to define hydrologic
similarity and to catchment classification; (ii) discuss outstanding components
or characteristics that should be included in a classification scheme; and
(iii) provide a basic framework for catchment classification as starting
point for further analysis.

2 A Perceptual Model of Catchment Function

We believe that a classification system, to be widely adopted, must be
underpinned by a perceptual model of catchment function, as a common
or unifying theme. A perceptual model of a catchment is based on the
subjective understanding of hydrologic processes occurring and is not
constrained by our ability (or inability) to represent these processes in
mathematical form (Beven 2000b). It is also certainly not based on process
description at the point or small scales. In this article, the perceptual
model that will guide our proposed classification system is based on the
commonly agreed perceptions of at least four hydrologists (although
strongly simplified due to the length constraints of this paper). Discussions
of other (more detailed) perceptual models can be found elsewhere
(e.g. Anderson and Burt 1990; Beven 2000b; Kirkby 1978; Ward and
Robinson 2000).

The term function is defined here as the actions of the catchment on
the water entering its control volume (i.e. catchment area extended into
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Fig. 2. Catchment function (partition, storage and release).

the near-surface atmosphere and down to the bedrock). What function a
user of a catchment classification system will care about depends on user
interest and sophistication (expert versus nonexpert). Here, we will dis-
tinguish three basic functions of a catchment (modified from Black 1997;
Figure 2):

* partition of collected water into different lowpaths (interception, infil-
tration, percolation, runoff, etc.)

* storage of water in different parts of the catchment (snow, saturated zone
storage, soil moisture storage, lakes, etc.)

* release of water from the catchment (evapotranspiration, channel flow,
groundwater flow, etc.).

In addition to these functions, there will be transmission of water within
the catchment. The starting point of the perceptual model is the formation
of water input to the control volume. Precipitation occurs when water
condenses around aerosols in the atmospheres and drops grow sufficiently
large to fall to the earth. At temperatures below 32 °F ice crystals are formed
rather than water drops (Black 1997). The precipitation then falls as rain,
snow, hail, freezing rain, fog drip, etc. and enters the control volume
considered here, where the different functions of the catchment will act
on it.

Partitioning occurs close to the surface when part of the incoming
precipitation is intercepted by vegetation, while the remaining part reaches
the ground as throughfall or stemflow. Leaf litter covering the soil may
form another intercepting layer. Further partitioning happens when water
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Catchment classification and hydrologic similarity 909

not retained by vegetation or litter infiltrates. This will occur unless the
precipitation rate exceeds the actual infiltration rate of the soil. The water
that does not infiltrate will run off over the land surface, although it might
still infiltrate further downbhill. The infiltrated water will either increase
the soil moisture storage, or will percolate deeper to eventually recharge
the groundwater or saturated zone storage. Lateral transmission of the
infiltrated water in the unsaturated zone or in the saturated zone might
move the water to other parts of the catchment.

Storage of water takes place throughout the watershed and mainly includes
storage in vegetation, soil (retention/capillary water or detention/non-
capillary water), channel network, and groundwater. Lakes, floodplains, and
wetlands might sometimes provide significant storage in the system as
well. At air temperatures below about 4 °C, the probability of precipita-
tion falling as snow increases sharply and water might also be stored in
frozen form as snow or ice (Dingman 2002). Type, size, and distribution
of storage will vary widely between catchments. In this respect, one could
see storage as the connecting element between partitioning and release,
although the storage of some of the precipitation might be very tempo-
rary only. The largest storage is usually the soil profile, which in humid
areas will often fill up during wet periods. The resulting saturated areas
will occur in particular close to the stream network and in converging areas
such as the bottom of hillslope or in hollows (Kirkby 1978). In dry or
semi-arid areas much of the storage is held in the unsaturated zone as
capillary water and then evaporated during the interstorm or dry periods
of the year.

Release from the catchment is the ultimate fate of water. Here, we
distinguish this function from the transmission of water within the catch-
ment (i.e. within the control volume). How the release from different
storages in the catchment is triggered is not always clear, particularly if
this storage is in the subsurface, and estimates of and control on water
residence time are a currently very active areas of research (e.g. Kirchner
2003; McGuire et al. 2005). Kirchner (2003) summarizes these unsolved
issues, which might limit our ability to classify, in two questions: (i) How
do these catchments store water for weeks or months, but then release it in minutes
or hours in response to rainfall inputs? (ii) How do catchments store ‘old’ water
for long periods, but then release it rapidly during storm events, and vary its
chemistry according to the flow regime? McGuire and McDonnell (2006)
review the use of lumped mathematical models to simulate the related
transit time of water through complex catchment systems, and discuss the
limitations of currently available tools for this purpose. The release char-
acteristics will also be strongly impacted by physical characteristics of the
river network (Rodriguez-Iturbe and Valdes 1979), and by the connectivity
between hillslopes and the river network (McGlynn and McDonnell
2003). Another release pathway is the one due to evaporation and tran-
spiration into the atmosphere. This aspect of the hydrologic cycle gained
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910 Catchment classification and hydrologic similarity

more attention in recent year due to its link to food production (e.g. the
green and blue water concept, see Falkenmark et al. 2004). All the above
processes take place in the context of temporal and spatial variability
occurring at a wide range of scales for both atmospheric forcing and
catchment form (e.g. Woods 2005).

Black (1997) also discusses chemical and habitat (ecological) catchment
functions in addition to the three functions mentioned above. We will
focus on the three functions discussed here in the remaining paper. Note
that the descriptions of the broad functions defined by Black (1997) echo
descriptions of similar broad-scale processes provided by L'vovich (1979),
such as wetting, drying, storage, discharge, and drainage. L'vovich (1979),
and later Ponce and Shetty (1995a,b), viewed the overall function of the
catchment as consisting of a competition between these processes, mediated
by climatic and landscape properties, perhaps following some as yet un-
determined rules of behavior. The classification system that we hope to
develop must provide insight into this competition, as a way of comparing
and contrasting catchments in different hydro-climatic regions.

With respect to the specific characteristics of a hydrologic classification
framework, one has to keep in mind that some of the functions that one
might wish to address are not, or at least not directly, observable. It is
likely that our ability in this regard will remain limited for some time,
despite significant advances in observational technology.

3 Similarity and Classification Metrics

Chapman (1989) suggests that ecological classification would be an ideal
starting point for a hydrologic classification system, because the ecological
characteristics of an area effectively integrate features of the hydrologic
regime. However, Chapman mentions large alterations of ecological regimes
due to human activities as one of the main limitations of this idea. We
will therefore take a different approach, but later discuss how ecology
could (should?) still be part of a classification system.

What should the metrics be that define similarity or dissimilarity
between catchments in a hydrologically relevant manner? Hydrologists have
always tried to relate structural features of catchments to their response characteristics
(Bras 1990, 589). If our underlying scientific curiosity is to understand
this relationship, then our metrics should include static characteristics of
a catchment’s ‘form’ (e.g. geomorphologic and pedologic characteristics)
and forcing (e.g. characteristics of precipitation and radiation), as well as
dynamic catchment response characteristics (signatures, patterns) of ‘function’
(e.g. streamflow [runoft], groundwater [baseflow], soil moisture [evapotran-
spiration, recharge]), noting in passing that both the form and function of
catchments reflect co-evolution of climate, soils, topography, and vegeta-
tion. Of course, static characteristics such as landscape topography are also
changing (e.g. Collins et al. 2004), but at time-scales that are much larger

© 2007 The Authors Geography Compass 1/4 (2007): 901-931, 10.1111/.1749-8198.2007.00039.x
Journal Compilation © 2007 Blackwell Publishing Ltd



Catchment classification and hydrologic similarity 911

than the catchment behavior that is typically of interest. We can therefore
consider them static in the context of this article, yet they provide a
window into the long-term processes that created them while governing
the short-term functional responses that we wish to predict. An early
example of such of a relationship between form and function is described
by the geomorphologic instantaneous unit hydrograph developed by
Rodriguez-Tturbe and Valdes (1979), in which the authors relate event
streamflow (runoft) characteristics to channel network geomorphology and
geometry.

Some general suggestions about what relevant metrics might be could
come from the increasing literature on regionalization of hydrologic models
to achieve continuous streamflow predictions in ungauged basins (e.g.
Abdulla and Lettenmaier 1997; Berger and Entekhabi 2001; Fernandez
et al. 2000; Jakeman et al. 1992; Mclntyre et al. 2005; Merz and Bloeschl
2004; Parajka etal. 2005; Wagener et al. 2004; Wagener and Wheater
2006; etc.). These regionalization studies try to understand the controls
on the continuous streamflow response, although many are relying on
lumped catchment-scale models as vehicles to achieve this, which intro-
duces potentially large uncertainty into this process due to problems of
model structural error and our inability to appropriately formulate the
calibration problem (Wagener and Wheater 2006). A series of regionali-
zation studies in the UK have shown a clear pattern of catchment char-
acteristics that were most dominant in describing catchment similarity
(Burn 1990; Burn and Boorman 1992; Calver et al. 2005; MclIntyre et al. 2005;
Robinson 1992; Yadav et al. 2006; 2007). These studies concluded that
relevant static characteristics are related to surface and subsurface structure
(form): such as drainage area, average basin slope, pedology, and geology;
and related to hydro-climatology: long-term precipitation characteristics,
or the annual precipitation to annual potential evapotranspiration index.

These results suggest that in a multidimensional space relating form
(structure) and function (response), the axes describing the static charac-
teristics of similarity should be labeled structure and hydro-climate. We
can consider climate, the long-term average weather in a region, at least
initially as static. This conclusion is in line with those of others including
Winter (2001) who states that hydrologic landscape units should include
descriptors of land-surface form (slope and area), geologic framework
(hydraulic properties of geologic units), and climatic setting (in their case,
precipitation minus evapotranspiration balance). Winter (2001) suggests
that, for example, areas having similar land slopes, sutficial geology, and climate
will result in similar hydrologic flow paths regardless of the geographic location of
the site. Yadav et al. (2007) additionally found land-use to be a hydrolog-
ically relevant descriptor of form (percentage grassland for 30 UK catch-
ments), which makes these characteristics similar to those used in ecology
related classifications (e.g. Detenbeck et al. 2000; Snelder and Biggs 2002;
Snelder et al. 2004; Wardrop et al. 2005).
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912 Catchment classification and hydrologic similarity

In addition, we will need an axis that describes the hydrologic variable
of interest as a function of catchment form (structure) and hydro-climate
(i.e. the dynamic characteristics describing the actual response behavior
[subsequently called function] of the catchment). Function is for our
immediate purposes our dependent variable. Understanding the connection
between structure, hydro-climate and response behavior would advance
hydrologic understanding and our predictive capability. McDonnell and
Woods (2004) state that at its most fundamental level, a classification scheme
will need to include descriptions of fluxes, storages, and response times as
dependent variables, to achieve a meaningful distinctions between catchments.
Example-dynamic metrics could include the state in which water is predom-
inantly stored: either frozen (snow and glaciers), or pore water (in soils and rocks),
or open water (lakes, wetlands, river channels), and especially their magnitudes;
and the turnover time of the dominant catchment storage (volume of storage which
has the largest flux, divided by the flux) (McDonnell and Woods 2004).

As mentioned earlier, another important consideration is that emergent
properties or behavioral characteristics will change with temporal scale
(and maybe even spatial scale) of the analysis (e.g. Atkinson et al. 2003;
Biggs et al. 2005; Farmer et al. 2003; Kirchner et al. 2004; Thoms and
Parsons 2003). It is therefore also likely that the structural and hydro-
climatic characteristics that control this behavior will change with scale.
How the axes of function, structure and hydro-climate are therefore
defined will be depend on the specific time and space scales chosen.

One difficulty of establishing such metrics lies in collapsing the vast com-
plexity of environmental factors that define the hydrologic regime of natural
catchments into a few parsimonious numbers, distributions or models. These
difficulties arise in part from two major factors: the first is our as yet
inadequate and slowly developing understanding of how climate, soils,
topography, and vegetation interact and co-evolve to produce catchment
responses and functioning, and the choice of the best or most appropriate
metrics themselves. The second is our severely limited ability to measure
structural characteristics (in particular those of the subsurface), hydro-climatic
characteristics (e.g. precipitation in remote regions), and functional charac-
teristics (e.g. residence time, soil moisture distributions) with currently
available measurement technology (Beven 2000b). Work is required to
achieve major advances to overcome both of these limitations, which feed
back on our ability to improve and benefit from the proposed classifica-
tion system.

4 Classification Based on Catchment Structure

Classification and similarity as defined by structural catchment charac-
teristics have a long tradition in hydrology. Characteristics of this type have
been proposed in the form of (often dimensionless) numbers, of curves
or distributions, and of conceptual and mathematical models.
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Fig. 3. Analytical relationship between 1st and 2nd CRF [Characteristic Response Function: the
free drainage hydrograph from the hillslope, normalized by the total outflow volume, follow-
ing an initial steady-state storage profile corresponding to a constant recharge rate] moments
and hillslope Pe from Berne et al. (2005). Triangles (closed for 1st moment and open for 2nd
moment) show optimized relations for Maimai hillslopes with error bars (vertical lines) defined
using ranges for hydraulic conductivity from McGlynn et al. (2002). Circles (closed for 1st
moment and open for 2nd moment) show the empirical results reported by Berne et al.
(2005). (After Lyon and Troch, 2007).

4.1 DIMENSIONLESS NUMBERS

Leopold et al. (1995), Bras (1990), and Rodriguez-Iturbe and Rinaldo (1997)
provide good overviews of dimensionless numbers used to explain geo-
morphological or hydrogeomorphological characteristics of catchments.
Leopold et al. (1995, Chapter 5) describe a range of dimensionless num-
bers describing geomorphological characteristics of catchments. Examples
are stream order (an integer designation of a segment of a channel accord-
ing to the number and order of tributaries, dimensionless) (Horton 1945;
Strahler 1957), bifurcation ratio (average ratio of number of streams of a
given order to number in next higher order, dimensionless), drainage density
(ratio of cumulative length of stream and the total drainage area, unit is
L/1"2), and texture ratio (ratio of maximum number of channels crossed
by contour to basin perimeter, unit is 1/L). Berne et al. (2005; see also Lyon
and Troch 2007) show how hillslope form (slope, length, and convergence rate),
hydraulic properties (conductivity and porosity), and climate (through the
surrogate of average saturated storage along the hillslope reflecting an
equilibrium state with recharge/discharge) can be related through a single
dimensionless number (the hillslope Peclet number) to the hillslope
hydrologic response (Figure 3). The hillslope Pe number can be inter-
preted as the ratio of the characteristic diffusive time-scale (the time it takes,
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914 Catchment classification and hydrologic similarity

on average, for water to travel down the hillslope driven by hydraulic diffusion
alone) and the characteristic advective time-scale (the time it takes, on aver-
age, for water to travel down the hillslope driven by gravity alone). Some addi-
tional dimensionless numbers relating climate to catchment function are
discussed in the section on ‘Classification based on hydro-climatic region’.

4.2 CURVES OR DISTRIBUTIONS

One problem of using single numbers to describe complex patterns is the
unavoidable loss of information that has to occur when complex system
characteristics are collapsed into a single number. One approach to extract
more information from available data is the use of curves or functions that
describe distributions of characteristics, rather than just average or char-
acteristic values as is the case with individual numbers. The nondimensional
hypsometric curve introduced by Langbein et al. (1947) is one example
of such a function. This curve shows the percent catchment area (area
divided by total basin area) above a given percent elevation contour (Bras
1990). Another example is the well-known topographic index (o./tan[3)
introduced by Kirkby (1975), which describes the propensity of a location
in the catchment to become saturated. It is defined as the ratio of the
upslope contributing area (0t) and the local surface topographic slope (tanf3).
Distribution functions of this index for catchments form the basis of
Topmodel (Beven and Kirkby 1979). Other examples of possible curves
to describe catchment surface characteristics, as they can be derived from
readily available digital elevation model data have, for example, been
introduced by McGlynn and Seibert (2003). They calculated curves
describing the distribution of riparian and hillslope inputs to the stream
network, the variation of riparian-area percentage along the stream net-
work, and subcatchment area distributions. They used this information to
quantify local contributions of hillslope and riparian areas along a stream
network.

4.3 CONCEPTUAL MODELS

It would appear that subsurface characteristics are not easily described by
individual numbers or even in the form of curves or distribution func-
tions, but that more elaborate approaches are required. Pedological and
geological characteristics that define some of the functional characteristics
of catchments can occur in many combinations, which have to be captured
in some parsimonious way. We define the term conceptual model here as a
simplified (and usually generalized) schematic representation of more
complex real-world processes. This definition of a conceptual model is
similar to the one used in groundwater hydrology, but not to be confused
with conceptual mathematical models as one class of models utilized in
surface hydrology. A lot of attention has been given recently to the idea
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of hydrologic landscapes, which are conceptual models developed for the
United States (Winter 2001; Winter etal. 1998; Wolock et al. 2004).
These landscapes are multiples of hydrologic landscape units, which are
themselves defined based on land-surface form, geology, and climate
(Winter 2001). A similar approach to develop a relatively small number
of conceptual models describing subsurface characteristics by combining
pedological and geological information from a hydrologic point of view
has been put forward in the UK hydrology of soil types (HOST) system
(Boorman et al. 1995). The basis of these conceptual models are three
physical settings: (i) soil overlying permeable substrate with deep groundwater
(>2 m), (i) soil overlying permeable substrate with shallow groundwater
(£ 2 m), or (iil) no significant groundwater or aquifer but shallow imper-
meable substrate. These settings are further defined in sub-classes resulting
in a 29-class system. This system has been used to regionalize a baseflow
index (BFIHOST = long-term average portion of flow that occurs as base-
flow) throughout 575 UK catchments with a coefficient of determination
of 0.79. Thus, suggesting that information regarding the slow catchment
response is captured well in this class system.

4.4 MATHEMATICAL MODELS

Of course, mathematical models of catchments also describe or incorpo-
rate aspects of the catchment structure. In addition, they provide a mechanism
to generate relationships between catchment structure and response behavior.
Development of these mathematical models can be based on different
approaches, but catchment-hydrologic modeling is mainly based on an a
priori definition of the model structure (equations) and a subsequent
estimation of the model parameters either a priori using observable land-
scape characteristics or through a model calibration process.

One approach to developing model structures is commonly termed
bottom-up, mechanistic, or reductionist. In this approach, one attempts
to build a spatially explicit representation of the model structure based on
our best knowledge of the underlying physics (e.g. Ebel and Loague 2006),
landscape organization, and climatic inputs. Such a reductionist approach
to model building can result in very complex model structures, making
it potentially difficult to understand the meaning of the model output and
to evaluate such models (Beven 1993; Wagener 2003; Wagener and Gupta
2005; Wood 2003).

An alternative to the bottom-up approach has been suggested (Sivapalan
et al. 2003a; Young 1998), based on ideas for a top-down analysis frame-
work by Klemes (1986). The basic idea is to develop different working
hypotheses (implemented as mathematical models) of the catchment struc-
ture and find the most parsimonious one that can preserve basic response
behavior of the real system guided by observations of the output variable
of interest. Sivapalan and his colleagues (Atkinson et al. 2003; Farmer
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916 Catchment classification and hydrologic similarity

et al. 2003; Sivapalan 2005; Son and Sivapalan 2007) tested this approach
in a series of articles using a hierarchical framework in which the minimum
appropriate model complexity was found for behavioral characteristics at
different time-scales. The parameters of the appropriate model structure
should thus relate to the dominant structural characteristics of the catch-
ment controlling its response.

Regardless of what approach has been chosen to arrive at a suitable
model structure, mathematical models have the advantage that they provide
a direct link between structure and response behavior, and can provide
one approach to the development of a viable hydrologic classification system.
Indeed, there have been a number of instances where catchment similarity
has been explored, and a number of dimensionless variables proposed,
based on mathematical models of various levels of complexity and physical
realism (Aryal et al. 2002; Hebson and Wood 1982; Larsen et al. 1994;
Milly 1994; Reggiani et al. 2000; Sivapalan et al. 1987; Woods 2003).
However, high degrees of uncertainty in model parameterizations and
parameter estimation problems can make it difficult to distinguish between
sensible and insensible representations of catchments, thus limiting the
usefulness of this approach (Uhlenbrook et al. 1999). As our understanding
of catchment hydrology advances, we would expect to identify character-
istics of form and function that are improved representations of emergent
behavior at the time and space scales of interest, helping to reduce the
degree of uncertainty in the classification scheme.

5 Classification Based on Hydro-Climatic Region

Climate is another metric that has a strong impact on hydrologic catchment
behavior (Budyko 1974; L'vovich 1979), as well as on ecology (Chapman
1989) and even on physical catchment characteristics (Abrahams 1984).
The hydro-climatic region in which a catchment is located should play
an important role in any classification system. Well-known climatological
schemes include the one by Koppen (1936), which was initially derived
from an ecological point of view. With respect to hydrology, it is the
works by L'vovich (1979) and Budyko (1974), who used long-term average
water and energy balance variables to develop climatic classification schemes,
which are of relevance here. The main variables in this context are pre-
cipitation, potential evaporation, and runoff (Chapman 1989). A useful way
of combining these variables is through the climatic dryness index, the
ratio of average annual potential evaporation to average annual precipitation.
The United Nations Educational, Scientific, and Cultural Organization
(UNESCO) published two global maps of this ratio, one derived using
the Budyko method (UNESCO 1978) and another derived using the
Penman method (UNESCO 1979). Sankarasubramanian and Vogel (2002)
and Yadav et al. (2007) found strong links between annual climatic and
runoff characteristics for catchments in the United States and the UK,
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Fig. 4. Budyko curve including the Turc-Pike relationship. Three US catchments represent wet
(French Broad), medium (East Fork White), and dry (Guadalupe) regions (see Demaria et al. 2007).
Line A defines the energy-limit to evapotranspiration, while Line B defines the water limit.

respectively. Figure 4 shows an example of application of Budyko’s climatic
classification scheme to compare and contrast three catchments represent-
ing wet, medium, and dry areas of the United States. This is achieved by
presenting the specific response of each of these catchments on the Budyko
curve, which 1s a plot that expresses E/P, the ratio of average annual actual
evapotranspiration (E) to average annual precipitation (P) as a function of
PE/P, the ratio of average annual potential evapotranspiration (PE) to aver-
age annual precipitation (P). Actual evapotranspiration (E) for each catchment
was derived as the long-term difference between P and R (runoff) for the
three catchments. The lines on the Budyko curve represent globally averaged
results obtained by Turc and Pike (Pike 1964) and Budyko (1974). Limi-
tations of such a classification scheme that is based on long-term climatic
average data are that it ignores seasonal variations of these variables, as
well as year to year variability (Chapman 1989), although these character-
istics are deemed to be relevant for the hydrologic regime at a subannual
time-scale.

A refinement of the climate-driven approach dealing with the effects
of within-year or seasonal variability of climate has been presented by
Milly (1994), who showed that combination index variables including
both soil and climate properties (including seasonality and intermittency)
were able to explain observed variability in hydrologic response using a
small number of dimensionless similarity variables that characterize the
seasonality of climate. This approach has since been expanded to cover
other processes and environments (e.g. Potter et al. 2005; Woods 2003).
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918 Catchment classification and hydrologic similarity

As one result, Woods (2006) proposed three families of similarity indices
to characterize average annual and seasonal response of hydrologic
systems where storage is predominantly as (i) frozen water, (ii) pore water,
or (iii) open water. Table 2 illustrates the resulting dimensionless
numbers for pore water (Woods 2003), which can be used to estimate the
annual and/or seasonal characteristics of throughfall and canopy evaporation,
infiltration excess runoff and saturation excess runoff, root-zone water
balance, and shallow water table position. Such indices make numerous
simplifying assumptions, and therefore need careful testing in an
uncertainty framework to ensure that the predictions contain hydro-
logic information.

6 Classification Based on Functional Response

The main differentiating metric between catchments, from a hydrologic
point of view, must be the catchment’s response behavior and storage
characteristics. Such behavioral characteristics or signatures should include
streamflow, but could also extend to evaporation, groundwater dynamics,
soil moisture dynamics, snow cover, distributions of residence time and
water age, isotopic composition, concentrations of chemicals such as chlo-
ride and nitrate (Sivapalan 2005). These signatures could even extend to
vegetation patterns that often provide insight into the underlying water
balance (e.g. Caylor et al. 2004; Scanlon et al. 2005), and can themselves
be seen as part of catchment function, albeit typically at much longer time-
scales and large spatial scales. In particular, we should seek signatures of
catchment response that provide us a glimpse into the holistic functioning
of the catchment, the detailed study of which could elucidate for us the
mapping between landscape structure and catchment responses. From this
viewpoint, they can be considered as emergent properties. Different sig-
natures of catchment response may emerge at different temporal and
spatial scales, for example, mean monthly variation of runoft (regime curve),
the flow duration curve, etc. (Figure 5; Atkinson et al. 2003; Farmer et al.
2003; Kirchner et al. 2004; Sivapalan 2005). It is therefore necessary to
define a classification of catchment function in terms of temporal and
spatial scales. Any correlation between functional and structural or clima-
tological characteristics will then help us to advance our understanding of
dominant controls on catchment behavior at a particular scale.

McDonnell and Woods (2004) suggest two functional characteristics of
relevance: (i) the state in which water is predominantly stored: either
frozen (snow and glaciers), or pore water (in soils and rocks), or open water
(lakes, wetlands, and river channels), and their magnitudes and distribu-
tions; (ii) the response time in the dominant catchment storage (volume
of storage, divided by the flux). Here, we will extend the discussion to a
third aspect (i.e. characteristics based on the streamflow response), because
this is the most widely observed response variable.
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Table 2. Dimensionless numbers for pore-water dominated hydrology at long time-scales (see Woods (2003) for details).

Dimensionless groups

Dimensionless number

Interpretation

Application

Climate E/P

18,~R &
Canopy and soil w_, /(P/N)
K/(P/N)
w,, /P,

rny

Saturated flow DU(TtanB,)

T tanp/LP

Aridity index, R
Seasonality index, S

Canopy storage
index, W._
Relative infiltration, K

Rootzone storage

index, W,

Advection response
index, t,

Relative transmissivity, T,

Slope of topographic
index distribution, ®

Ratio of average demand for

moisture to average supply of moisture
Amplitude of the seasonal cycle of
precipitation minus potential evaporation
Ratio of canopy storage to
characteristic rainfall event depth

Ratio of characteristic infiltration rate
to characteristic rainfall event rate
Ratio of soil water storage capacity

to annual rainfall

Ratio of travel time for advective signal
to duration of seasonal forcing

Ratio of maximum lateral outflow to
characteristic water input rate

Rate at which saturated area expands

Approximate water balance
(e.g. using Budyko curve)
Seasonal pattern of atmospheric
moisture surplus/deficit
Throughfall

Infiltration excess

Seasonal filling of soil
moisture deficit
Responsiveness of lateral
subsurface flow

Depth to water table

Saturation excess runoff

Climate variables: mean annual precipitation, P, mean annual potential evaporation, £, amplitudes of precipitation and potential evaporation, §,,
3., number of rain events per unit time, N; duration of annual cycle, t.

Canopy and soil variables: average interception storage w,,;

cm/

mean hydraulic conductivity at surface, K; rootzone water holding capacity, w

rm*

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

topography (or head gradient) tanp.
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Fig. 5. Signatures of catchment runoff response at different time scales, and their sensitivity
to model complexity: (a) inter-annual variability, (b) mean monthly variation of runoff, (c)
runoff time series, (d) the flow duration curve (from Farmer et al. 2003).

Extensive work has been done in the field of ecology regarding stream-
flow indices (i.e. single value numbers describing particular streamflow
response characteristics), and their relationship to physical catchment
characteristics (e.g. Clausen and Biggs 2000; Hannah et al. 2000; Olden
and Poft 2003; Richter et al. 1996, 1997, 1998). The purpose of these
classifications is typically to represent those hydrologic features most
relevant to stream ecology (e.g. frequency, magnitude or persistence charac-
teristics). A global classification study by Haines et al. (1988) examined
measured monthly river flow regimes using cluster analysis, and produced
a world map delineating 14 regions of distinctive seasonal streamflow regimes
(see also Kresser 1981; McMahon et al. 1992). Stahl and Hisdal (2004)
show typical flow regimes for different climatic regions classified using the
Koppen system. Dynamic response characteristics of catchments have
more recently been introduced in the context of hydrologic modeling
(e.g. Atkinson et al. 2003; Morin et al. 2002; Shamir et al. 2005a,b; Yadav
et al. 2006; Yu and Yang 2000). At different temporal and spatial scales
different characteristics of the response will emerge (Kirchner et al. 2004),
which can be captured in the form of signatures or indices (e.g. Farmer
et al. 2003). The question is: what are the relevant characteristics or sig-
natures at a particular temporal scale, and what compact landscape and
climatic characteristics best reflect and could predict these signatures?

Another aspect is the issue of internal variability and connectivity of
the catchment landscape elements. Buttle (2006) suggests a framework to
consider the relative importance of drainage networks, of hydrologic par-
titioning into vertical and lateral pathways, and of hydraulic gradients
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Fig. 6. Mapping of catchment form and function. Form can be represented as index, distribu-
tion function, conceptual model or mathematical model. Function can be represented as index,
distribution function or time-series.

(defined by land-surface topography). This framework assumes that only
catchments in similar hydro-climatic regions are compared, and so it
might ultimately be nested within the broader hydro-climatic type of
classification already discussed. The assumed hydrologic controls are the
landscape’s ability to produce runoff, the degree of linkage between land-
scape elements and the carrying capacity of the drainage network — thus
reflecting partitioning, transmission, and release characteristics as discussed
above. The question of which observable landscape characteristics,
especially those relating to subsurface structure and patterns of heterogeneity,
are able to describe or explain observed functional behavior remains to
be answered.

7 Hydrologic Similarity: Mapping of Relationships between Metrics

The ultimate goal of classification is to understand the dominant controls
of catchment structure and climate on the function of catchments (Figure 6)
(i.e. to achieve a mapping between landscape form and the functional
space). If we had a simple and physically meaningful classifications based
on structural and climatic characteristics, and we would understand how
these would map into the functional space (i.e. how they define catch-
ment response behavior), then we would have a powerful tool to region-
alize this understanding throughout the globe. This is a necessary step we
will have to achieve to advance hydrologic science, although with our
currently limited understanding regarding the working of hydrologic
systems (Kirchner 2003; McDonnell 2003; Sivapalan 2005), it is not yet
feasible to reliably predict the response characteristics of a catchment
based on knowledge of structural characteristics alone.
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Fig. 7. The mapping of form (control) and function (metric) across spatial and temporal scales
(P: Precipitation, R: Runoff, PE: Potential Evapotranspiration).

Linking these different classifications could be done in many forms
including a fuzzy mapping approach (e.g. Beven 2000b), dimensional
analysis guided by the governing dynamic equations linking form, climate
and function (e.g. Berne et al. 2005; Lyon and Troch 2007; Woods 2003),
simple overlay of classifications (Kovacs 1984), or through statistical ana-
lysis (e.g. Yadav et al. 2006, 2007). In this process, it will be important to
limit the number of classes within the different metrics in order not to
yield an excessive number of small geographical areas which relate to each
other and which are highly sensitive to changes in the category limits of
each classification (Chapman 1989).

One example of such a mapping at a particular temporal scale (annual)
and at a range of spatial scales (~50—-1000 km? is shown in Figure 7.
Average annual wetness indices (P/PE) and the runoff ratios (R/P) for 30
catchments in the UK have been calculated and plotted against each
other. The plot shows a strong correlation between the two, although
with some scatter, suggesting that knowledge of the climate regime will
provide a constraint on the expected runoft ratio of a catchment. The nec-
essary simplicity of such a scheme and the limitations of our knowledge
and measurement capabilities regarding the metrics will require such rela-
tionships to be developed in an uncertainty framework. In this manner, we
achieve a probability or a membership of one class relating to another,
rather than a crisp link of catchment function and static catchment char-
acteristics. Beven (2000b, 298) discusses the modeling process in the form
of mapping a particular (unique) catchment or element of a catchment into a model space.
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RMSE* (Root Mean Squared Error). (c) Observed and (constraint) predicted streamflow ranges.
(From Yadav et al. 2006)

One advantage of such a mapping is that it could be done in an
uncertainty framework (e.g. set-theoretic or statistical). Similarly, we could
see the linkages between structure, hydro-climate and function as an
uncertain mapping from one space to the other. Using an uncertainty
framework would enable us to learn, for example, which structural or
hydro-climatic characteristic maps into a small area in the structural space
— and thus constrain possible catchment behavior (Yadav etal. 2007).
Examples of this sort have been provided by Mclntyre et al. (2005)
exploring the issue of similarity in a Generalized Likelihood Uncertainty
Estimation (GLUE) framework (Beven and Freer 2001); and Yadav et al.
(2007) 1in a statistical regression framework, including uncertainty.
Mclntyre et al. (2005) developed pooling groups of the most similar
catchments in the three-dimensional Euclidean space, which could then
be used to extrapolate knowledge to similar ungauged catchments.

Yadav et al. (2006; 2007) show how an uncertainty framework for
classification can be used for predictions in ungauged basins. Figure 8 shows
the result of Monte Carlo sampling of the feasible parameter range of a
simple lumped hydrologic model in an ungauged catchment in the UK.
The runoft ratio simulated by all the 10,000 sampled parameter sets is then

© 2007 The Authors Geography Compass 1/4 (2007): 901-931, 10.1111/].1749-8198.2007.00039.x
Journal Compilation © 2007 Blackwell Publishing Ltd



924 Catchment classification and hydrologic similarity

calculated. A regression equation with runoft ratio as dependent variable
and few climate/form characteristics has been derived, including estimates
of prediction and confidence limits using 25 gauged catchments. Only
predictions with runoff ratios falling within the regionalized range are
kept and used for an ensemble forecast at the ungauged site, yielding
reliable forecasts (Figure 8c).

While the uncertainty framework quantifies a combination of our lack
of understanding and inadequate measurement capabilities, the measure of
uncertainty should motivate us to advance both understanding and measure-
ment capabilities. A refinement of our perceptual models, an understanding
of the catchment function in all its complexity and evolution, and a represen-
tation of the function in terms of a competition between different processes
(wetting, drying, storage, drainage along the lines of Lvovich 1979) should
gradually nudge us toward better understanding, and eventually more
targeted measurements, that will together also advance the cause of
classification. The use of more physically and biologically based models,
and the search for possible underlying organizing principles (e.g. ecological
optimality) should also move us inexorably toward better understanding.

8 Discussion and Outlook

In this article, we discussed the need for a catchment classification system,
a possible framework for classification based upon a unifying perceptual
model of the catchment system and its function, and possible metrics to
be included in such a classification framework. This first discussion will
hopefully provide the foundation and starting point to advance hydrologic
sciences in this regard, and result in a new universal framework to organize
all aspects of the science: theory, observations, and modeling. A global effort
by the entire hydrologic community in which we would build and contin-
uously populate a database of catchments, sorted by the classification frame-
work and metrics put forward in this article, could be part of such an effort.
Individuals would