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Abstract.
After defining the several terms that have come to be used to describe basins of various types
this paper deals with some of the problems of basin studies. The relative sizes of different basins is one
such problem, overland flow and interflow are others. Simulation of basins is considered, particularly the
use of the Stanford Watershed Model and how this model can be applied to investigate changes due to
urbanization and deforestation. The future role of representative and experimental basins is discussed.
Les bassins représentatifs et expérimentaux-et après?
Résumé.
Après avoir défini les plusieurs termes dont on se sert pour décrire les bassins de types divers
ce mémoire traite de quelques-uns des problèmes des études des bassins. Les dimensions relatives des bassins différents présentent une de ces problèmes, de ruissellement de surface et l'écoulement hypodermique
en sont également. On tient compte de la simulation des bassins, et surtout de l'utilisation du modèle de
bassin hydrologique Stanford et comment on peut appliquer ce modèle pour étudier les changements
attribuables à l'urbanisation et au déboisement. On discute alors le rôle future des bassins représentatifs
et expérimentaux.

INTRODUCTION
Hydrology deals with a complex of interactive natural processes. It is difficult to describe
these processes in formal mathematical terms and impossible to bring the entire complex
into the laboratory for evaluation. Hence, the experimental basin has been for many years a
popular tool for the researcher investigating hydrological processes. Most experimental basins are small, perhaps with the idea that they are 'models' of larger basins. Much of our
current methodology in hydrology has been developed and/or tested on data gathered from
relatively large basins. Whether these basins were designated 'experimental' or were gauged
simply to provide a routine data base or to meet some specific operational problem, they
too, have been experimental basins for many hydrologists.
In the course of the International Hydrological Decade we have become accustomed to
speak of three different kinds of special basins: representative, experimental, and benchmark.
A representative basin is a well instrumented basin which is intended to serve as an index to
the behaviour of others for flow forecasting purposes, or as a site for testing hydrological
procedures on a set of'representative' data. The experimental basin is an intensively instrumented basin, usually small, and used for the in-depth study of some portion of the hydrological cycle. In some cases the experimental basin is established with the intent to change
its hydrological characteristics in order to determine the consequences of this change on the
streamfiow. The benchmark basin is intended as a reference base for the evaluation of longterm change. A benchmark basin is selected to be free of man-made change, both past and
future, so that long-term shifts and trends in the hydrological regime can be observed. The
factors causing these changes may be natural or may be induced by some activity of man
exogeneous to the basin, such as induced climatic change.
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PROBLEMS OF EXPERIMENTAL BASINS
As a simple reference base, a benchmark basin should serve its purpose of monitoring future
change quite effectively. A representative basin may prove to be very useful as a well-instrumented testing ground for hydrological methodology. Too few such test sites exist. However,
the use of representative basins as a tool for quantitative predictions of the behaviour of
other basins and experimental basins as a means of quantitatively predicting the effect of
change on other basins may prove something less than successful.
Use of experimental basins and test plots to explore specific aspects of the hydrological
cycle has been productive of improved understanding of processes, but the past history of
experimental basins has left much to be desired. No two basins are identical and while the
results obtained from an experimental basin may be instructive in understanding the hydrological behaviour of that basin, there is little evidence that experimental basin data have
been useful in a quantitative sense for predicting the performance of other basins. In some
cases the first question is 'What are the conclusions from an experimental basin?' Unless the
change induced by the alteration of the experimental basin is large, it may be lost in the
'noise' of natural streamflow variability and the errors of the instrumentation. The control
basin technique for evaluating change suffers from the defects which also create transfer
problems, i.e. the lack of real similarity between the control and the test basin.
Hydrological similitude
When the change in the experimental data is well defined, the transfer problems still remain.
The hydrologist has a problem in similitude, but the constraint is far more complex than the
concept of simple geometric similitude used in hydraulic model studies. The hydrologist
does not deal with a carefully constructed scale model for which the length ratio is precisely
known. Hydrological similitude must include physical factors (size, shape, slope, surface
form, channel pattern, channel cross section), climatic factors (temperature, insolation, wind
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Fig. 1 - Relation between annual peak flows on the Corte Madera Creek and the Napa River at St Helena,
California (1951-1970).
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and precipitation variations in time and space), biological factors (type of vegetation and its
seasonal changes), geological factors (soil type and stratification, underlying rocks, aquifers,
springs) and the effects of man (land use, stream-control structures, pollutants). To compound the problem still further, few basins are homogeneous with respect to these factors,
and hence, the areal variability of each factor becomes a matter of interest in the consideration of hydrological similitude.
We can easily say that each of the factors mentioned above (and others) plays some role
in determining the hydrological regime of a basin. Here again, the term hydrological regime
subsumes the time and areal variations in all input and output components of the hydrological cycle (surface streamflow, accretion to groundwater, évapotranspiration and moisture
storage within the basin) which can be defined in terms of their means, variances, extremes
and seasonality. The problem of transferring results from one basin to another thus becomes
a formidable task with many facets to be considered. Unless correetly done, the transfer may
lead to erroneous conclusions. Some examples follow showing how this may occur.
Examples of the transfer problem—basin size
Figure 1 compares the annual maximum floods on Corte Madera Creek which drains 18.3
mi2 (47.4 km 2 ) and the Napa River at St Helena with a drainage area of 81.3 mi2 (211 km 2 ).
The two streams experience major floods on the same dates in about half of the years. The
relation between the two streams is nonlinear and the errors are large although, except for
the difference in size, they are quite similar and only about 30 miles (48 km) apart. Time is
the key here as the smaller basin responds more effectively to short intense storms while the
larger one requires longer storms to bring about a major peak. The difficulty of using the
smaller stream as a guide for predicting the behaviour of the larger stream should be evident.
If a change in one of the basins altered the timing of flows (e.g. channel improvement), the
consequences of this change would be quite different for one basin than for the other.
Overland flow
A second factor which causes a different response from basins of different sizes is the effect
of overland flow. Figure 2 shows an observed hydrograph for a basin of 0.26 mi2 (0.67 km 2 )
compared with the computed hydrograph of inflow to the stream channel (i.e. overland
flow). The relatively good agreement between these two hydrographs indicates that overland flow storage is dominant for this basin and that channel storage has little influence on
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Fig. 2 - Comparison of observed hydrograph and computed overland flow hydrograph for a small stream
(drainage area= 0.26 mi 2 or 0.67 km 2 ).
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hydrograph shape. In Fig. 3 similar comparison is made for a basin of 18.5 mi2 (47.9 km 2 ).
Without allowance for channel storage the computed hydrograph is several-fold greater than
the observed hydrograph. Channel storage clearly dominates hydrograph shape. If the
smaller basin were an experimental basin, a conclusion about the effect of some change on
flood peaks would probably overestimate the effect on the larger basin. No simple adjustment will suffice to provide a reliable transfer of results. Slope, length and roughness of the
overland flow plane, infiltration characteristics of the soil and channel dimensions and slope
are all factors determining the relative response of the two basins.
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It seems clear that small experimental basins cannot provide information on the effect
of change as this change influences hydrograph shape. Since one of the principal effects of
urbanization is to alter hydrograph shape by the provision of improved flow channels (storm
drains), the foregoing example suggests that conclusions about the effect of urbanization
drawn from one basin are not directly transferrable to another of the same or different size.
Linearity
The unit hydrograph, rests on an assumption of linearity in the hydrological process. If this
assumption were true, a change in a basin would have the same effect for small and large
events. Most basins display nonlinear responses to rainfall. When a flood leaves a stream
channel to spread over a floodplain, velocity is reduced, storage is increased and flood peak
magnitude is reduced. In this case the unit hydrograph derived from a large flood will have
a lower peak than that derived from a small flood (Fig. 4). Hence, unit hydrographs derived
from small and moderate floods are likely to overestimate the peaks of major floods.
Interflow
Hertzler (1939) noted the existence of a component of rapid subsurface runoff which has
come to be called interflow. This flow is commonly lumped with surface runoff and the
combination is called direct runoff. The variable proportion of interflow in the total runoff
causes changes in hydrograph shape between storm events. The proportion of interflow can
be expected to increase as soil moisture increases. This can lead to a seasonal change in unit
hydrograph shape (Fig. 5). Unit hydrographs from larger and longer storms are likely to have
a somewhat lower peak than unit hydrographs derived from short duration events occurring
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Fig. 4 - Effect of the storage in the floodplain on a hydrograph for the north branch of the Chicago River.

on dry soil conditions. Since interflow consists of water which has infiltrated the soil, the
volume of runoff will be larger than would have been expected if experimentally determined
infiltration capacities were subtracted from observed rainfall.
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Fig. 5 - Variation of the unit hydrograph with antecedent soil moisture-the effect of interflow.

The 'practical' approach
Examples such as those presented above and others not mentioned are responsible for the
fact that experimental basins have not made the contribution to applied hydrology that has
been expected of them. The hydrologist dealing with problems of engineering hydrology has
usually relied on relationships derived from observed data for the basin under study, if such
data were available. Such relationships have proven reasonably effective for the basin for
which they were derived, but typically they do not apply very well to other basins, i.e. they
are non-transferable.
For the ungauged basin, the hydrologist has relied on judgement or on empirical relations
of doubtful accuracy. Because the basin is ungauged, the reliability of these approaches is
rarely checked. Experimental basins have been of little utility for dealing with the problems
of ungauged basins. Their primary contribution has been their ability to rank land management methods in order of relative effectiveness for achieving desired goals. This permits the

521

hydrologist to select the most useful management method even though he may not be able
to predict the magnitude of the change the method will cause.
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SIMULATION AND EXPERIMENTAL BASINS
One of the prominent developments in hydrology during the past two decades has been the
technique of simulation. This technique, made possible by the advent of relatively powerful
computers, provides the hydrologist with a tool which is finding increasing application in
engineering hydrology. Simulation may be useful in the analysis of data from experimental
basins and the extrapolation of these results to other basins.
I use the term simulation to refer to deterministic conceptual models of the hydrological
cycle (Linsley and Crawford, 1960; Crawford and Linsley, 1966). To distinguish simulation
from the techniques of stochastic hydrology, I refer to the latter as a technique for generating synthetic flow data rather than simulation of flow. To be useful in connection with
experimental basins, the simulation model must be physically based and deterministic, and
it must be designed to simulate the entire hydrological cycle from the time rainfall reaches
the ground to the time a portion of this water enters a stream. This means that the procedure
must be able to simulate continuously for long time periods and, hence, it must be a water
balance model capable of maintaining a continuous account of the moisture storage within
the basin. Some will argue that it is impossible to meet these specifications, i.e. that all models are empirical and not physically based. This is largely a semantic argument. All current
simulation models are an assemblage of empirical functions linked together into a system
which conforms to our understanding of the real-world system. Individual algorithms can
often be tested against field or laboratory data and demonstrated to be reliable (Fig. 6), and
the total system can be tested on field data. The equations are empirical but the model as a
whole is a physical description of the hydrological cycle. Experience has shown that such
models can reliably describe the hydrological processes and accurately reproduce streamflow.
50
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Fig. 6 - Comparison of overland flow as observed experimentally with that computed by the function
used in the Stanford Watershed Model and the Hydrocomp Simulation Program.

Man's impact on the hydrological cycle
Man's activities which influence the hydrological cycle fall primarily in the following categories:
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( 1) changed infiltration (through land use, terracing, urbanization, soil treatment, etc.);
(2) changed évapotranspiration (through irrigation, deforestation, crop changes, land
drainage, urbanization, etc.);
(3) changed precipitation through planned or inadvertent weather modification;
(4) change in the groundwater regime through pumping of wells or recharge operations;
(5) changes in the channel system (clearance, straightening, levees, reservoirs, diversions,
etc.).
If a model is to be useful in assessing the consequence of such activities, it must include functions and/or parameters which describe the basin's topography, the moisture retention and
transport characteristics of the basin, and the climatic factors which drive the hydrological
cycle.
The Stanford Watershed Model
The Stanford Watershed Model IV (SWM IV) is such a model and the Hydrocomp Simulation
Program (HSP) adapts the logic of SWM IV to a system which meets the needs of engineering application. HSP consists of three basic modules-LIBRARY, LANDS and CHANNEL
(Fig. 7). LIBRARY is the data management module where input and output are stored until
required for use in another module or for printout. LANDS computes évapotranspiration,
accretion to groundwater, and runoff to the stream channels—all in units of depth (inches
or millimetres). CHANNEL takes the runoff values called Land Surface Runoff (SRO) computed in LANDS and routes these values through the channel system. CHANNEL can compute stage and discharge at the end of each reach of the channel system. Reservoirs, diversions and quality transport routines are also incorporated into CHANNEL.
Con t rol
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Fig. 7 - The general concept of the Hydrocomp Simulation Program.

Figure 8 is a flow diagram of LANDS illustrating the various functions employed and
their interrelationships. I do not plan to discuss the model in detail. It was originally devised
in accord with theoretical conceptions of the hydrological cycle and it has been tested
against available experimental data. The model has been tested on data from over 300 basins
ranging in area from 0.25 mP (0.65 km*) to some 300 000 mi* (800 000 km*). Given reliable input data and accurate streamflow data against which to compare, agreement between
observed and simulated flow is good with annual flow volumes within +5 per cent and peak
flows within +10 per cent. If the available data are inadequate in amount or unreliable, the
agreement between observed and simulated flows diminishes. However, even though event
by event agreement is poor because of data problems, it is generally possible to reproduce
the flood peak probability within 10 per cent and a volume frequency curve with even
smaller errors.

523

/
'
\

ACTUAL
ÉVAPOTRANSPIRATION

——T

\
/

V

'

!
'

h

EPX M
EVAPOTRANSPIRATION

PRECIPITATION

< EVAPOTRANSPIRATION
\
TEMPERATURE
RADfATfON

—

INTERCEPTION
STORAGE

>
/

[

FUNCTiON

|

1

STORAGE

|

*

(

SNOWMELT

(

INPUT

)

<

OUTPUT

>

SUBROUTINE

*

)

INTERCEPTION

"

•

IMPERVIOUS
AREA

A

CHANNEL
INFLOW

i

"
I

INFILTRATION

Downloaded by [174.7.135.149] at 11:26 25 October 2015

;

CB

SRC

RUNOFF
INTERFLOW

UPPER

OVERLAND
FLOW

ZONE

UZSN -,

!
!

k-

ÉVAPOTRANSPIRATION

STORAGE

LZSN
LOWER ZONE
STORAGE

!
:

''
LOWER Z O N E
OR
GROUNDWATER
STORAGE

ACTIVE
OR DEEP
GROUNDWATER
STORAGE

i

!
EVAPOTRANSPIRATION

IRC
INTERFLOW

K3
EVAPOTRANSPIRATION

1

1

DEEP OR INACTIVE
GROUNDWATER
STORAGE

CHANNEL
INFLOW

CHANNEL
INFLOW

''
"K&fStf

''
GROUNDWATER
STORAGE

KK24

"
C H A N ^EL
INFL OW

CHANNEL
ROUTING

Ï
/
\

SIMULATED
STREAMFLOW

Fig. 8 - Flow diagram for the LANDS routine of the Stanford Watershed Model and the Hydrocomp
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USE OF MODELS TO EVALUATE BASIN DATA
How can a simulation model be used to evaluate and transfer results from experimental
basins to other basins? To determine the effect of change on a basin, the model should first
be calibrated or verified with data collected from the basin before the change took place. To
do this, rainfall data are input and flows are calculated and compared with observed flows.
Parameters are adjusted until a good agreement is attained. If the model can accurately reproduce historic flows, it should also be able to reproduce the flows that would have occurred had there been no change (Fig. 9). The comparison of observed post-change flows
with the computed pre-change flows shows directly the effect of the change on flow—flood
peaks, low flows and total volumes.
To predict the effect of a change one must alter the appropriate model parameters. By
calibrating the model to both the before and after cases, the effect of a change in basin conditions on model parameters may be defined. In the following paragraphs several different
changes are discussed.
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Effect of urbanization on the flow of the Sharon Creek, Menlo Park, California.

Urbanization
The principle parameter which is altered to simulate urbanization is the parameter defining
effective impervious area. Increasing this parameter will increase the volume of runoff.
Changes in the channel system from the pre-urbanization case will be reflected by a corresponding change in the channel dimensions input to the model and will normally lead to increased peak flows. Urbanization may also eliminate groundwater and interflow from the
storm drain system which will reduce total runoff volume and seem to increase relative peak
magnitude.
If the test period is short the basin may not have experienced the full range of climatic
conditions which might occur. With the model fitted to before and after conditions, before
and after hydrographs can be simulated for a range of possible climatic conditions, or better
still, if precipitation data are available the computation can be extended over many years.
With 30 or more years of data a comparative analysis of the probability of various streamflow characteristics (peak, volumes, minimum flows, etc.) can be made. Differences in actual
évapotranspiration, groundwater recharge, interflow, etc. can also be evaluated.
Deforestation
If the change involves deforestation its effect can be represented through modification of
évapotranspiration. The remaining shallow-rooted vegetation transpires from a lesser depth
of soil and, therefore, in regions of seasonal rainfall, these plants will transpire less water
annually. Modification of the evaporation parameter in HSP permits simulation of streamflow after deforestation for comparison with natural conditions (Fig. 10).
Weather modification
The consequences of rainfall augmentation can be simulated quite easily. The model is first
calibrated to the basin, and the input rainfall is then increased by an appropriate percentage
and 20 or 30 years of streamflow are simulated for comparison with natural conditions. If
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The effect of fire on basin runoff-a mass plot of flow of the Santa Ynez River for a period
encompassing a major fire.

streamflow has not been observed under natural conditions, this too must be simulated from
the historic rainfall (Lumb and Linsley, 1971). The effect on volume, peak flows and low
flows can be analysed and the storage required to permit utilization of the increased flow
can also be determined. Lumb and Linsley (1971) also showed that a uniform percentage
increase in hourly rainfall amounts gave very similar results to those from a randomly variable increase if the mean increase is the same.
Altered channel characteristics
A change in channel characteristics-straightening, clearing levees, reservoirs, etc.—can be
evaluated by altering the channel description as input to the model. Comparison of the before and after flows over a reasonably long test period will ensure that a range of conditions
are tested and that probability analysis is feasible. In this case the model serves primarily as
a routing model, but it also provided the local inflows to the channel system which are important. A major difficulty with flood routing is often the definition of local inflows.
Water quality
Negev (1967) and Fleming (1967) demonstrated the feasibility of coupling routines for calculation of suspended sediment load with the SWM. Given adequate data before and after a
change in the basin, it is possible to calibrate the sediment model to the basin. As a minimum,
mean daily sediment transport is required for calibration. Scattered observations are not likely to be adequate. Because sediment is a highly variable element in the hydrological cycle,
simulation of a fairly long period is necessary to determine a reasonable value of mean annual
sediment transport.
Sediment production is often heavily dependent on the occurrence of surface runoff to
transport eroded materials to the stream. Thus a model which accurately simulates overland
flow can be expected to be effective in predicting the effect on sediment yield of changes in
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the basin which alter the amount of surface runoff such as deforestation, urbanization, terracing, etc.
The HSP includes algorithms for simulating 15 water quality parameters including temperature, dissolved solids, dissolved oxygen, BOD, algal production and others. To the extent that these factors are affected by flow rates in the stream or by the division of flow between subsurface and surface runoff, changes in water quality caused by changes in the basin
can be simulated. The effect of changes in the nature or amount of pollutants discharged to
a stream from urban or industrial sources can also be simulated (Fig. 11). By simulating a
period of 10 to 20 years, it is possible to demonstrate how the probability of various levels
of a quality index will change as a result of a change in the basin.
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Fig. 11 - Simulated probability of dissolved oxygen under various waste treatment options, South Platte
River, Denver, Colorado (courtesy of Black and Veatch).

STOCHASTIC RAINFALL AND SIMULATION
The examples cited above all suggest that simulation can be used to develop a long record of
flow for comparison of the changes in frequency of events. This is dependent on the availability of a sufficiently long record of precipitation. If such a record is not available, recourse
to stochastic methods may be helpful. Franz (1969) developed a technique for synthesizing
hourly rainfall data for up to three stations using stochastic methods. Subsequent work by
Nasseri (1976) has expanded the procedure to five stations and Varas (1976) has demonstrated that the necessary stochastic parameters can be derived from observed records as short as
five years. Thus, even a short record of rainfall from a pluviograph is sufficient to permit
extension of the rainfall record to any desired length.
Ott (1971) and Nasseri (1976) utilized the stochastic procedure to develop 500 years of
hourly rainfall data, which were then used as input to the SWM to derive flow records of
corresponding length. The purpose of their work was to study the frequency characteristics
of streamflow. Their results indicate that record lengths in the range of 250 years are required to derive stable flood frequency curves (Fig. 12) and that the frequency curves derived from short records show a substantial bias toward overestimating the flow associated
with a given level of probability (Fig. 13). Benson ( 1952), Melentijevich (1967) and others
have derived similar results by other methods, but the work of Ott and Nasseri represents
analysis of something as nearly equivalent to a long record of observed flow as it is possible
to obtain today. The same studies indicate that the probability characteristics of runoff volume are determined reliably with much shorter records than are required for analysis of
flood peaks. They also indicate that no single probability distribution is applicable to all
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Fig. 12 - Frequency curves derived from 20 years samples drawn from a fixed population representing
the Dry Creek and Cloverdale, California.
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Fig. 13' - The probability of overestimating flows for a given frequency as a function of record length.

streams. To date, these experiments have been applied to only 10 streamflow stations and we
cannot draw any conclusions as to what distributions are appropriate. These studies clearly
show that conclusions about the behaviour of streams and changes in behaviour induced by
changes in the basin cannot be described with assurance unless relatively long data series are
used.
THE FUTURE ROLE OF EXPERIMENTAL BASINS
The cases described above make no reference to representative or experimental basins. In
many situations simulation can provide the kind of information which we are attempting to
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obtain from these basins. However, it is often difficult to judge how a basin change influences
a model parameter. The addition of impervious area, modification of rainfall, or removal of
forest vegetation are readily quantified, but the changes in infiltration characteristics resulting from agricultural change, the change in erosion from deforestation and other effects cannot always be as easily estimated. Thus a few years of before and after records from an experimental basin can be most helpful in defining the magnitude of such changes and thus
provide a basis for improved estimates for other basins.
In some cases the nature of a particular process is unknown or difficult to describe in a
model. For example, data from experimental basins have been used by Hydrocomp to develop a model for predicting the amount of agricultural pesticides transported from a basin
(Crawford and Donigian, 1973). Such chemicals may be partially fixed in the soil, undergo
decay with time, wash off in solution or by attachment to sediment particles. The processes
are complex and imperfectly understood, but through experiment, empirical factors can be
developed which can be used in connection with the hydrological simulation algorithms to
predict the amounts of each chemical washed off into the stream under a range of basin and
climatic conditions.
Finally, even though one may feel that he can assume the nature and extent of parameter changes required to simulate a particular basin change, it is comforting to be able to
verify that these assumptions are reasonable. Thus, data from an experimental basin can
serve usefully to demonstrate that certain changes in model parameters do, in fact, reproduce changes in basin response. The model serves as a device for extending the data from
the experimental basin to other basins and to other weather conditions by correctly adjusting for the differences between the physical characteristics of the basins and properly representing the varying influence of the meteorological factors on the hydrological cycle.
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