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[1] This paper presents analysis of annual water balance variability, (1) regional (between-
catchment) variability and (2) between-year (interannual) variability and the symmetry
between the two. This involved analysis of the annual water balance in terms of a two-stage
partitioning, first, of annual precipitation into quick flow and soil wetting and, subsequently,
of the resulting soil wetting into slow flow and vaporization. The nature of this water
balance partitioning is explored by completing the above analysis in 377 Model Parameter
Estimation Experiment (MOPEX) catchments located across the continental United States.
We fitted analytical functional relationships to the partitioning at each stage, producing
expressions for the three components of quick flow, slow flow, and vaporization. They
indicate that the heterogeneity of water balance partitioning among the MOPEX catchments
is underlain by a universal relationship that is transferable regionally. Key nondimensional
similarity parameters are identified that serve to connect this invariant regional relationship
to site-specific response characteristics. These nondimensional formulations are extended to
derive analytical expressions for several common metrics of annual water balance. The
ability of the functional theory to predict regional patterns of mean annual water balance
and interannual variability in individual catchments is assessed. Our analyses show a close
symmetry between spatial (regional) variability of mean annual water balances and general
trends of temporal (interannual) variability. The suggested functional theory can thus be the
basis for data-based assessments of hydrologic similarity and used to assist with predictions
of the effects of long-term climate variability and change, through providing a theoretical
framework for ‘‘space for time’’ substitutions.
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1. Introduction

[2] Land surface hydrology involves the study of the
exchanges of water and energy between the land and the
atmosphere and the movement of water within and over
the land surface. How space-time variability in precipitation
interacts with spatial heterogeneity of soils, topography, and
vegetation and is partitioned into spatiotemporal variability
of runoff, evaporation, and soil moisture storage are funda-
mental questions that underpin hydrologic predictions of all
kinds. This hydrologic partitioning is usually expressed in
terms of a dynamic water balance, which can be manifested
in various characteristic signatures of catchment responses

representing variability at a range of time (and also space)
scales [Wagener et al., 2007].
[3] An important concern for sustainable water manage-

ment is how climate variability and/or change at annual to
decadal time scales, and likewise hydrologic effects of land
use and land cover changes, propagate through the land-
scape and result in changes to spatiotemporal patterns of
variability of water balance over a range of time and space
scales. Over the past 5 decades, considerable effort has been
invested into exploring the roles of climate, soil, vegetation,
and topography interactions in controlling water balance
variability (both in time and in space) at the annual scale in
order to generate the understanding needed to make predic-
tions of the resulting changes to the water balance. Much
more effort has been expended, however, in studying mean
annual water balance than on interannual variability.
[4] This paper develops a framework for analyzing the

space and time variability of annual water balances. In a
companion paper [Harman et al., 2011], this framework is
used to understand the controls on sensitivity of water bal-
ance to interannual variations in precipitation. The frame-
work used by both papers is built on previous work by
L’vovich [1979] and Ponce and Shetty [1995a, 1995b].
Here we review previous approaches to water-balance
modeling in order to motivate the (re)introduction of this
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framework. Past research into annual water balances has
followed essentially two diametrically opposite and yet
complementary approaches: empirical and process based.

1.1. Mean Annual Water Balance

[5] In the empirical approach, annual water balance is
assessed on the basis of systematic analysis of long-term
data sets of observed rainfall and runoff in different cli-
matic or ecoregions of the world and empirical analyses of
how the water balance is governed by climatic and land-
scape properties. A classic example of the empirical
approach to analysis of mean annual water balance is the
work of Budyko [1974], who viewed annual water balance,
to first order, as a manifestation of the competition between
available water and available energy. Budyko quantified
mean annual water balance in terms of the ratio of mean
annual evaporation to mean annual precipitation, E/P. On
the basis of worldwide data sets from a large number of
catchments, he demonstrated that E/P is determined, to first
order, by the ratio of mean annual potential evaporation
(i.e., measure of energy available) to mean annual precipi-
tation (i.e., measure of water available), Ep/P, which he
defined as a (climatic) aridity index. In recent times, Zhang
et al. [2001] extended the analysis of mean annual water
balances, still working within the Budyko framework, to
include the effects of the conversion of native (woody) veg-
etation to pasture and presented empirical relationships for
E/P as a function of not only Ep/P but also a parameter W,
which is a coefficient that reflected plant available water.
Yang et al. [2007] carried out theoretical studies (based on
dimensional analysis) leading to the analytical derivation
of the Budyko curve, implemented this theory in over 100
catchments in China, and derived expressions for E/P as a
function of Ep/P, the fraction of forest cover and a measure
of soil moisture storage capacity (which can be partly
related to soil depth).
[6] The value of these empirical approaches is that they

involved deriving simple relationships governing long-term
mean annual water balance, which has emerged through
coevolution and self-organization of climate, soil, topogra-
phy, and vegetation in different natural settings. However,
it is not clear that they are sufficient to capture the climatic
and landscape controls on more transient responses, includ-
ing natural interannual variability, and catchment responses
to nonstationary variations of both climate and changes in
landscape properties through human actions. The latter will
require a combination of both process-based and empirical
approaches.
[7] In the process-based approach, the mean annual

water balance is explored on the basis of explicit represen-
tations of the various hydrologic processes (e.g., infiltra-
tion, storage, drainage, evaporation, and transpiration) that
constitute the water balance equation and the interacting
roles of climate, soil, topography, and vegetation that gov-
ern these. The best example of the process-based approach
to annual water balance is the classic work of Eagleson
[1978] and Eagleson and Tellers [1982], who explored the
cascading of a series of precipitation events through the
landscape, in terms of alternative wetting and drying
cycles, and explored their manifestation as mean annual
water balance. In subsequent work, Milly [1994a] investi-
gated the climate-landscape interactions governing the

mean annual water balance through the use of a simple sto-
chastic bucket model and used it to explore the physical ba-
sis of the Budyko [1974] curve, including competition
between precipitation and atmospheric demand (i.e., water
and energy) and the regulating influence of soil moisture
storage. Salvucci and Entekhabi [1995] extended the math-
ematical formulations of Eagleson’s [1978] and Eagleson
and Tellers’s [1982] work to explore the role of lateral flow
processes in hillslopes. Reggiani et al. [2000] explored the
physical basis of annual water balance by utilizing a
lumped numerical model at the hillslope scale, which
involved solution of the coupled mass and momentum bal-
ance equations that underpin the partitioning of precipita-
tion into evaporation and both surface and subsurface
runoff. They found that while total annual evaporation and
runoff were predominantly governed by the Budyko-type
aridity index, topographic slope and soil hydraulic conduc-
tivity were important factors in the partitioning of total run-
off into surface and subsurface runoff.
[8] A number of studies utilized process-based models to

explicitly investigate the effects of climatic seasonality on
mean annual water balance. Milly [1994a, 1994b] and Pot-
ter et al. [2005] used conceptual (bucket) models to investi-
gate the effects of climatic seasonality, through inclusion
of interactions of seasonal climatic fluctuations with soil
moisture storage. In this case, the effects of topography and
subsurface drainage can become important determinants of
intra-annual variability of water balance, which can be
expected to have significant impacts also on mean annual
water balance and interannual variability. Yokoo et al.
[2008] explored the effects of seasonal variability of cli-
matic inputs on mean annual water balances and the roles
of climate, soil properties, and topography in modulating
these impacts. Their numerical experiments with the use of
a physically based water balance model [Reggiani et al.,
2000] showed that (1) the effects of seasonality are likely
to be most important when the seasonal variabilities of pre-
cipitation and potential evaporation are out of phase and in
arid climates and (2) the seasonality effects can be high in
catchments with fine-grained soils and flat topographies,
in which case surface runoff dominates, and also high in
basins with coarse-grained soils and steep topographies,
where subsurface runoff dominates.

1.2. Between-Year Variability of Annual Water
Balance

[9] Interannual variability of the water balance response
of natural (i.e., nonhuman impacted) catchments can arise,
in a straightforward manner, from interannual variability of
precipitation inputs or energy inputs. If catchment ecosys-
tems can be assumed to respond, and adapt, rapidly to such
variability, one can expect that empirical models of mean
annual water balance [e.g., Budyko, 1974] can continue to
reflect such interannual variability as well. A number of
authors have exploited this space-time symmetry for quanti-
fying interannual variability of annual water balance. Yang
et al. [2007] extended the use of the Budyko framework to
predict interannual variability of runoff and demonstrated
reasonable accuracy in these predictions. Indeed, they
extended it even further so as to predict, with reasonable ac-
curacy, intra-annual (monthly) variability of runoff by ex-
plicitly accounting for the carryover of soil moisture storage
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between months. Wang et al. [2009] also adopted the
Budyko framework to explore regional water balances in
the Sand Dune Hills region of Nebraska and identified soil
texture and groundwater as major controls on mean annual
water balance and interannual variability. In a much earlier
classic work, Dooge [1992] proposed that interannual vari-
ability of annual water balance can be predicted by working
within the Budyko framework through derivation of a gen-
eral expression for the elasticity of annual runoff to changes
in annual precipitation or potential evaporation.
[10] However, in addition, interactions of intra-annual

variability of climate inputs with the landscape processes
(e.g., soil moisture storage and subsurface drainage) can
also manifest in additional contributions to interannual var-
iability. Process controls of interannual variability are
therefore complex. Empirical methods based on annual
water balance data alone are not sufficient to fully capture
interannual variability ; more process studies of intra-an-
nual variability are therefore required to develop predictive
understanding of the causes of interannual variability.
Jothityangkoon and Sivapalan [2009], through analysis of
data from a small number of catchments in Australia and
New Zealand, with the use of diagnostic analysis of models
of increasing complexity, highlighted the roles of intra-an-
nual precipitation variability (seasonality versus stormi-
ness) on the interannual variability of runoff. Potter and
Zhang [2009] confirmed the validity of these approaches
using data from a large number of pristine catchments in
Australia and in the process demonstrated the role of intra-
annual (seasonal) variability of climate variables (precipita-
tion and potential evaporation) on interannual variability of
annual water balance. Recently, Peel et al. [2010] showed
that differences in intra-annual variations of evapotranspi-
ration between deciduous and evergreen vegetation types
can also lead to interannual variability of runoff.

1.3. Functional Approach: Horton, L’vovich, and
Ponce and Shetty

[11] Because interannual variability of annual water bal-
ance is affected significantly by intra-annual variability of
climatic inputs and their interactions with the processes of
soil moisture storage, plant water uptake, and subsurface
drainage, analyses of interannual variability will not be
complete until these catchment functions are explicitly con-
sidered. Both the empirical and process-based approaches
must be generalized to account for the intra-annual vari-
ability and associated process interactions. A step forward
in this direction is the work of Horton [1933] and of
L’vovich [1979].
[12] As far back as 1933, Horton investigated interannual

variability of water balance by exploring the capacity of
catchments to store infiltrated water, as a function of soil
type, and evaporate it in return, as controlled by vegetation.
As part of his now classic paper, he introduced the ratio of
catchment vaporization (transpiration plus evaporation) V
to catchment wetting by precipitation (i.e., that part of the
precipitation that does not run off immediately; this
includes interception, surface ponding, and soil wetting),
denoted as W. This ratio V/W (hereinafter referred to as the
Horton index H [Troch et al., 2009]) was found to remain
remarkably constant from year to year when applied to
only the growing season in a catchment located in New

York (west branch of the Delaware; mean of 0.78 and
standard deviation of 0.06), despite the large interannual
variability of growing season precipitation (minimum of
406 mm, maximum of 812 mm). On the basis of these
observations, Horton [1933, p. 456] hypothesized that the
‘‘natural vegetation of a region tends to develop to such an
extent that it can utilize the largest possible proportion of
the available soil moisture supplied by infiltration.’’
[13] Motivated by Horton’s stated hypothesis, Troch

et al. [2009] estimated the Horton index for 89 catchments
around the continental United States and confirmed that the
Horton index does, indeed, remain remarkably constant
between years in these catchments, with a relatively small
variance. For example, Troch et al.’s analysis showed that
for 50% of the catchments analyzed, the standard deviation
of the Horton index is less than 0.06, while in about 90% of
the cases the standard deviation is less than 0.10. Troch et
al. also showed that as the aridity index Ep/P increased, the
mean Horton index also increased, while its variability
decreased significantly. In addition, the marked symmetry
that the observed data exhibited between regional
(between-catchment) variability of the Horton index
(reflecting climate variability between catchments) and
interannual (between-year) variability (a reflection of inter-
annual variability of climatic inputs) suggested to them that
vegetation across different ecoregions may be adapting in
very similar ways to spatiotemporal variability of water
and energy availability.
[14] In this paper we adopt an extension of the Hortonian

approach to interannual variability, pioneered by L’vovich
[1979], who presented an empirical theory for the two-
stage water balance partitioning at the land surface.
According to this theory, in the first stage, precipitation is
partitioned into wetting (of canopy, litter, and soil) and
quick flow (e.g., surface runoff), whereas in the second
stage the wetting is further partitioned into vaporization
(interception loss plus evaporation plus transpiration) and
slow flow (e.g., subsurface runoff). The original work of
L’vovich [1979] and subsequent work by Ponce and Shetty
[1995a, 1995b] theorized that the partitioning at each stage
is in the form of a competition between different catchment
functions, which are expressible in terms of common math-
ematical forms that can be extracted from data. L’vovich
[1979] implemented this approach in a large number of
catchments located in a variety of ecoregions of the world
and presented his results in the form of nomographs. In
spite of the increased global interest in annual water balan-
ces and concerns about the effects of global change, apart
from the theoretical analyses of Ponce and Shetty [1995a,
1995b], the work of L’vovich [1979] has not been subse-
quently followed up, despite at least 40 years of additional
data that have become available. The Horton [1933] and
L’vovich [1979] approaches are partly empirical since they
are based on empirical analyses of rainfall-runoff data for
the characterization of annual water balances. On the other
hand, since they go further than Budyko and explicitly
include the partitioning of annual precipitation into its
major components of storage, release by quick flow and
slow flow, and evapotranspiration (combining bare soil
evaporation, interception loss, and plant water uptake), the
Horton and L’vovich approaches can be deemed to charac-
terize the functioning of the catchments at the annual scale.
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For these reasons, following Wagener et al. [2007], we
define their approach as a functional approach.

1.4. Aims of This Paper

[15] This paper is aimed at exploring the variability of
annual water balances, (1) regional, between-catchment
variability of mean annual water balances and (2) the
between-year (interannual) variability in a small number of
selected catchments and the possible symmetry between
these two kinds of variability, within the theoretical frame-
work provided by the L’vovich [1979] and Ponce and
Shetty [1995a, 1995b] formulations. We repeat the empiri-
cal analyses of L’vovich [1979] for 431 catchments in the
continental United States and quantify the two-stage parti-
tioning of precipitation at the catchment scale in all catch-
ments. We fit the theoretical relationships of Ponce and
Shetty [1995a, 1995b] to the resulting partitioning and
explore regional patterns of the associated parameter val-
ues. Using nondimensional forms of the L’vovich–Ponce-
Shetty relations, we investigate similarity of annual water
balance responses between catchments and between years.
In particular, we derive analytical expressions for several
metrics of annual water balances: Horton index, a vapori-
zation fraction (reflecting the Budyko curve), a base flow
fraction, and a runoff fraction (equivalent to the traditional
annual runoff coefficient). Finally, we use the same formu-
lations to quantify the degree of damping of interannual
variability of annual precipitation as it cascades through the
catchment system and as manifested in the vaporization
fraction (Budyko curve) and the Horton index to shed more
light on Horton’s hypothesis about the role of vegetation.
[16] The work presented in this paper complements paral-

lel work being presented in two companion papers by S.
Zanardo et al. (A stochastic, analytical model of the Horton
index and implications for its physical controls, submitted
to Water Resources Research, 2011) and H. Voepel et al.
(Climate and landscape controls on catchment-scale vegeta-
tion water use, submitted to Water Resources Research,
2011) based on analysis of the same 431 Model Parameter
Estimation Experiment (MOPEX) catchments as used in
this study. Voepel et al. (submitted manuscript, 2011) adopt
an empirical approach to interannual variability of annual
water balances. They use rainfall-runoff data from the
MOPEX catchments to develop empirical relationships
between the Horton index and associated climatic and land-
scape properties. They also test the hypothesis that the Hor-
ton index can more reliably (than precipitation or aridity
index) predict vegetation response quantified using annual
maximum normalized difference vegetation index (NDVI).
Zanardo et al. (submitted manuscript, 2011) adopt a pro-
cess-based approach to evaluation of interannual variability
and explore the climatic and landscape controls on the Hor-
ton index. For this they use a parsimonious catchment
model driven by stochastic precipitation inputs, following
the work of Milly [1994a, 1994b], Porporato et al. [2004],
and Botter et al. [2007]. In this sense, the present paper and
those of Voepel et al. (submitted manuscript, 2011) and
Zanardo et al. (submitted manuscript, 2011) represent three
alternative perspectives on the nature of annual water bal-
ance variability, both regional and interannual. Furthermore,
another companion paper by Harman et al. [2011] adopts
the same functional approach but extends the analysis to

include the sensitivity and possible resilience of regional
and interannual variability of water balance to changes in
the climate drivers, in this case annual precipitation.
[17] The paper begins, in section 2, with a presentation

of the L’vovich [1979] theory and the analytical formula-
tions of Ponce and Shetty [1995a, 1995b]. Section 3
presents the empirical water balance analysis of the 431
MOPEX catchments to quantify the two-stage partitioning
of annual precipitation into its three components, the fitting
of the Ponce-Shetty functional forms to these empirical
relationships, and the estimation of the associated parame-
ters. Section 4 reformulates the Ponce and Shetty relation-
ships into nondimensional forms in order to compactly
represent the idea of ‘‘competition’’ and the possible sym-
metry between interannual and intercatchment variability
and to assess these through analysis of the MOPEX data
set. Section 5 uses this nondimensional formulation to
derive analytical expressions for several metrics of annual
water balance, including the Horton index, the vaporization
fraction, and the base flow fraction, to demonstrate the
unity of these formulations for characterizing between-
catchment and between-year variability of annual water
balance. Section 6 presents and implements the theory gov-
erning propagation of interannual variability through the
catchment system and a quantification of the damping of
variability produced during the two-stage partitioning.
Finally, the paper concludes with a discussion of the
results, their implications, and recommendations for further
research.

2. Water Balance Partitioning at Annual Scale:
L’vovich and Ponce and Shetty Theories

2.1. L’vovich Theory

[18] L’vovich [1979] presented an empirical theory of
annual water balance that is based on a two-stage parti-
tioning of annual precipitation into three components:
quick flow, slow flow, and vaporization, as illustrated in
Figure 1.
[19] At the first stage, precipitation P is partitioned into

a quick flow component S and an infiltrated component
called catchment wetting W. At the second stage, the
resulting catchment wetting W is then further partitioned
into a slow-flow component U and an energy-dependent

Figure 1. Conceptual model of the water balance parti-
tioning at the land surface according to L’vovich [1979].
After Ponce and Shetty [1995a].
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vaporization component (evaporation plus transpiration) V.
Both the quick-flow and slow-flow components combine
together to yield the total discharge Q in the stream.
[20] This two-stage hydrologic partitioning can be math-

ematically represented as follows:

P ¼ S þ W ; ð1Þ

W ¼ U þ V : ð2Þ

[21] The combined annual water balance, neglecting car-
ryover of storage between consecutive years, can then be
written as

P ¼ V þ Q ; ð3Þ

Q ¼ S þ U : ð4Þ

[22] L’vovich [1979] implemented this theory in a large
number of catchments in most ecoregions of the world. This
was done by assembling continuous data on precipitation
and streamflow and then applying a base flow separation
procedure to partition total streamflow into a slow-flow
(e.g., base flow) component and a quick-flow (e.g., surface
flow) component. Aggregating all quantities to the annual
scale, he was then able to estimate, P, Q, S, and U for every
year of record, then, through differencing,W and V.
[23] Once the partitioning was completed, L’vovich

[1979] then estimated empirical relationships for S versus
P and W versus P for the first-stage partitioning and U ver-
sus W and V versus W for the second-stage partitioning. He
presented the results in the form of nomographs and tables
and highlighted regional differences in these relationships
between the different ecoregions of the world.

[24] In spite of the differences, the empirical relation-
ships exhibited some common, universal patterns, shown
schematically in Figure 2. At the first-stage partitioning,
there appears to be a threshold value of annual precipitation
that must be satisfied before there is any quick flow; all
precipitation up to this threshold goes into catchment wet-
ting (of canopy, surface, and soil). On the other hand, there
appears to be an upper limit to the wetting (i.e., the volume
of rainfall that enters the soil). With increasing precipita-
tion the wetting approaches this upper limit, and as it does,
progressively less of the precipitation goes into wetting,
and more goes into quick flow. In the asymptotic limit,
quick flow grows at the same rate as precipitation.
[25] Interestingly, the empirical analyses of L’vovich

[1979] revealed an identical situation for the second-stage
partitioning of soil wetting W into vaporization V and slow
flow U, as shown in Figure 2. Once again, there appears to
be a threshold value of wetting that must be satisfied before
there is any slow flow; all wetting up to this threshold goes
into vaporization (e.g., interception loss). Again, there
appears to be an upper limit to the vaporization (i.e., the vol-
ume of water that is returned to the atmosphere in vapor
form). With increasing wetting, vaporization approaches this
upper limit, and as it does, progressively less of the wetting
goes into vaporization, and more goes into slow flow. In the
limit, as before, slow flow grows at the same rate as wetting.
[26] The nature of this empirically observed partitioning

suggests that with the increase of annual precipitation, con-
trol is transferred from storage (wetting) to quick flow, and
with increase of wetting, control is transferred from inter-
ception and plant water use (vaporization) to subsurface
drainage (slow flow). The precise role of these kinds of par-
titioning toward the functioning of the catchment, and the
role of climate and landscape properties in it, remains to be
explored.

Figure 2. L’vovich-type curves illustrating precipitation partitioning. (left) Precipitation is partitioned
into catchment wetting (W) and quick flow (S), and (right) wetting is partitioned into vaporization (V)
and slow flow (U).
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2.2. Ponce and Shetty Theory

[27] Ponce and Shetty [1995a, 1995b] have presented
further mathematical analysis of the empirical relationships
previously published by L’vovich [1979]. Inspired by the
similarity of the S versus P and U versus W relationships to
the (event-scale) Q versus P relationship in the widely used
Soil Conservation Service curve number runoff generation
model [Soil Conservation Service, 1985], Ponce and Shetty
[1995a] postulated the following pair of mathematical
models of the first-stage and second-stage partitioning. In
stage 1 partitioning, P ¼ S þ W :

P < �sWp; S ¼ 0; W ¼ P ; ð5aÞ

P > �Wp; S ¼
ðP � �sWpÞ

2

P þ ð1 � 2�sÞWp
;

W ¼ P �
ðP � �sWpÞ

2

P þ ð1 � 2�sÞWp
;

ð5bÞ

P ! 1; S ! P � Wp; W ! Wp : ð5cÞ

[28] In stage 2 partitioning, W ¼ U þ V :

W < �uVp; U ¼ 0; V ¼ W ; ð6aÞ

W > �uVp; U ¼
ðW � �uVpÞ

2

W þ ð1 � 2�uÞVp
;

V ¼ W �
ðW � �uVpÞ

2

W þ ð1 � 2�uÞVp
;

ð6bÞ

W ! 1; U ! W � Vp; V ! Vp : ð6cÞ

[29] The functional forms suggested in (5) and (6) can be
shown to capture the general trends postulated by L’vovich
[1979], as reproduced in Figure 2. Clearly, these are purely
mathematical constructs guided by the empirical data anal-
ysis. Guided by additional physical insights and process
understanding, other mathematical forms could be adopted
for these relationships; this is left for further research.
[30] In equations (5) and (6), the parameters Wp and Vp

are the upper bounds on W and V, which are termed as the
wetting and vaporization potentials of a catchment, respec-
tively. Meanwhile, the threshold values of P and W that
must be exceeded before any flow (quick flow and slow
flow, respectively) can occur are defined as �sWp and �uVp,
where �s is an abstraction coefficient associated with quick
flow and �u is the abstraction coefficient for slow flow,
with the requirement that 0 < �s; �u < 1. In reality �s and
�u will be expected to be much smaller than 1.

3. Application of the L’vovich and Ponce and
Shetty Theories to MOPEX Catchments

[31] The first aim of the present study is to validate the
L’vovich theory using independent and high-quality data. To
this end, long-term (50 years) daily records of precipitation,
streamflow, and evaporation from 431 MOPEX catchments
[Duan et al., 2006; see also http://www.nws.noaa.gov/oh/

mopex] located across the continental United States are
used, belonging to different ecoregions, with the climatic
aridity index Ep/P spanning a wide range of values from
0.28 to 4.04. The drainage areas of the catchments vary
between 67 and 10,329 km2, and the data set is limited to
catchments where interbasin groundwater flows are negligi-
ble. Potential evaporation climatology for these catchments
is available from NOAA’s free water evaporation atlas
[Farnsworth et al., 1982].
[32] The two-stage partitioning associated with the

L’vovich theory requires, fundamentally, a separation of the
total streamflow into quick flow and slow flow (e.g., base
flow). The one-parameter low-pass filter developed by Lyne
and Hollick [1979] was used here to partition the stream-
flow into two components, slow flow and quick flow. The
value of the single filter parameter was set at 0.925 for all
catchments to allow for intercomparison [see also Arnold
and Allen, 1999; Eckhardt, 2005]. Initial screening of 33
catchments [Troch et al., 2009] demonstrated that the esti-
mation of annual water balance metrics, such as the Horton
index, was not highly sensitive to the method of base flow
separation. Figure 3 presents an example of the base flow
separation obtained for one of the study catchments for one
year of record. This was repeated for all 431 catchments,
following which the annual aggregate values of S, W, U,
and V were estimated for each year of record (note that the
year here refers to the hydrological year). These annual val-
ues then formed the basis of subsequent analyses.
[33] Figure 4 presents an example of the empirical rela-

tionships obtained at the end of the base flow separation
analysis. The four constituent relationships confirm the
overall patterns previously obtained by L’vovich [1979].
Two features can be highlighted about these relationships.
First, there is considerable scatter or interannual variability
in these relationships, especially in the cases of the S versus
P and U versus W curves, which could be due to the effects
of intra-annual (within-year) variability of climatic inputs
and also could be due to possible carryover of storage
between years. Second, even in the case of the good result
shown in Figure 4, the W versus P and V versus W relation-
ships do not unambiguously prove the existence of an
upper limit, although in the majority of cases the slopes of

Figure 3. Separation of total streamflow into quick flow
and base flow, using the Lyne and Hollick [1979] base flow
separation procedure.
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the curves decrease with increasing P or W. This has impli-
cations for the estimation of the four parameters, as dis-
cussed below.
[34] Upon completion of the water balance partitioning

and the estimation of the empirical relationships of the type
presented in Figure 4, we next set out to fit the Ponce and
Shetty [1995a] analytical expressions and the estimation of
the four parameters: Wp, Vp, �s, and �u. In the case of the
first-stage partitioning, this fitting is accomplished by vary-
ing both Wp and �s to minimize the root-mean-square error
(RMSE) of the differences between the S extracted from
the runoff hydrographs and S calculated with the Ponce and
Shetty model. This method is repeated for U using the val-
ues of W found from Wcalc ¼ Pobs � Scalc to estimate the
optimal values of Vp and �u. It would also be reasonable to
fit the second-stage partitioning parameters to Wobs
directly. We chose to use the former approach in order to
obtain an internally consistent parameter set. One of the
requirements of fitting a functional model to catchment
data is that the range of catchment variability must exhibit
the functional behavior. In this case, the wetting and vapor-

ization potentials of a small subset of the 431 catchments
could not be well identified. Some of the values of Wp and
Vp obtained in this way were very much larger than the val-
ues presented by Ponce and Shetty [1995a], which varied
from about 700 to 6000mm. A sensitivity analysis was per-
formed to determine if these large values had any effect on
model fit. The sensitivity of the fit to the parameters was
calculated as �"s =�Wp ; where "s is the change in RMSE
of S for a small change in Wp ð�WpÞ around the calibrated
value. A similar procedure was used to estimate the sensi-
tivity of the fit for U to Vp. The results (not presented here
for reasons of brevity) show that the fit is, indeed, insensi-
tive to these extremely large values. Indeed, the data in
these places do not reveal the presence of an upper limit ;
rather, the partitioning appears to be more or less linear. On
the basis of these sensitivity analyses we identified 54
catchments where the absolute values of the sensitivity of
the error in either S or U, i.e., �"s =�Wp ; or �"u=�Vp ;
to a change in Wp or Vp, respectively, was below a set
threshold value of 0.0001. We therefore excluded these 54
catchments from the scaling analyses that form the bulk of
the rest of the paper because these analyses depend on the
identifiability of the two upper limits, Wp and Vp. However,
they are included in the more rigorous parameter identifica-
tion reported in the companion paper by Harman et al.
[2011].
[35] For illustration, the parameter values Wp, Vp, �s, and

�u for 12 catchments strategically selected and belonging
to different ecoregions across the United States are repro-
duced in Table 1. The exact locations of the selected catch-
ments are presented in Figure 5. The data from these 12
catchments will later be used to explore the ability of the
L’vovich and Ponce and Shetty theories to reproduce the
interannual variability of water balance responses.
[36] The parameter values Wp (wetting potential), Vp (va-

porization potential), �sWp (threshold value of P for quick
flow), and �uVp (threshold value of W for slow flow) esti-
mated for the remaining 377 MOPEX catchments are plotted
over the geographical United States, displaying interesting
spatial patterns, as shown in Figure 6. The mountainous Ap-
palachian region located in the eastern United States exhibits
consistently low values for all four parameters. The central
(Great Plains) portion of the country exhibits large values of

Figure 4. L’vovich relationships extracted from actual
data through base flow separation (site 43, Arizona).

Table 1. Locations, Climate Characteristics, and Ponce and Shetty Parameter Values for 12 Selected Catchments Across the United

Statesa

Site State Region
Mean Ep
(mm)

Mean P
(mm)

Mean
Ep/P

Wp
(mm)

Vp
(mm) �s �u ~P ~V

RMSE (mm)

S W U V

142 New Hampshire Northeast 708 1401 0.51 5261 902 0.02 0.07 0.25 0.16 41.1 41.1 70.5 101.5
271 New York Northeast 663 1184 0.56 5019 945 0.02 0.09 0.22 0.18 25.6 25.6 62.4 78.6
392 Washington Northwest 659 1882 0.35 10,600 1060 0.00 0.00 0.18 0.10 43.0 43.0 105.6 115.1
83 Oregon Northwest 850 1057 0.80 8650 1321 0.02 0.00 0.11 0.16 20.0 20.0 58.3 72.9
69 West Virginia Appalachia 716 952 0.75 3227 982 0.07 0.25 0.24 0.25 26.5 26.5 40.3 60.8
272 Virginia Appalachia 773 960 0.81 4923 1118 0.04 0.20 0.16 0.19 23.1 23.1 45.0 64.7
138 Iowa Midwest 998 780 1.28 3229 945 0.12 0.45 0.14 0.18 22.2 22.2 58.8 77.2
265 Kansas Midwest 1350 760 1.78 3688 4469 0.09 0.07 0.12 1.25 23.3 23.3 18.0 40.5
46 Georgia Southeast 866 1441 0.60 7081 1616 0.03 0.16 0.18 0.20 33.2 33.2 66.6 90.0
353 Florida Southeast 1214 1285 0.95 8835 2580 0.06 0.21 0.09 0.25 20.5 20.5 56.3 72.5
43 Arizona Southwest 1147 500 2.29 3065 1180 0.09 0.19 0.08 0.34 12.4 12.4 20.9 32.3
157 Texas Southwest 1511 788 1.92 4812 4923 0.08 0.08 0.09 1.03 30.9 30.9 23.7 52.7

aThe last four columns represent root-mean-square errors (RMSE) during the model fitting.
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both �sWp and �uVp, low Wp, and relatively high Vp. Catch-
ments in the western United States exhibit consistently low
threshold values �sWp and �uVp, high values ofWp, and low
values of Vp. The highest values of the threshold values
�sWp and �uVp are seen in the southern (e.g., Texas) and
southeastern regions (e.g., Florida) of the country. Of interest
as well is the location of the 54 catchments removed from
the study, as the majority of these lie to the west of the mid-
western United States (Figure 6). Investigation of the physi-
cal cause of these patterns, in terms of more readily
observable climatic and landscape properties, was not under-
taken in this study and is left for future research. This analy-

sis is essential if the functional theory presented here is
going to be used to extrapolate to ungauged catchments.

4. Nondimensional Form of Ponce and Shetty
Theory

[37] The results presented in section 3 showed substan-
tial spatial heterogeneity in the annual water balance parti-
tioning among the 377 MOPEX catchments. Is there an
organizing principle that underpins such heterogeneous
responses? How can we extract a general relationship from
the site specific water balance responses? In this section we

Figure 5. Locations of 12 selected catchments in different ecoregions across various levels of annual
precipitation in the United States. Precipitation data were taken from http://www.prismclimate.org.

Figure 6. (left) Threshold values �sWp and �uVp and (right) potentials Wp and Vp of soil wetting W
and vaporization V. The crosses represent the 54 catchments not used in the rest of the analysis.
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rewrite the Ponce and Shetty [1995a, 1995b] formulations
in nondimensional form, motivated by the expectation that
this will lead to a more compact formulation, which may
reveal general functional relationships common to the
behavior of all the catchments, in space and in time.
[38] Consider the case P > �sWp. In this case, the rain-

fall excess P � �sWp can be partitioned into quick flow and
‘‘excess wetting’’ W � �sWp as

ðP � �sWpÞ ¼ S þ ðW � �sWpÞ : ð7Þ

[39] Now consider the case W > �uVp. In this case the
wetting excess W � �uVp can be partitioned into slow flow
U and ‘‘excess’’ vaporization V � �uVp as follows:

ðW � �uVpÞ ¼ U þ ðV � �uVpÞ : ð8Þ

[40] Using these relationships, equations (5b) and (6b)
can be rearranged as follows:

S

ðP � �sWpÞ
¼

ðW � �sWpÞ

ð1 � �sÞWp
; ð9aÞ

U

ðW � �uVpÞ
¼

ðV � �uVpÞ

ð1 � �uÞVp
: ð9bÞ

[41] These relationships suggest that the fraction of pre-
cipitation excess that goes into quick flow is governed by
the ratio of excess wetting to an upper limit ð1 � �sÞ Wp.
Likewise, the fraction of excess wetting that goes into slow
flow is governed by the ratio of excess vaporization to its
upper limit ð1 � �sÞ Vp. On the basis of these observa-
tions, L’vovich [1979], and subsequently Ponce and Shetty
[1995a, 1995b], theorized that the annual water balance
partitioning at each stage represents a competition between
two catchment functions: (1) storage versus quick flow
(e.g., surface runoff) at the first stage and (2) vaporization
versus slow flow (e.g., subsurface drainage) at the second
stage. These ideas subsequently led to the idea of catch-
ment functioning, as enunciated also by Black [1997] and
later picked up by Wagener et al. [2007, 2008]. For these
reasons, the empirical model of L’vovich [1979] and its
extension by Ponce and Shetty [1995a, 1995b] can form
the basis of a potentially new functional theory of annual
water balance. Note that the physical basis of the competi-
tion has been previously explored by Reggiani et al. [2000]
and Yokoo et al. [2008], although considerable work
remains to be done to explore it from an ecohydrological
perspective, considering the important role of plant water
uptake and vegetation response in natural landscapes.
[42] On the basis of these considerations, we present a

reformulation of the Ponce and Shetty [1995a, 1995b]
theory in nondimensional form. As a first step, we define
the following nondimensional fluxes, which represent the
two-stage partitioning of precipitation:

S� ¼
S

P � �sWp
; W � ¼

W � �sWp
P � �sWp

; ð10Þ

U� ¼
U

W � �uVp
; V � ¼

V � �uVp
W � �uVp

: ð11Þ

[43] In addition, we define the following ‘‘driving’’ vari-
ables:

~P ¼
P � �sWp
ð1 � �sÞWp

; ~V ¼
Vp � �uVp
ð1 � �sÞWp

; ~W ¼
W � �uVp
ð1 � �uÞVp

:

ð12Þ

[44] In equation (12), ~P is a rescaled annual precipita-
tion, ~W is a rescaled annual soil wetting, and ~V is a
rescaled vaporization limit ; the latter may be deemed
notionally equivalent to the concept of potential evapora-
tion Ep. The exact relationship between Ep and ~V is related
to the upscaling of the water balance response from small
to large space and time scales. It is clear that this upscaling
does not just depend on the temporal and spatial average of
energy availability that Ep typically characterizes, but
rather, ~V emerges from the interactions of energy and water
availability with landscape structure. Elucidation of the cli-
matic and landscape factors behind this emergent property
is beyond the scope of this paper but is partially addressed
by S. E. Thompson et al. (Scaling of ecologically mediated
water balance partitioning: A synthesis framework for
catchment ecohydrology, submitted to Water Resources
Research, 2010). In this paper, ~V is estimated from analysis
of the rainfall-runoff data, although in future work its
potential connection to Ep and other landscape properties
may be exploited to estimate it a priori without recourse to
rainfall-runoff data.
[45] We will also define a new dimensionless coefficient K,

which is a function of all the four Ponce-Shetty parameters:

K ¼
�sWp � �uVp
ð1 � �sÞWp

; ð13Þ

which enables ~W to be rewritten as

~W ¼
K þ ~P þ K~P

~V þ ~P~V
: ð14Þ

[46] One can infer from the form of equation (13) that
the magnitude of K would be rather small, as will be shown
later in this section. With these definitions in place, we are
now in a position to rewrite the Ponce and Shetty partition-
ing equations in dimensionless form:

S� ¼
~P

1 þ ~P
; W � ¼

1

1 þ ~P
; ð15Þ

U� ¼
~W

1 þ ~W
; V � ¼

1

1 þ ~W
: ð16Þ

[47] Even though the nondimensional formulations were
derived for the cases P > �sWp and W > �uVp only, they are
nevertheless valid for P < �sWp and W < �uVp as well in the
sense that in the case P< �sWp, S

�

¼ 0 andW
�

¼ 1 and, simi-
larly, in the case W < �uVp, U

�

¼ 0 and V
�

¼ 1. Taken to-
gether, these formulations satisfy the condition that

S� þ W � ¼ 1; U� þ V � ¼ 1 ; ð17Þ
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which reflects the notion of a competition between S and W
in the first-stage partitioning and between U and V in the
second-stage partitioning. A remarkable feature of equa-
tions (15) and (16) is that the resulting nondimensionalized
relationships are parameter free (i.e., no additional parame-
ters). In this sense, they represent universal behavior that
may be deemed to connect heterogeneous site-specific
responses, with the caveat that this is partially a result of
the functional forms adopted by Ponce and Shetty [1995a].
[48] Figure 7a presents an illustration of the nature of

this competition using estimates of S
�

, W
�

, U
�

, and V
�

based
on mean annual estimates of S, W, U, and V for 377
MOPEX catchments. The same analysis can also be per-
formed using rainfall and runoff data for all years (thus
capturing their interannual variability) to assess the ade-
quacy of Ponce and Shetty theory to predict the water bal-
ance partitioning in individual years. Figure 7b presents
these results for the 12 catchments selected in different
ecoregions highlighted in Table 1 and Figure 5. The results
confirm that the same trends seen in the variability in mean
annual water balance between catchments (Figure 7a) are
also manifested in the variability of annual water balance
between years (Figure 7b), highlighting a remarkable sym-
metry between spatial (regional) and temporal (interannual)
variability. This will be pursued further in section 5.

5. Space-Time Variability of Annual Water
Balances: Similarity Analysis

[49] Having established the L’vovich and Ponce and
Shetty formulations of water balance partitioning in the
MOPEX catchments, we next explore their manifestation
in several alternative and classic metrics of the water bal-
ance variability at the annual scale, including interannual
variability, defined below. Using the L’vovich–Ponce-
Shetty notation, these metrics can be defined as

Horton Index ¼
V

W
; Baseflow Fraction ¼

U

P
;

Vaporization Fraction ¼
V

P
; Runoff Fraction ¼

U þ S

P
:

ð18Þ

[50] The Horton index was originally introduced by Hor-
ton [1933], the analysis of which was extended by Troch et
al. [2009]. The vaporization fraction is the same as E/P
used by Budyko [1974]. The runoff fraction is the same as
the annual runoff coefficient widely used by several
authors. The base flow fraction we use here, which is the
ratio of U to P, is different from the base flow index com-
monly used in the literature, i.e., the ratio of U to (U þ S).
Note that the runoff fraction is complementary to the va-
porization fraction (i.e., 1 � Vaporization Fraction).

5.1. Nondimensional Formulation of Annual Water
Balance Metrics

[51] We use the nondimensional Ponce and Shetty
[1995a, 1995b] model formulation presented in section 4 to
derive analytical expressions for each of the above four
water balance metrics as the means to develop compact
representations of annual water balance variability. In order
to recognize common links between the metrics, we define
the following nondimensional variables:

KH ¼
V � �uVp
W � �uVp

; KB ¼
U

P � �uVp
;

KV ¼
V � �uVp
P � �uVp

; KR ¼
S þ U

P � �uVp
:

ð19Þ

[52] This makes them slightly different from classic met-
rics found in the literature (e.g., Budyko curve, base flow
index, and runoff coefficient). On the basis of the defini-
tions given above, we can see that
[53] Horton index

KH ¼ V � ; ð20Þ

[54] Base flow fraction

KB ¼
U�

1 þ K
~P

� �

K

~P
þ W �

� �

; ð21Þ

Figure 7. Nondimensional annual estimates of (left) W� and S� and (right) U� and V� versus annual cli-
matic drivers ~P and ~W for all MOPEX catchments: (a) between-catchment variability of mean annual water
balance and (b) interannual variability in 12 selected MOPEX catchments (see Figure 5 and Table 1). Points
represent data (equations (10) and (11)), and the solid lines are theoretical lines (equations (15) and (16)).
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[55] Vaporization fraction

KV ¼
V �

1 þ K
~P

� �

K

~P
þ W �

� �

; ð22Þ

[56] Runoff fraction

KR ¼
1

1 þ K
~P

� � S� þ U� K

~P
þ W �

� �� �

: ð23Þ

[57] We can reformulate these expressions in terms of
the driving variables ~P and ~V . The resulting expressions,
after combining with equations (13)– (16), are as follows
(the details of the derivation are not presented here for sake
of brevity):
[58] Horton index

KH ¼
ð1 þ ~PÞ ~V

K þ ~P þ K~P þ ~V þ ~V ~P
; ð24Þ

[59] Base flow fraction

KB ¼
ðK þ ~P þ K~PÞ2

ðK þ ~PÞ ð1 þ ~PÞ ðK þ ~P þ K~P þ ~V þ ~V ~PÞ
;

ð25Þ

[60] Vaporization fraction

KV ¼
ðK þ ~P þ K~PÞ ~V

ðK þ ~PÞ ðK þ ~P þ K~P þ ~V þ ~V ~PÞ
; ð26Þ

[61] Runoff fraction

KR ¼
K2ð1 þ ~PÞ þ K~Pð2 þ ~PÞ þ ~P2ð1 þ ~VÞ

ðK þ ~PÞ ðK þ ~P þ K~P þ ~V þ ~V ~PÞ
: ð27Þ

[62] Let us take the example of the Horton index KH.
As can be seen in equation (24), KH is a function of the
two driving variables, ~P and ~V , and the coefficient K.
Estimates of the parameter K for most of the 377 catch-
ments ranged from �0.04 to 0.04. These relatively small
values justify the assumption that K ¼ 0, in which case
expressions (24)– (27) become considerably simplified
without loss of accuracy, as shown in equations (28)–
(31). For the case K ¼ 0 and defining a new aridity index
’ ¼ ~V

�

~P, the resulting simpler expressions for KH, KB,
KV, and KR are
[63] Horton index

KH ¼
ð1 þ ~PÞ ~V

~P þ ~V þ ~V ~P
¼

ð1 þ ~PÞ’

1 þ ’ þ ~P’
; ð28Þ

[64] Base flow fraction

KB ¼
~P

ð1 þ ~PÞ ð~P þ ~V þ ~V ~PÞ

¼
1

ð1 þ ~PÞ ð1 þ ’ þ ~P’Þ
;

ð29Þ

[65] Vaporization fraction

KV ¼
~V

ð~P þ ~V þ ~V ~PÞ
¼

’

1 þ ’ þ ~P’
; ð30Þ

[66] Runoff fraction

KR ¼
~Pð1 þ ~VÞ

ð~P þ ~V þ ~V ~PÞ
¼

1 þ ~P’

1 þ ’ þ ~P’
: ð31Þ

[67] The effect of making the assumption of K ¼ 0 on
the resulting estimates of the four indices was evaluated for
the 377 catchments and was found to be insignificant
(RMSE for the four indices ranged between 2% and 5%).
[68] These expressions suggest that annual water balance

is governed by two dimensionless similarity variables: a new
aridity index ’ ¼ ~V

�

~P and a scaled annual precipitation ~P.
The aridity index ’ can be seen as a ratio of vaporization
potential to precipitation, and in this sense it is equivalent to
the classical aridity index Ep/P of Budyko [1974]. We have
tried to determine if an association can be found between
’ ¼ ~V

�

~P and Ep/P by regressing them against each other
using data from the 377 catchments and found a weak rela-
tionship of the type ’ ¼ 4:0 Ep

�

P � 1:875 with R2 ¼
0.461. On the other hand, ~P is a ratio of precipitation to the
wetting potential (the latter being equivalent to storage
capacity of the soil). Given this equivalence, one can see the
similarity of the resulting expressions to functional forms
adopted to describe the Budyko curve [Milly, 1994a, 1994b;
Zhang et al., 2001; Yang et al., 2007], which were derived
through other means. In two companion papers, Zanardo
et al. (submitted manuscript, 2011) have derived almost iden-
tical expressions for the Horton index based on a process
model, and Voepel et al. (submitted manuscript, 2011) have
derived regression relationships for the Horton index in terms
of the aridity index and the catchment average slope and ele-
vation. The result for the base flow fraction is interesting, and
to our knowledge, no equivalent result has appeared in the lit-
erature. It should be noted that the collapsed forms of the
Ponce and Shetty model and partitioning expressed in equa-
tions (28)–(31) cannot themselves be used for prediction in
the normal sense since the driving variables ~P and ’ are
themselves partially derived from the fitted functional param-
eters. Rather, by introducing these expressions, we hope to
reveal the underlying functional forms that seem to unify the
variations in responses between catchments and between
years.
[69] In sections 5.2 and 5.3, we will evaluate the ability

of these simplified expressions to reproduce estimates of
these indices (Horton index, base flow fraction, vaporiza-
tion fraction, and the runoff fraction) from observed data
for the MOPEX catchments.

5.2. Between-Catchment Variability of Mean Annual
Water Balance: Regional Patterns

[70] The theoretical formulations presented in section 5.1
indicate that for the case where K ¼ 0 is reasonable, all four
water balance metrics, i.e., KH, KB, KV, and KR, are functions
of just two nondimensional similarity variables, namely,
’ ¼ ~V

�

~P and ~P. This idea is tested by estimating the four
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indices from data directly from the MOPEX catchments and
comparing them against theoretical estimates obtained by
applying equations (28)– (31). This is done both for mean
annual water balances and for interannual variability of
water balances. The results for mean annual water balances
are presented in Figure 8, in which estimates of KH, KB, KV,
and KR are expressed as a function of the aridity index
’ ¼ ~V

�

~P. The empirical results are presented in the form
of data points, whereas the theoretical estimates are pre-
sented as lines for three different values of ~P.

[71] A number of features can be highlighted with
respect to the results presented in Figure 8. First, in all
cases, there is remarkable tightness in the relationship
between the four indices and the aridity index ’ ¼ ~V

�

~P,
which is clearly seen as the primary determinant of mean
annual water balance, with ~P playing only a secondary role.
In the case of KV and KR, the scatter in the relationship,
which is caused by ~P, increases with increasing aridity. On
the other hand, in the case of the Horton index KH and to an
extent the base flow fraction KB the scatter is less for the
entire range of aridity values and, in fact, decreases with
increasing aridity. The theoretical curves confirm these em-
pirical observations: the width between the ~P contours
widens with increasing ’ ¼ ~V

�

~P for KV and KR, whereas
it shrinks with increasing ’ ¼ ~V

�

~P for KH and KB. The re-
markable tightness in the relationship between KH (and to
an extent also KB) and ’ ¼ ~V

�

~P, compared to the other
two indices, supports the observations and explanations of
Horton [1933], which were reiterated by Troch et al.
[2009].
[72] The form of the functional relationship between KV

and ’ ¼ ~V
�

~P is similar to the shape of its equivalent, the
Budyko curve, which is mirrored in its complementary run-
off fraction KR, which is not surprising since KR ¼ 1 � KV.
Finally, the results obtained for KB, on the other hand, are
quite interesting, indicating that the fraction of precipita-
tion partitioned to slow flow is highest in wet catchments
(as high as 0.7) and decreases with increasing aridity. This
phenomenon might be due to the coevolution of the vegeta-
tion with the soils and topographic features that govern
subsurface flow as part of the self-organization of the

vegetation with the climate, as proposed by Horton [1933].
This is partially confirmed by the results of Zanardo et al.
(submitted manuscript, 2011) regarding soil properties and
by the results of Voepel et al. (submitted manuscript,
2011), whose results demonstrated links between the Hor-
ton index and both the topography and estimates of vegeta-
tion cover (e.g., annual maximum NDVI).

[73] We also investigated spatial patterns in these rela-
tionships to see if we can discover any regional patterns in
the water balance behavior. Figure 9 presents spatial pat-
terns of the estimates (from raw data) of KH, KV, KB, and
KR. To interpret these patterns of mean annual water bal-
ance behavior, we also present, in Figure 10, the spatial
patterns of the two similarity parameters ’ ¼ ~V

�

~P and ~P
for the 377 MOPEX catchments. The results show a clear,
strong correspondence between the water balance indices
and the aridity index ’ ¼ ~V

�

~P. Regions of high values of
’ (e.g., Midwest, South, and Southwest) exhibit relatively
high values of KH and KV and low values of KB and KR (as
expected from the functional forms presented in equations
(28)– (31)), with opposite behavior in regions with low val-
ues of ’ (e.g., Appalachia). The reason for the high values
of aridity index in the Midwest could be due to a combina-
tion of factors: low to moderate precipitation ~P, moderate
to high atmospheric demand, and deep soils, which are
reflected in high ~V . One can also see in Figure 11 that the
highest values of the base flow fraction KB are seen in the
mountainous Appalachian region in the eastern United
States and mountainous catchments in the West. The role
of topography is clearly evident.

5.3. Trends in Between-Year Variability of Water
Balance: Space-Time Symmetry

[74] We have now established that the relationships in
equations (28)– (31), along with the nondimensional simi-
larity parameters, are able to quantify the mean annual
water balance for a large number of catchments over a
range of ecoregions across the United States. How well can
the same relationships also reproduce the interannual vari-
ability in individual catchments? This goes to the heart of
the question of the symmetry between between-catchment

Figure 8. Estimates of nondimensional Horton index KH, vaporization fraction KV, base flow fraction
KB, and runoff fraction KR for mean annual water balance based on raw data for 377 MOPEX catchments
(points). (Equation (19) is used to estimate data points, and equations (28)– (30) are used to plot the lines
for different values of ~P.)
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and between-year variability of annual water balances.
Answering this question and understanding the underlying
climate-landscape controls will have to be the first steps to-
ward predictions of the responses of catchments undergoing
change, especially climate change, through supporting the
application of ‘‘space for time’’ substitutions.
[75] Figure 11 (left) presents the results for the three indi-

ces (KH, KV, and KB) as a function of annual ~P (variable
between years) with ~V as a fixed parameter for each site,
with humid sites having lower values of ~V and more arid
sites having higher values. The data points in different sym-
bols are based on actual water balance estimates for the 12
catchments (ranging from dark grey points, which are arid

catchments, to light grey points, which are humid catch-
ments), and the lines (using the same colors) are calculated
using the theoretical model (equations (28)– (31)) and so are
trajectories of constant ~V . A number of features can be high-
lighted here. First, the nondimensional models for the indi-
ces capture very well the interannual variability of the
indices for all 12 catchments. We also find that estimates of
KH and KV decrease with increasing ~P between years but
increase with increasing values of ~V (i.e., going from humid
to arid), which is partly a measure of aridity. On the other
hand, the results for KB are exactly opposite to those of KH
and KV, in respect to both ~P and ~V . Another interesting result
is that the slope of the relationship of KH with ~P is smaller

Figure 9. Spatial variations in the 50 year mean annual value of the Horton index KH, vaporization
fraction KV, base flow fraction KB, and runoff fraction KR as defined by equation (19) and estimated from
empirical data.

Figure 10. Spatial variations of mean annual values of the aridity index ’ ¼ ~V
�

~P (see equation (12)
for definition of ~Pand ~V ) and mean annual rescaled precipitation ~P estimated from climate data and the
Ponce and Shetty [1995a, 1995b] parameters.
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than the corresponding slope for KV, true for all catchments,
suggesting that there is considerably more damping of the
precipitation variability as it manifests in the Horton index
as compared to the Budyko curve. In other words, in relative
terms, the Horton index remains relatively more constant
between years. This result is at the heart of Horton’s [1933]
hypothesis and prompts a detailed analysis of the damping
that occurs as precipitation is partitioned into its various
components, which is presented in detail in section 6.
[76] Another way to show the same results, as a way to

draw an analogy with the results for mean annual water bal-
ances presented in Figure 8, is to plot the indices KH, KV,
KB, and KR as functions of estimates of a variable aridity
index ’ ¼ ~V

�

~P estimated for each year on the basis of the
50 year precipitation record. In this case, the results are pre-
sented in Figure 11 (right), using the same color coding as
before. Once again, the data points are based on actual water
balance estimates, and the lines are calculated from the theo-
retical model (equations (28)– (31)) and so are trajectories of
constant ~V . Two major features can be highlighted in these
results. First, in all three cases, but especially in the case of
KB, the results show a large reduction of scatter and show
coherent relationships that are identical to the between-
catchment relations for the 377 catchments presented in Fig-
ure 8. Second, in the case of KH and KB, even the theoretical
curves almost collapse into a single curve. This is not so in
the case of KV, with the theoretical lines diverging for the
two most arid catchments. This is consistent with results pre-
sented in Figure 8 for KV and KR, in which lines for different
mean annual ~P values diverge with increasing ’. In each
case, however, the color coding allows us to see the parallels
between the between-year variability shown here with the
between-catchment variability presented in Figure 8. Taken

together with the patterns displayed in Figure 8, these results
indicate a remarkable symmetry between spatial (between-
catchment) variability of mean annual water balances and
the general trends in the temporal (between-year) variability
of annual water balances, which has important implications
for predictions of hydrologic change.
[77] While these results showed that the nondimensional

model is indeed able to reproduce the general trends of
between-year variability, the scatter in the results indicates
that the responses in individual years are not well pre-
dicted. The scatter in the interannual variability could be a
result of other factors, including the effects of within-year
and within-catchment variability of climatic inputs and
their interactions with landscape properties. Clearly, a
theory that is only based on analysis of annual rainfall-run-
off data, such as that of L’vovich, cannot be expected to
reproduce these effects. For this we need models that ex-
plicitly incorporate intra-annual and intracatchment varia-
bilities [Jothityangkoon and Sivapalan, 2009; Potter and
Zhang, 2009]. This is left for future research.

6. Damping of Precipitation Variability Within
the Catchment System

[78] The results presented in sections 5.2 and 5.3 above
have demonstrated that the Ponce and Shetty model can
also capture the general trends in the between-year variabil-
ity in the partitioning of annual precipitation. Using this
framework, we can analyze the hypothesis first put out by
Horton [1933] and recently taken up again by Troch et al.
[2009] that interannual variability in the Horton index is
damped compared to the variability in the driving precipita-
tion. These results were motivated by the results presented

Figure 11. Estimates of nondimensional (a) Horton index KH, (b) vaporization fraction KV, and (c)
base flow fraction KB based on actual data (data points, equation (19)) and predictions by the nondimen-
sional model as trajectories of constant ~V (equations (28), (29), and (30), respectively) for 12 selected
catchments (left) as functions of ~P and ~V and (right) as functions of ’ ¼ ~V

�

~P.
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in Figures 11a and 11b, including the observation that inter-
annual variability of KH was more damped than that of KV,
with the slope of the fitted trends in both cases decreasing
with increasing ~V , a relative measure of aridity. This shows
that the interannual variability in the vaporization as a frac-
tion of wetting is smaller than the same vaporization as a
fraction of the total precipitation.
[79] We can use the Ponce and Shetty model to quantify

the damping of interannual variability in precipitation as it
propagates through the catchment system. This allows us to
map the degree of damping involved and to reveal related
spatial patterns and relate the damping of this variability to
the functional properties of the catchment. A first-order
approximation for the variance of the Horton index can be
derived in terms of the mean and standard deviation of an-
nual precipitation (�P and �P) and the four Ponce-Shetty
parameters,Wp, Vp, �s and �u, by taking a first-order Taylor
series expansion of the definition of the variance around the
expected value �P.

�2Hpred ¼ E fH ðPÞ � �Hf g2
h i

� fH ð�PÞf g2�2P ; ð32Þ

where fH is the Ponce and Shetty model for the Horton
index V/W, where W and V are given by equations (5)
and (6), respectively. Using the functional forms pre-
sented in equations (5) and (6), we can express the trans-
formation of the variability of annual precipitation into
variability in the Horton index in terms of a damping fac-
tor DH :

�H ¼ DH
�P
�P

: ð33Þ

[80] Similar expressions can be written for the vaporiza-
tion fraction V/P in terms of damping factor DV. These
expressions are

DH ¼ �P
VW 0 � V 0W

W 2
; ð34Þ

DV ¼
V

�P
� V 0 ; ð35Þ

where V and W are the Ponce and Shetty functions
expressed in terms of P and V 0 and W0 are the derivatives
of these functions with respect to P. These two damping
coefficients represent the degree to which the variability in
P is reduced by the partitioning functions of the catchment.
Furthermore, their ratio DH/DV is a measure of the reduc-
tion in the variability of the Horton index relative to the
overall water balance. Small values indicate that even
when the variability in the fraction of annual precipitation
converted to vaporization is large, the variability in vapori-
zation as a fraction of wetting is small.
[81] To compare these estimates to data, we must

account for the contribution of the residual error in the
model estimates of the Horton Index and vaporization frac-
tion to the observed data. In precise terms, the annual
observed Horton indices can be represented as the sum of
the model estimates and the error Hobs ¼ Hpred þ "H . The
observed variance is therefore the sum of the predicted var-
iance and the error variance �2Hobs ¼ �2

Hpred
þ �2"H . Using

this relationship (and a similar one for the vaporization),
we can estimate the damping factors from data, corrected
for the model error.

DH �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

S2Hobs � S2"H

q

SP =P
; ð36Þ

DV �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

S2Vobs � S2"V

q

SP =P
; ð37Þ

where S2
Xobs
and S2

"X
are the sample estimates of the variance

and residual error of the Horton index and the vaporization
fraction.
[82] Figure 12 shows the range of values of the damping

coefficients and the damping ratio and the ability of the
Ponce and Shetty model to predict them, which is generally
good once the error variance is accounted for. Both coeffi-
cients tend to be smaller than 1, indicating that there is sig-
nificant damping of the precipitation variability in the
Horton Index and vaporization fraction. However, the
damping coefficient of the Horton index is generally
smaller. Indeed, the damping ratio is generally less than 1.
This result supports the idea that the functional properties

Figure 12. Observed and predicted damping coefficients DH and DV and the damping ratio DH/DV.
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of catchments lead to a suppression of the variability in the
Horton index.
[83] The nondimensionalization described in equations

(28)– (31) can provide insight into the functional behavior
underlying this damping. If instead of the Horton Index and
vaporization fraction, we consider the modified nondimen-
sional indices described in section 5, we can derive an
expression for the damping coefficients and ratio. For the
case where K ¼ 0 these are

DKH ¼
~P~V

ð~P~V þ ~P þ ~V Þ2
; ð38Þ

DKV ¼
~P~Vð1 þ ~VÞ

ð~P~V þ ~P þ ~VÞ2
: ð39Þ

[84] And the damping ratio becomes simply

DKH

DKV
¼

1

ð1 þ ~V Þ
: ð40Þ

[85] This suggests that the degree to which the Horton
index is damped relative to the vaporization fraction V/P
is a function only of ~V . When ~V is close to zero, the addi-
tional damping is minimal. When it is large, the interan-
nual variability in Horton index V/W is much smaller than
that of the vaporization fraction V/P. This confirms the
qualitative observations from Figures 11a (left) and 11b
(left).
[86] Figure 13 shows the spatial pattern of the damping

ratio as defined in equation (40). This map shows that the
damping of interannual variation in the Horton index (rela-
tive to the vaporization fraction) is strongest in the middle
of the continental United States and along the East Coast.
In Appalachia and in the West the damping ratio is less. To
interpret this pattern, it is necessary to recall that ~V , and
therefore the damping ratio, is controlled by all four func-
tional parameters. Large values of ~V are associated with
large vaporization potentials, small wetting potentials,
small thresholds for slow flow, and large thresholds for
quick flow. Examination of the spatial patterns in these
variables shown in Figure 6 suggests that the spatial pat-
tern of the damping ratio is not dominated by the spatial

pattern in any one of these but, rather, by their combined
spatial variations.

7. Discussion and Conclusions

[87] In this paper we have reintroduced the functional
approach, pioneered by L’vovich [1979] and extended by
Ponce and Shetty [1995a, 1995b], to the analysis of water
balance variability at the annual time scale, including both
between-catchment (i.e., regional) and between-year (i.e.,
interannual) variability. An important feature of the
L’vovich–Ponce-Shetty functional theory is that in addi-
tion to predicting total annual evaporation and runoff, it is
able to make predictions of the spatial (between-catchment)
and temporal (between-year) variability of both runoff
components (quick flow and slow flow) as well as vaporiza-
tion. In this sense the theory is a significant advance over
other currently available empirical theories [e.g., Budyko,
1974; Zhang et al., 2001], which can only predict total run-
off. This feature of the theory gives it an additional advant-
age toward making predictions of changes in annual water
balance due to the effects of global change (climate, land
use, or land cover change).
[88] In the L’vovich approach, precipitation is first parti-

tioned into wetting and quick flow, and in the second stage,
the wetting is further partitioned into evaporation and slow
flow. On the basis of the published empirical results pre-
sented by L’vovich for a large number of catchments
around the world, Ponce and Shetty [1995a, 1995b] derived
common functional forms for each stage of the partitioning
that can be extracted from observed rainfall-runoff data. In
this study we have implemented the L’vovich–Ponce-
Shetty theory to well over 300 MOPEX catchments across
the continental United States and characterized the hetero-
geneity of mean annual water balances. The results of the
analysis showed interesting regional patterns of the four pa-
rameters associated with the Ponce and Shetty [1995a,
1995b] theory, although they have yet to be explained in
terms of regional patterns of climatic and/or landscape
properties.
[89] On the other hand, conversion of the Ponce and

Shetty functional forms into nondimensional forms helped
to extract an invariant and parameter-free relationship that
underlies the observed heterogeneity of site-specific rela-
tionships seen in the study catchments and is therefore
transferable regionally. This universal relationship can eas-
ily be expressed in the form of a competition between alter-
native catchment functions applicable at the surface and
subsurface levels. Key nondimensional similarity parame-
ters are identified that serve to connect the regional or uni-
versal behavior to site-specific response characteristics.
This study also looked at interannual variability of annual
water balance partitioning in 12 representative catchments
selected in different ecoregions. When this is expressed in
the same nondimensional forms as before, the universal
competitive relationship continued to hold even in the case
of interannual variability.
[90] The study also explored the ability of the nondimen-

sional L’vovich–Ponce-Shetty formulation to reproduce
metrics of both spatial (between-catchment) variability of
mean annual water balance and temporal (between-year)
variability of annual water balance. Four metrics were

Figure 13. Spatial distribution of the damping ratio
DH/DV for the 377 MOPEX catchments.
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assessed: the Horton index (ratio of vaporization to wetting
[Troch et al., 2009]), a vaporization fraction (ratio of va-
porization to precipitation, the same as the Budyko curve),
a base flow fraction (ratio of slow flow to precipitation),
and a runoff fraction (the same as the annual runoff coeffi-
cient, ratio of total runoff to precipitation). Using the non-
dimensional formulation, we were able to derive analytical
expressions for all four indices in terms of two nondimen-
sional variables: a new aridity index and a scaled precipita-
tion (ratio of annual precipitation to wetting potential).
Estimates of these metrics based on the derived functional
forms were tested against estimates based on data, and it
was demonstrated that the normalized observations col-
lapsed onto the expected curve.
[91] Interestingly, the same functional forms were also

shown to be able to predict the general trends of interan-
nual variability in 12 catchments selected from different
ecoregions. This once again highlighted a remarkable
symmetry between spatial (between-catchment) variability
and general trends of temporal (between-year) variability.
Interannual variability that arises from within-year and
within-catchment variability of climate inputs cannot be
captured by the L’vovich theory, and in many cases this
variability is significant. This paper investigated the propa-
gation of interannual precipitation variability through the
catchment system and developed measures of the relative
damping exhibited in various metrics of annual water bal-
ance, notably the Horton index and the vaporization frac-
tion. It was found that the damping of the Horton index
between years was more than that of the vaporization frac-
tion. The damping ratio is larger in more arid catchments
than in more humid catchments, confirming Horton’s
[1933, p. 456] hypothesis that ‘‘natural vegetation of a
region tends to develop to such an extent that it can utilize
the largest possible proportion of the available soil mois-
ture supplied by infiltration,’’ as also emphasized by Troch
et al. [2009].
[92] There is considerable interest in predicting the

effects of long-term climate variability and climate
change on water balances. One of the approaches to pre-
dicting the effects of temporal change in climate is the
method of ‘‘space for time substitution,’’ i.e., using obser-
vations across a climate gradient in space to predict the
effects of a future climate change in the time domain. The
results presented in this paper give us confidence that the
spatial patterns of mean annual water balance presented in
this study, and the dominant process controls that were
identified, can be used to predict changes in water balance
due to future climatic changes. The companion paper by
Harman et al. [2011] presents the results of a sensitivity
study that assesses the relative contributions of precipita-
tion to the annual water balance changes, including meas-
ures of the resilience of the catchment system to these
changes.
[93] The empirical relationships derived in this paper,

within the L’vovich [1979] and Ponce and Shetty [1995a,
1995b] framework and based on annual rainfall-runoff data
from the 377 MOPEX catchments, can be seen as emergent
properties. Nevertheless, application of these analytical
expressions for predictions in ungauged basins requires that
the associated parameters can be estimated a priori. This
will not be feasible until a way can be found to link the

associated effective (i.e., emergent) parameters to standard
data sets of climatic and landscape properties. To this end,
it is important to carry out detailed process-based modeling
studies to explore how Ponce and Shetty– type functional
forms emerge through small-scale (time and space) proc-
esses and process interactions and associated scale effects.
In cold regions this analysis must also include explicit
treatment of snow (snowfall and snowmelt). In a parallel
study, Zanardo et al. (submitted manuscript, 2011) have
used a simple stochastic water balance model to explore
climate-landscape controls on the Horton index and devel-
oped functional representations that are almost identical to
those obtained in this study. Further work combining these
two modeling approaches can lead to productive avenues
for estimating the Ponce and Shetty parameters in unga-
uged catchments. The possible connection between the ana-
lytical Ponce and Shetty– type functional forms (and
associated parameter values) and detailed process descrip-
tions and measurable physical catchment/climate character-
istics is left for further study. Thompson et al. (submitted
manuscript, 2010) present a theoretical framework within
which such an exploration can be carried out, including the
relationship between spatial patterns of vegetation and
water balance within a catchment.
[94] This paper represents an example of comparative

hydrology, where insights into the hydrological responses
are obtained by comparing and contrasting a diversity of
catchments in different climatic or ecoregions rather than
detailed process explorations in a single catchment [Fal-
kenmark and Chapman, 1989; Sivapalan, 2009]. In this
case we looked at rainfall-runoff responses only. However,
given the presence of space-time symmetry in annual water
balance variability and the key role played by vegetation in
bringing this about [Horton, 1933; Troch et al., 2009], one
can be tempted to ask the question whether a similar space-
time symmetry can be seen in vegetation cover and its
functioning resulting from adaptations to changing climate
in time and space. This is a critical ecohydrological ques-
tion that needs to be answered on the basis of both rainfall-
runoff data and data on spatial patterns of vegetation cover,
which are routinely available these days through remote
sensing. The paper by Voepel et al. (submitted manuscript,
2011) as well as a paper by P. D. Brooks et al. (Quantifying
regional-scale ecosystem response to changes in precipita-
tion: Not all rain is created equal, submitted to Water
Resources Research, 2010) will present results connecting
annual water balance to measures of vegetation cover,
including interannual variability, opening up exciting ave-
nues for interdisciplinary research.
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