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Absu'act, The many gaps in the relationship between theory 
and practice in hydrologic modelling and between hydrologic 
modeling and climate modeling are discussed. Important in 
connection with closing these gaps are topics such as the 
difficulty of esfimafing actual evaporation in the water balance 
at catchment and regional scale, the uncertainty about the role 
of vegetation in relation to changes in runoff following climate 
change, and the link that nonlinear system theory may provide 
between theorefical hydrology and climate theory. Present 
methods of communication between hydrologists and climate 
modelers will have to be improved if there is to be a fruitful 
dialogue and a synergistic relationship between the two 
groups. 

Introduction 

This keynote address to the Chapman Conference on 
Hydrologic Aspects of Climate Change is intended to raise 
issues rather than to solve them. Consequently, it constitutes 
not a review of what has been accomplished but rather some 
suggestions of areas for fruitful interaction between groups of 
different background and expertise and some ideas on the 
attitudes necessary for the success of such interaction. The 
topics dealt with are those that appear relevant to one 
individual hydrologist who has at intervals been talking to 
climate modelers for more than a decade. Other hydrologists 
might consider other topics and other views more appropriate, 
and it is hoped that all views will be heard in the dialogue that 
is urgently needed if there is to be a significant improvement in 
the hydrologic component of climate models. 

Understanding and Prediction 

The interaction of man with any element of the environment 
can be characterized in terms of four iterative phases: 
observation, understanding, prediction, and conu'ol. Though 
understanding and prediction are vital elements of both science 
and engineering, the itemfive relafionships are different in the 
case of the Earth sciences. There is a tendency to consider that 
the fundamental methodology underlying both advances in 
theory and improved prediction is markedly different from that 
in the classical physical sciences. This is by no means true, 
and geophysicists could benefit greatly from studying the 
relationship between observation, understanding, and 
prediction in such classical triumphs as the Copernican 
Revolution in Asu'onomy and the NewtonJan Revolution in 
Mechanics [Kuhn, 1957; Polya, 1977, pp. 10-31, 105-125]. 

A mathematician, if asked to name a fundamental theorem, 
might classify as fundamental the theorem that an algebraic 
equation of degree n has at least one root and at most n roots, 
real or complex. A chemist, if asked a similar question, might 
refer to the quantum theorem of valency that no two electxons 
can occupy the same atomic orbit with the same spin. A 
populafion biologist might characterize as fundamental to the 
theory of natural selection the postulate that the rate of 
evolution is proportional to the genetic variance of the 
population. Most geophysicists, if asked a similar question, 
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would deny the existence of fundamental theorems in their 
disciplines. 

For many years, I considered that there was no 
fundamental theorem in hydrology which would pervade the 
whole of hydrologic theory. In the past few years, however, 
I have come to the conclusion that the lumped form of the 
continuity equation (inflow minus outflow equals rate of 
change of storage) does qualify to be such a fundamental 
theorem. It is invoked in all models of hydrologic processes. 
Where conflict occurs between constraints in hydrologic 
models, the continuity principle is always given preeminence. 
In addition, it is the basis of many indirect methods of 
hydrologic measurement. Because the relationship is a linear 
one, it applies at all scales and may be used in continuous or 
discrete form or as a lumped formulation. The question 
naturally presents itself as to whether there is a fundamental 
theorem in meteorology. I was interested to find the following 
quoted as the first fundamental theorem of atmospheric science 
[Dutton, 1982, p. 10]: 

As long as there are horizontal variations 
in heating, then an atmosphere governed 
by the Boussinesq system of equations 
must remain in motion. 

While such fundamental theorems provide only a starting point 
for the development of a comprehensive theory, nevertheless it 
is useful to keep them in mind because of the universality of 
their significance. 

The problem of building a consistent corpus of theory in 
relation to either hydrologic processes or atmospheric 
phenomena is complicated by the immense range of scales 
involved and the differences in appearance when phenomena 
are viewed at different space scales and at different time scales 
[Smagorinsky, 1974, pp. 649-656; Global Atmospheric 
Research Programme (GARP), 1972; Dooge, 1982, 1986]. A 
complete theory of hydrology relevant to climate modelling 
would have to cover phenomena from the scale of the water 
molecule to the grid scale of the general circulation model, 
thus involving 15 orders of magnitude in space scale and 18 
orders of magnitude in time scale, as shown on Figure 1. 

Varieties of Hydrologic Model 

Hydrologic modeling is concerned with the accurate 
prediction of the partitioning of water among the various 
pathways of the hydrological cycle. The three most important 
types of partitioning are shown in Figure 2, due to Falkenmark 
[ 1986]. The uppermost of these is the partitioning of 
evaporated moisture between that moisture which is 
reprecipitated on the same catchment basin and the moisture 
that is carried out of the area by atmospheric convection. This 
partitioning has been explored in the field using isotope 
separation [Salati et al., 1979]. The second major 
partitioning occurs at and imn'w.•ately below the land surface 
under conditions of high rate precipitation when that part of the 
water which is unable to infiltrate into the soil runs off through 
the drainage network as direct catchment response. This 
second partitioning has been the subject of hydrologic 
speculation and measurement for more than 100 years. The 
third major partitioning is in the root zone and divides the 
water which is transpired through the plant and evaporated at 
the leaf' surface from water which percolates downward to 
recharge the groundwater and eventually supply the base flow 
in the drainage network. This final partitioning has only been 
studied scientifically in recent decades. 
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Fig. 1. Scales in water movement. 

There are many ways of classifying hydrologic models 
according to purpose of modeling (e.g., understanding, 
forecasting in real time, prediction of risk), scale of modeling 
(onedimensional, field, catchment, region), on the basis of 
model structure (equations derived from continuum 
mechanics, black box analysis of input-output transformation, 
or ;onceptual models calibrated on field data), according to 
degree of complexity (linear and nonlinear, time-invariant, and 
time-variant), and so on. This vast array of model types is 
confusing enough to the hydrologist. It must appear like an 
impenetrable jungle to the climate modeler seeking a land- 
surface component for a general circulation model. 

To derive a model at a given scale, one must either (1) 
parameterize laws established at a lower microscale in order to 
predict the key variables at the required scale, (2) disaggregate 
models confim'•ed at a higher scale in order to produce more 
detailed predictions at the required scale, or (3) attempt to 
establish new laws at the required scale and conf'wrn them by 
observations at this scale. To parameterize from the scale of 
hydrologic physics to the GCM scale involves several levels of 
parameterization [Dooge, 1982] and remains an active but 
difficult area of hydrologic research [e.g., Entekhabi and 
Eagleson, 1989]. There is an urgent need for large scale field 
experiments to test the theoretical work carried out so far. To 
plan and to evaluate such experiments, them is a need to 
develop relationships at the catchment and regional scale. 
Accordingly, the remainder of this discussion will largely 
concentrate on that aspect of the problem. 

Long-Term Water Balance 

The key element in the long-term water balance of a large 
catchment or a region is the value of the actual long-term 
evapotranspiration (AE). This is an element of the 
fundamental hydrologic equation which can be written, since 
change in storage over an extended period can be neglected, as 

P = AE + Q (1) 

where P is the average long-term precipitation, AE is the 
average long-term evapotranspiration, and Q is the average 
long-term runoff. Any estimate of the effect of climate change 
on water resources depends on an ability to relate changes in 
actual evapotranspiration to the predicted changes in 
precipitation and potential evapotranspiration. 

Since the amaospheric component of a general circulation 
model generates values of precipitation and potential 
evaporation, the role of an interactive land-surface component 
is to provide an estimate of the extent of the reduction of 
potential evaporation to actual evapotranspiration. If 
precipitation and potential evaporation did not vary with time, 
the soil would either be permanently unsaturated or 
permanently saturated, and there would be no need for an 
interactive hydrology component in the general circulation 
model. For the case where precipitation is much less than 
potential evaporation, the water in the upper layers of the soil 
would be quickly evaporated, and we would have the limiting 
condition of 

AE = P (2) 

since for arid conditions any perennial base flow (Qb) would 
be evaporated from the stream surface. For the other limiting 
case of precipitation much greater than potential evaporation, 
the upper layers of the soil would never decrease below a field 
capacity, and we would have the second limiting condition of 

AE = PE (3) 

and a total runoff of 

Q = P- PE (4) 

consisting of either subsurface runoff in the case of wet soil or 
a combination of surface runoff and subsurface runoff in the 

case of completely waterlogged soil. The variation of 
precipitation and potential evaporation throughout the year and 
from year to year results in variations in the soil moisture 
content and, consequently, a value of AE intermediate between 
these limiting relationships. 

The fast attempts at linking actual evaporation to 
precipitation and potential evaporation were made in the early 
years of this century on the basis of available measurements of 
catchment rainfall and runoff. The fundamental assumption in 
the formulae commonly suggested for the long-term water 
balance of catchments is that the ratio of actual to potential 
evaporation may be expressed as a function of the ratio of 
precipitation to potential evaporation. Schreiber [ 1904] 
suggested a formula equivalent to 
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PE 
P [1-exp(-PE w (5) 

on the basis of measured precipitation and runoff in a number 
of catchment basins in Europe. A few years later, Ol'dekop 
[ 1911] suggested 

AE P 

PE = tan h (,•--•.) (6) 

based on measurements in Russia. More recently, Bagrov 
[ 1953] has suggested a family of curves relating AE/PE to 
P/PE, of which the Ol'dekop formula is a special case. 

Budyko and Zubenok [1961] examined the long term water 
balance data for 1200 regions throughout the U.S.S.R. and 
found that these data fell within the limits of the formula 

proposed by Schreiber in 1904 and that proposed by Ol'dekop 
in 1911. They also found that the data fitted within 10% of the 
geometrical mean of these two formulas and suggested this 
mean for use in climate studies. The complex formula 
proposed by Budyko and Zubenok is very closely 
approximated by the simpler formula proposed by Turc[ 1954] 
based on measurements from African catchments and 

somewhat modified later by Pike [1964] on the basis of 
further measurements. This modified relationship is given by 

AE P/PE 

PE' 41 + (P/PE) 2 
(7) 

The three relationships of Schreiber, Ol'dekop, and Turc-Pike 
are shown on Figure 3. Since the ratio of precipitation to 
potential evaporation is effectively the reciprocal of Budyko's 
aridity index [Budyko, 1950, 1974], his biome classification 
can also be entered along the abcissa of this figure. It is 
interesting to note that it can be shown analytically, for all 
cases where (AE/PE) is a function only of (P/PE), that the sum 
of the sensitivities of rtmoff to changes in precipitation and 
changes in potential evaporation is equal to unity. 

Complementarity Approach to Regional Evaporation 

A fruitful area for dialogue between hydrologic modelers 
and climate modelers would be an examination of what is 
known as the advection-aridity approach, or the 
complementarity hypothesis for regional evaporation 
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Fig. 3. Long-term actual evaporation. 

[Bouchet, 1963; Morton, 1965, 1982]. In this approach a 
clear distinction is made between potenfiM evaporation under 
potential conditions and the apparent potenda! evaporation 
under nonpotential conditions obtained by applying to 
measured variables a formula calibrated for potential 
conditions. Under potential con0J. tions there is no shortage of 
soil moisture and 

AE = PE o (8) 

where PE o is the estimated potential evaporation under 
potential conditions as determined by the available energy. If 
the water supply to the surface is limited, then less energy is 
used in the form of latent heat, and the amount of the excess 
energy (Q1) is given by 

Q1 = L(PEo - AE) (9) 

where L is the latent heat of water. This excess energy must 
be accounted for by an increased flux of sensible heat. This 
change in the partition of available energy affects the 
conditions in the atmospheric boundary layer which may be 
defined for this purpose as that portion of the atmosphere 
which contains some fluid which has recently (say, within 
about one day) been close to the surface [Stewart, 1979]. 

The atmospheric parameters that one uses to estimate the 
potential evapotranspiration such as wind speed, cloudiness, 
and relative humidity will all be different for these nonpotential 
conditions compared with potential conditions. The net effect 
will be that the application of a combination-type formula to 
the observed atmospheric parameters will give an apparent 
potential evapotmnspiration (PE') which will be greater than 
the potential evapotranspirafion under potential conditions 
(PEo) for the same available radiation at the top of the 
boundary layer. The energy equivalent to this difference is 
given by 

Q2 = L(PE' - PE o) (10) 

The hypothesis of Bouchet [1963] and Morton [1965] is that 
for a large area and an extended time, all of the energy 
available because of reduced evaporation (Q1) is detectable as 
an increase in energy corresponding to the estimated potential 
evapotranspiration (Q2)' This assumption of 

Q1 = Q2 (11a) 

is clearly equivalent to 

AE + PE' = 2PE o (11b) 

indicating that under water-limiting conditions the actual 
evapotranspiration (AE) and the apparent potential 
evapotranspiration vary in a cornplementary fashion. 

On the scale of a large catchment or a region, this 
hypothesis can be tested if there are independent estimates of 
the actual evaporation and of the apparent potential evaporation 
under nonpotential conditions since the sum of these two 
should be constant. Solomon [1967] used data for annual 
water balances on catchments in tropical equatorial regions in 
which the radiation could be assumed as fairly constant from 
year to year and found reasonable confh'rnation of the 
hypothesis. Morton [ 1982] summarized a number of other 
measurements which indicate that the approach is well worth 
pursuing. It would seem worthwhile to use models of the 
planetary boundary layer to deepen our understanding of such 
interaction and thus supplement the meager information from 
previous experiments [Brutsaert and Stricker, 1979; 
McNaughton and Spriggs, 1989]. 
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Statistical Dynamic Approach 

It has already been remarked that the form of the ratio of 
actual evaporation to potential evaporation shown in Figure 3 
arises because of the variation in precipitation and in 
evaporation throughout the year and from year to year. 
Eagleson [1978] pioneered the use of a statistical-dynamic 
approach which combines simplified models of hydrological 
processes at the microscale with simple probability density 
functions for the climate characteristics of precipitation and 
potential evaporation. In this way, he derived probability 
density functions for actual infiltration during storms and for 
actual evapotranspiration between storms. Then, on the basis 
of continuous soil moisture accounting, he predicted the ratio 
of actual to potential evapotranspiration as a function of a 
single soft-climate factor incorporating three soft parameters 
and two vegetation parameters. The function obtained was 
similar in shape to the relationships shown on Figure 3. 

In a subsequent development of this approach, Eagleson 
[1982] introduced the important factor of vegetation canopy 
density. Eagleson suggested the hypothesis that under water- 
limiting conditions the vegetated system would adjust the 
canopy density so as to reduce the moisture stress of the roots 
to a minimum. He combined this hypothesis with a second 
hypothesis that in the case where the activity is energy-limited 
a particular vegetative system would, for a given amount of 
energy, tend to maximize the biomass produced. Application 
of these hypotheses to a small number of humid and semi-arid 
basins suggested that the hypotheses were confu'rned rather 
than negated by the field observations [Eagleson and Tellers, 
1982]. 

In a further study, Eagleson modeled the density of trees 
and grassland in a savannah complex subject to seasonal 
effects and a varying climate. The key element of this model 
is that the grass draws moisture from the upper soil layer, 
and the trees moisture from a lower soil layer. Analysis of the 
model shows that in the presence of a seasonal effect there is a 
tree-grass equilibrium point which is stable with respect to 
perturbation in the vegetation components but meta stable with 
respect to climate change [Eagleson and Segarra, 1985; 
Eagleson, 1989]. This suggests that the monitoring of tree 
density changes in savannahs might provide a visible indicator 
of climatic change. 

Climate Change and Catchment Runoff 

It is obvious that a climate change involving changes in 
temperature, precipitation, and potential evaporation would 
result in potentially significant changes in catchment runoff 
and hence in the economics of water resources development. 
Over the past 10 years a number of stadies have been made 
aimed at determining the change in catchment ranoff for 
different scenarios of climate change. These were based either 
on empirical relationships expressing catchment ranoff as a 
function of precipitation and temperature such as that due to 
Langbein et al. [ 1949] or on conceptual models of catchment 
response such as the Sacramento model [Bumash et al., 
1973]. No concensus has emerged as a result of these studies, 
and a comparison between the paper of Schaake and 
Kaczmarek [ 1979] at the First World Climate Conference in 
1979 with the proceedings of recent conferences [Solomon et 
al., 1987; Askew and Lemmela, 1989] reveals a disappointing 
lack of progress. To discuss the various problems involved in 
detail would distort the balance of the present lecture and 
would not remedy the position. Instead, attention will be 
concentrated on the topic of the key role of vegetation and, in 
particular, the direct effect of carbon dioxide on vegetation, 
which has not received the attention or the research effort 
which its importance would warrant. 

The effect of the assumption concerning the direct 
enrichment effect of carbon dioxide on vegetation can best be 

exemplified in the case of semi-arid or arid catchments in 
which the evaporation process is water-limited rather than 
energy-limited. Revelle and Waggoner [1983] used the 
empirical relationship due to Langbein et al. [ 1949] to 
investigate the effect of climate change on 12 basins in 
Arizona. They estimated that for a rise in temperature of 20 C 
and a decrease in precipitation of 10%, the ranoff for the five 
wettest of these basins would decrease by 41%. Idso and 
Brazel [ 1984] repeated the study of Revelle and Waggoner but 
with an allowance for the direct anfitranspirant effect of 
atmospheric CO 2 enrichment. Idso and Brazel assumed that 
the evapotranspiration over the vegetated part of the catchment 
(which varied from 24% to 61%) would be reduced to two- 
thirds of the original rate assumed by Revelle and Waggoner. 
When this change was made, the effect of the CO 2 doubling 
scenario used by Revelle and Waggoner is changed from a 
decrease in ranoff of 41% to an increase in ranoff of 42%. It 

is not a wise use of research resources to continue studying 
more complex models of catchment response before dealing 
with the question of this disparity. It is evident from the 
general shape of the curve for actual evapotranspiration as 
shown on Figure 3 that for catchments in humid regions the 
effect of an increase in CO 2 would not be so marked, and this 
comment has been made [Aston, 1984; Wigley and Jones, 
1985]. Nevertheless, the effect could be important in 
marginal areas. Even in the better reviews of the topic of 
possible effect of climate change on water resources, the 
tendency has been to state the factors tending to reduce 
transpiration under carbon enrichment and to list the negative 
feedbacks that would tend to offset such a reduction before 
proceeding as if the net effect were zero. Something better 
than this is required. 

Carbon Dioxide and Vegetation 

Saussure, in his classical "Recherches chimique sur la 
vegetation", included a chapter on the topic "Influence du gas 
acide carbonique sur la vegetation" [Saussure, 1804, pp. 25- 
59]. Much has been written on the subject in the two 
intervening centuries. The literature on the direct effect of 
increasing carbon dioxide on vegetation of all types has been 
comprehensively reviewed by Strain and Cure [1985] and by 
Idso [1989]. The former is a 286-page volume forming a part 
of the state of the art review by the U.S. Department of Energy 
on the effects of increases in atmospheric CO2; Chapter 7 of 
the latter entitled "Plant responses to atmospheric CO 2 
enrichment" occupies 26 pages and is supported by a list of 
526 references. 

Following Strain [1985] and Morison [1989], the response 
of plants and ecosystems to carbon dioxide enrichment can be 
grouped in terms of (1) primary biochemical and cellular 
responses (including stomatal aperture), (2) secondary 
biochemical, cellular, and whole-plant responses (including 
plant water status), (3) tertiary whole plant responses 
(including leaf area), (4) ecological level responses (including 
plant-plant competition and symbiosis), and (5) genetic 
responses (including adaptation). These processes are all 
highly interactive, and the total effect involves a large number 
of feedbacks both positive and negative. Figure 4 [Reynolds 
and Acock, 1985] shows a Forrester diagram for a single 
small component of this complex system, i.e., the primary 
response of carbon fixation in the plant to carbon dioxide level 
in the atmosphere. The total system is much more complex, 
and its overall behavior more uncertain. 

As the carbon dioxide content of the atmosphere is 
increased, the stomatal pores of the leaves tend to close 
because of the increased gradient through the leaf surface of 
the concentration of carbon dioxide. The magnitude of the 
resulting reduction in conductance has been estimated for a 
doubling of the CO 2 concentration from 330 ppm to 660 ppm 
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as being between 34% [Kimball and Idso, 1983; Cure and 
Acock, 1986] and 40% [Morison, 1985, 1987]. The 
reduction in transpiration will be less than the reduction in 
conductance due to the rise in leaf temperature. Since an 
increase in carbon dioxide concentration has a direct effect on 
plant productivity, the overall effect on water use efficiency 
(i.e., the ratio of dry matter production to amount of water 
transpired per unit leaf area) is even higher. The superposition 
of the two effects of stomatal closure and increased vegetative 
productivity results in an approximate doubling of the water 
use efficiency for most types of plants [Idso, 1989, pp. 67- 
69]. There does not appear to be a slackening of this effect if 
the carbon dioxide is further increased from double to triple the 
present levels [Rogers et al., 1983]. 

Woodward [ 1987], in an interesting study, compared (1) 
the relative changes in the stomatal density of leaves under 
different concentrations of carbon dioxide in the laboratory 
with (2) the relative changes in the stomatal density of dried 
leaves preserved in the university herbarium at various times 
over the past 200 years. There was a very distinct correlation 
of stomatal density and carbon dioxide concentration in each 
case. The average rate of reduction in the preserved historical 
plants was found to be about 60% of the rate of reduction for 
similar increases in carbon dioxide concentration under 

controlled laboratory conditions. As in the case of hydrologic 
modeling, one of the key questions in all these studies is that 
of scale and of the relationship between results obtained at a 
leaf or plant scale and those at a regional and a biome scale. 
The possibility of scaling up from the single stoma to the 
single leaf, from the single leaf to the individual plant, from 
the plant to an extensive canopy and ultimately to a region, 
has been well reviewed by Jarvis and McNaughton [ 1986]. 
As mentioned earlier, much work remains to be done, but 
research in this field is essential if the impact of climate change 
on the vital area of water resources is to be properly evaluated. 
It obviously requires a dialogue between hydrologic modelers, 
climate modelers and modelers of vegetative systems of all 
types. 

The Systems Approach 

The gap between theory and practice in hydrology is one 
that worries many people, including the present author. Many 
of the advances in hydrology over the past quarter of a century 
have resulted from the study of hydrologic systems as such, 
rather than the pammeterization of the mathematical 
formulation of microscale hydrologic processes. It is 
interesting to note that in the most basic of the black box 
techniques (the unit hydrograph) the method was introduced 
into applied hydrology [Sherman, 1932] over a quarter of a 
century before it was interpreted as an application of the theory 
of linear time-invariant systems [Dooge, 1959]. Since then, a 
large corpus of knowledge of hydrologic systems has been 
developed involving both deterministic methods [Dooge, 
1973; Singh, 1988] and stochastic methods [Bras and 
Rodriguez-Iturbe, 1985]. Nevertheless, a gap remains 
between theory and practice, and between academic 
hydrologists and applied hydrologists. As far as can be 
judged by an outsider, the situation is not greatly different in 
the case of climate theory and climate prediction. With the 
advent of radically new concepts in relation to nonlinear 
systems, such as fractals and chaos, the difficulties created by 
the lack of communication between theory and practice can 
only become more serious. 

The present theoretical basis for hydrologic prediction has 
largely beev• provided by the application of systems theory to 
hydrologic problems. Efficiency in interaction between the 
atmospheric and the hydrologic components of climatic models 
could probably be improved by a dialogue between the two 
disciplines using the conunon language of the systems theory. 
The aim should be to separate out from the welter of concepts 
and tools in systems theory those appropriate to 
atmosphere/land-surface fluxes at the relevant scale. When the 
essential features can be described in a mutually acceptable 
form, the way will be open for dialogue between the 
practictioners in climate modeling and in hydrologic modeling. 

It is interesting to note that many of the new concepts 
relating to non linear systems either arose from, or were 
applied at a very early stage to, hydrologic systems or climatic 
systems. Thus L. F. Richardson (1881-1953), who was the 
first to suggest the possibility of weather prediction by means 
of numerical processes [Richardson, 1922, 1965], was also 
the first to suggest the concept of the cascade of energy from 
low to high frequencies and the idea of self-similarity in 
turbulence [Richardson, 1926]. He was also the first to raise 
the question, "what is the length of a coastline", which was a 
key question leading to the concept of fractal dimensions 
[Richardson, 1961]. Mandelbrot applied some of 
Richardson's early ideas on fractals to important problems in 
hydrology, such as extreme value distributions (the Noah 
effect) and persistence in geophysical phenomena (the Joseph 
effect) [Mandelbrot and Wallis, 1968; Mandelbrot, 1977]. 

Subsequently, the concepts of self-similarity and fractal 
dimensions have been applied to such atmospheric phenomena 
as clouds and precipitation [Hentschel and Procaccia, 1984; 
Waymire, 1985; Lovejoy and Schertzer, 1986; Schertzer and 
Lovejoy, 1990] and to the geometry of two-dimensional 
networks and three-dimensional surface affecting hydrological 
processes [Orbach, 1986; Hjelmfelt, 1988; Tarbotan et al., 
1988; La Barbera and Rosso, 1989]. Most of this work is 
applicable at scales below that of climate models and could 
prove to be of value in tackling the daunting problem of 
accurate parameterization from the microscale to the microscale 
in both atmospheric and hydrologic phenomena. 

Chaos and Strange Attractors 

One of the dangers in modeling nonlinear systems is the 
tendency to carry over preconceptions from linear systems 
theory and ignore features that only occur under conditions of 
nonlinearity. The special properties of the time series 
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generated by non linear systems has been studied intensively 
over the past two decades. Under certain conditions the 
phase diagram for a nonlinear system, instead of contracting 
after a long run to a point attractor (i.e., a steady state) or to a 
limit cycle attractor (i.e., periodic motion) contracts to a 
strange attractor in which the motion appears to be random. 
Since both the atmospheric system and the land-surface system 
are nonlinear dissipative systems, phenomena such as the 
transition to chaos and the existence of strange attractors must 
be considered to be possibly relevant in advancing the basic 
theory. In this connection, an acquaintance with some of the 
less sophisticated accounts of the topic is to be advised [e.g., 
May, 1976; Hofstadter, 1981; Crutchfield et al., 1986; 
Gleick, 1987; Schuster, 1987; Stewart, 1989; Baker and 
Gollub, 1990]. 

The flavor of the nature of the transition to chaos can be 

obtained by programming a computer (or a hand calculator) to 
produce iteratively the solution of the canonical one- 
dimensional difference equation 

Xt+ 1 = aXt(1-Xt) (12) 

for various staxting values over the normalized range from 0 to 
1 and for different values of the control parameter (a) between 
0 and 4. For a < 3 the values of X t converge to a fixed point 
attractor X = 1 - 1/a; for values of a > 3 the values of X t 
converge first to two-cycle attractor then to higher order 
cycles, and then at about a = 3.57 to an essentially chaotic 
sequence [May, 1976; Hofstadter, 1981; Berg• et al., 1984, 
1986]. 

In multi dimensional nonlinear systems the same essential 
behavior occurs. What is important is not the number of 
variables, but the number of control parameters. After a long 
period of operation of a multidimensional driven system, the 
behavior of the system in phase space is dominated by the 
effect of one dimension to the exclusion of the others and the 

essential nature of the behaviour is the same as for a simple 
one-dimensional system [Feigenbaum, 1978; Hofstadter, 
1981]. In the multidimensional case, the final chaotic behavior 
converges to a strange attractor in the multidimensional phase 
space whose dimension is a fractal. The original example of a 
strange attractor in a nonlinear dynamic system resulted from 
the attempt by Lorenz to operate over a long time period a 
simplified model of the general circulation of the atmosphere 
[Lorenz, 1963]. 

The critical numerical experiment in which Lorenz 
discovered the sensitivity of this particular system to a minor 
perturbation in the initial values has been described by Gleick 
[ 1987, pp. 11-31 ]. Lorenz's model of the convection in the 
atmosphere consisted of a set of three nonlinear prognostic 
equations. A parameter in the equation for the change in the 
temperature difference between the ascending and descending 
air turned out to be a controlling parameter, such that the flow 
becomes aperiodic and unstable above a threshold value of this 
parameter. Though the term "strange attractor" was not in 
use at that time, Lorenz in his original paper gave an 
illustration of his butterfly-like strange attractor that was 
almost but not quite a surface [Lorenz, 1963, p. 139]. The 
dissipafive nature of Lorenz's system was such that the 
volume of the solution in three dimensional phase space was 
reduced by a factor of 10-6 for each rotation about the centers 
of the strange attractor, which in consequence, took the form 
closely approximating a two-dimensional surface. Later, the 
fractal dimension of this Lorenz attractor was estimated to 

have the value 2.06 [Berg6 et al. 1984, p. 126]. 
Lorenz, in his original paper, plotted each of the successive 

maxima as functions of the immediately preceding maximum, 
obtaining the result shown on Figure 5 [Lorenz, 1963, 
pp. 139], which is analogous to the mapping of the one- 
dimensional quadratic iteration represented by equation (12) 
[May, 1976; Berg6 et al., 1984]. Since the slope of both the 
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Fig. 5. Lorenz mapping of sequent peaks [Lorenz, 1963]. 

branches is greater than unity, the inevitable progress towards 
instability is clearly shown. The question of whether more 
complicated models of the climate system would possess 
strange attractors has been the subject of controversy [Nicolis 
and .Nicolis, !984; Grassberger, 1986; Lorenz, 1990] and 
reqmres clarification. 

Catastrophe Theory and the Climate 

The occurrence of discontinuities in atmospheric and 
hydrologic systems presents a number of difficulties in 
predicting the behavior of such systems by relatively simple 
models. The recent development of catastrophe theory 
[Poston and Stewart, 1978; Saunders, 1980] provides 
methods for studying the qualitative behavior of dynamic 
systems in which smooth inputs may under certain 
circumstances give rise to discontinuous outputs. The 
phenomenon of hysteresis, which is a sign of such behavior, 
is present in a number of atmospheric and hydrologic 
processes. An example in the climate area is the lack of 
symmetry between the rate of onset of a major ice age and the 
rate of recession from it. An example affecting soil moisture 
which is the nerve center of the hydrological cycle is the lack 
of correspondence during drying periods and wetting periods 
between such key physical parameters as matric suction, 
hydraulic conductivity, and diffusivity. 

Catastrophe theory thus may be relevant to the study of 
palaeoclimatic data. Of the various hypotheses put forward to 
determine the variations in the record (changes in solar output, 
changes in interstellar dust, variations in vulcanism, magnetic 
reversal, variations in orbital geometry, etc.), the only 
hypothesis which has proved testable is the Milankovitch 
theory based on changes in the orbital geometry which has 
been tested by deep-sea cores [Imbrie and Imbrie, 1979; 
Berger et al., 1984]. Even though this astronomical theory 
gives a reasonable fit to the observed frequencies in the record, 
it does not account for the magnitude of the rapid transitions in 
the record or explain the mechanism by which orbital 
variations are transformed into climate changes. 

Viewed on the geological time scale, the climate system is a 
nonlinear dynamic system involving both parameters that 
change rapidly and parameters that change more slowly. This 
is the classical recipe for analysis by catastrophe theory. It is 
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of interest therefore that one textbook on catastrophe theory for 
scientists and engineers devotes a chapter to the discussion of 
how the methods of catastrophe theory can be used to 
illuminate some aspects of the problem of long-term climate 
change [Gilmore, 1981, chap. 16, pp. 428-448]. The 
approach can be represented in stylized fashion, as shown in 
Figure 6, which shows (1) a possible stable pseudo-potential 
representing climate during an interglacial period and (2) a 
possible unstable pseudo-potential during the glacial period 
which differs from the first one because of slow changes in the 
Earth's orbital parameters [Gilmore, 1981, pp. 442-443]. 

Requirements for Useful Dialogue 

If real progress is to be made in providing a significant input 
from hydrology to climate modeling and a significant input 
from climate prediction to water resources management, then 
the dialogue between the parties will need to be more 
systematic than the interchange of views which has taken place 
during the last decade and of which this Chapman conference 
is a part. The requirements for a good conversation can be 
listed as (1) a willingness to talk clearly, (2) an ability to 
listen patiently, (3) a well-defined focus of interest, and (4) a 
language known to all participants. 

The implicit assumptions and the special patois of an 
individual discipline or craft facilitate efficient communication 
between the individuals of that discipline or craft. However, 
when these elements are present in a communication to 
someone outside that discipline or craft, they impede 
comprehension and they tend either to make the basic 
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Fig. 6. Pseudo-potential for climate [Gilmore, 1981 ]. 

substance which the speaker wishes to convey unintelligible to 
the listener or, more dangerously, to convey a meaning other 
than that intended. As a hydrologist, I have tried hard to 
understand the significance of diagrams of climate change 
projected during a lecture by a climate modeler who remarks 
that some feature which he wishes to emphasize is clearly 
shown in the diagram. One experiences the same 
bewilderment under these circumstances as when an earnest 

medical adviser demonstrates an X-ray picture and expects you 
to appreciate the significance of a semi-shadow which his 
expertise enables him to interpret without difficulty. 

Our ability to listen properly is also defective at times. So 
often, we listen merely because it is not our turn to speak, or 
listen so that we might receive a contim'ration of our 
preconceived ideas. In good conversation, we should listen 
patiently, making a real effort to understand the other person's 
point of view and to listen to diverse points which may be 
usefully synthesized in order to turn the conversation in an 
unexpected direction. 

A real focus of interest is also vital. Much has been said 
and written about interdisciplinary research, but 
interdisciplinary research has rarely been effective except 
where a carefully chosen group has attacked as a team a 
sharply focused problem either in research or application. To 
read one another's literature and listen to one another's 

presentations may be interesting and mildly informative, but 
real progress on interaction between disciplines will only take 
place in the context of problem solving. 

One of the problems of social conversation arises when 
people imagine they are using a cormnon language but in fact 
are using quite disparate versions of language. The same is 
true of interdisciplinary dialogue in science. Each discipline 
within science has not only its own specialized jargon but its 
own specialized use of words. To a hydrologist, forecasting 
means the extension of a time series in real time, whereas 
prediction means the generation of one or more realizations of 
time series representing a future of either a specified frequency 
of occurrence or a possible scenario under conditions of 
uncertainty. As far as hydrologists can judge, these two terms 
frequently have the opposite meanings in the atmospheric 
sciences. 

Topics for Joint Discussions 

In the preceding sections, it has been indicated that 
meaningful scenarios of hydrologic prediction and climate 
prediction are not possible without an understanding of 
vegetation response and, equally, that a relationship between 
theoretical hydrology and climate theory is not possible 
without a deep understanding of system theory. Accordingly, 
the elements to be considered in any parmership between 
hydrologic modelers and climate modelers for the 
improvement of their respective endeavours should involve the 
basic theory and predictive models not only in hydrology and 
meteorology, but also in relation to vegetative response and 
general systems theory. 

Improved land-surface components in climate models are 
necessary if actual evapotranspiration is to be successfully 
predicted. This will involve not merely an intensive joint 
discussion of present methods of land-surface 
parameterization [Carson, 1982; Laval, 1988; European 
Centre for Medium Range Weather Forecasting (ECMWF), 
1989; Ye, 1989; Schmugge and Andre, 1991)], but also 
planned studies of the appropriate degree of parameter 
complexity between (1) the simple box model based on the 
work of Budyko [ 1955, 1956] and Thornthwaite and Mather 
[1955] and (2) the complex canopy models such as the 
Biosphere-Atmosphere Transfer Scheme (BATS), [Dickinson 
et al., 1981; Dickinson, 1984], and the Simple Biosphere 
model (SiB), [Sellars et al., 1986]. It will be equally 
important to master what is known in relation to stomatal 
function [Zeiger et al., 1987] and the response of plants to 
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water stress [Levitt, 1980, vol.2, chapts. 3 to 7, pp. 25-282] 
and to enter into an exchange of experience and ideas with 
plant modelers. 

Forming links between theoretical hydrology and climate 
theory will require not only a knowledge of what has been 
achieved in these two areas, but also a sound knowledge of 
systems theory, if significant advances are to be made. To 
make proper use of system theory requires not only a 
knowledge of the mathematics of linear and nonlinear systems 
[e.g. Kahn 1990], but a method of thought which is 
independent of one's discipline, as discussed by Weinberg 
[ 1975]. Interaction between hydrologic modelers and climate 
modelers aimed at improving the understanding of the 
systems involved could with advantage start by concentrating 
on energy balance models and working up through the 
hierarchy of climate models [Schneider and Dickinson, 1974; 
Henderson-Sellers and McGuffie, 1987]. Energy balance 
models have been used to explore the sensitivity of a number 
of elements in more complex models [Saltzmann, 1978; North 
et al., 1981; Ghil, 1981; Ghil and Childress, 1987] and could 
serve as an initial focus for linking theoretical climate models 
and the theoretical hydrologic models with a view to the 
improvement of the predictive capacity of both hydrologic 
models and climate models. 

The present difficulties offer opportunities for cooperative 
research between hydrologists and climate modelers that could 
be both intellectually stimulating and potentially useful. The 
challenge to the two communities is clear. It should not be 
shirked. 
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