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1. OBJECTIVES

The research of NTUA-DWR has two basic lines within the framework of AFORISM: the

study of intense, flood producing, rainfall and the study of rainfall-runoff models.
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The study of intense rainfall includes:

analysis and modelling of the temporal structure of storm events at a point and areal
(lumped) basis,

construction of a stochastic rainfall generator by using disaggregation techniques, and
application of the rainfall generator for generation of storm scenarios and testing of the
model results.

The second line of research includes:

evaluation of the performance of several rainfall-runoff models with emphasis on their
runoff production part by treating the transfer to the watershed's outlet in a uniform
way,

addressing the problem of data inadequacy that arises from the gauging networks with
non-recording devices; a methodology for integrating, in a continuous-time model,
information from both daily and shorter time-step data is sought,

investigation of the usefulness of the FDTF-ERUHDIT method in tackling the above
problem described in b,

examining the possibility of initialising continuous-time rainfall-runoff models through
models of the same structure operating on a daily time basis, and

participation in testing of different rainfall-runoff models with the framework of the

common experiment of the project.



2. METHODS, DATA AND MATERIALS
2.1 Methods

Modern techniques, based on the theory of self-similar (scaling) processes are used for
modelling of the time distribution of rainfall. In addition, the meteorological conditions of the
area are considered in order to classify storm events by weather type. New disaggregation
techniques with simple structure and reduced parameter sets, which can be combined with the
stochastic rainfall model are developed.

For rainfall-runoff modelling two well-known conceptual rainfall-runoff models were
applied. An analysis framework for model testing was set up to perform different model
calibrations of the same model on different kinds of data and to link model operation on more

than one time steps.

2.2 Hydrologic data
The Evinos River basin, Middle Greece, at Poros Righaniou with a total area of 884 km? was
selected as the study area. A database was constructed for the rainfall and runoff data for that
basin. For the rainfall model development and parameter estimation the data of three
recording rain gauges for a 20 year period were digitised on an hourly time basis. In addition,
weather maps at the surface and 500 mb level for the same period were used. Some 500
intense rainfall events were isolated from the time series by using certain criteria for event
identification and selection. For the first period of rainfall model testing a data set of the
Aliakmon River basin, province of Macedonia, Greece was also used.

For rainfall-runoff modelling, the following data of the Evinos River basin were

obtained:

(a) Hourly rainfall data of three rain recorders for a 20-year period.

(b) Daily rainfall of six rain gauges for an about 30-year period.

(¢) Hourly runoff data at the outlet for 28 flood events.

(d) Hourly runoff data at the outlet and maximum and minimum daily temperatures for a 2-
year period.

(e) Daily runoff at the outlet for a 8-year period.

(f)  Daily mean temperature of 3 measuring stations, for a 8-year period (as in e).

2.3 Materials

The FDTF-ERUHDIT identification package was obtained from French EDF within the frame
of collaboration with the French partner. Initial FORTRAN code of the TANK model was
provided by UNIBO-ICI and served as a basis to recode the model All the developed models
have been programmed and run on a PC/DOS environment in Pascal programming language.

No other software packages have been used. It is scheduled that part of the rainfall model will



be transferred into a UNIX environment with C programming language on a HP/730 RISC

workstation.

3. RESULTS TO DATE
3.1 Rainfall modelling

For the rainfall analysis and modelling, the data set of intense rainfall events at the Evinos
River basin, was analysed. Initially, the rainfall events of both rainy and dry season were
classified into different weather types. The specific weather types examined were introduced
by Maheras (1982) and their definition depends on weather characteristics such as the location
of centres of anticyclones, the main trajectories of cyclones, and some special characteristics
at the surface and at the 500 mb level. It was found that two of the weather types, namely the
cyclonic types SW1 and NW1 give rise to the majority of intense rainfall events (about 30%
each one), while other four cyclonic types (W1, W2, SW2, NW2) and one special type (DOR)
produce intense rainfall at a less frequency. The main characteristics of the rainfall events
(mean and variance of event duration and of total and hourly depth; lag one autocorrelation
coefficient of hourly depth) were calculated for each class of events belonging to a specific
weather type. By comparison of different classes it was concluded that, apart from the
probability of occurrence of a storm, only few significant differences appear between
characteristics of different weather types. Thus, the introduction of weather types does not
explain high portion of the variability of rainfall. On the contrary, the differences of the
rainfall characteristics between rainy and dry season are statistically significant.

The temporal structure of the rainfall at an event basis was modelled by a self similar
(simple scaling) model (Koutsoyiannis and Foufoula, 1993). The model is based on the
hypothesis that the rainfall process at any time position in the interior of a storm of a certain
duration is a simple scaling process with a constant scaling exponent. Thus, the processes of
intensity in two events with different durations are proportional (in distribution) to each other,
under appropriate scaling of time determined by the ratio of the durations, with the
proportionality ratio being a power of the ratio of durations with exponent equal to the scaling
exponent. The consequences of this hypothesis are that the mean and standard deviation of
total storm depth increase with duration each according to a power law with the same
exponent; also, the mean and standard deviation of the incremental, say hourly, depth increase
with duration according to the same power law; the lag-one correlation coefficient of
incremental depths increases with duration; and the decay rate of the autocorrelation function
of the incremental rainfall depth decreases with duration. At the stage of initial model testing
the rainfall data of the Aliakmon River basin were used and it was found that the model is in
good agreement with those data. Furthermore, it was found that the scaling model is superior
to other simple temporal rainfall models, which were unable to capture important statistical
properties of storm rainfall.



The model was subsequently applied to the data of Evinos River basin and calibrated
separately for the storms of each of the two seasons (rainy and dry). It was found to fit well to
the historical data of both seasons, thus providing a basis for modelling of intense rainfall
events. It is remarkable that the fitting is also good for rainfall characteristics that were not
used explicitly for the estimation of model parameters. The conclusion is that the scaling
rainfall model fits the intense rainfall data in both seasons and thus, can provide a basis for
modelling of intense rainfall events.

In addition, an event-based rainfall generation model was developed which embodies
two different generation forms: a typical sequential form and a disaggregation form. Both
forms of the generation model are compatible and can be combined with either the scaling
model or any other appropriate rainfall model and can perform with arbitrary time step less
than the duration. The sequential form of the model is based on the generalised matrix relation
X = QV where X is the vector of incremental depths inside the event, V is a vector of
independent variables and € is a matrix of coefficients. Given the marginal and joint
moments of the incremental depths (e.g., as a consequence of the scaling model) the moments
of V and the coefficients Q can be easily determined.

On the other hand, the disaggregation model can divide the total depth of an event with
known duration into incremental depths. The disaggregation technique is characterised by
simplicity and parsimony of parameters; it assumes a random shape of the hyetograph and it
is compatible with various rainfall models. It is well known that most disaggregation models
of the literature (e.g., Valencia and Schaake, 1972, 1973; Mejia and Rousselle, 1976; Todini,
1980; Stedinger and Vogel, 1984; Pereira et al., 1984; Lane and Frevert, 1990; Grygier and
Stedinger, 1990; Koutsoyiannis, 1992) are not applicable to short scale rainfall
disaggregation. Other models such as the one by Koutsoyiannis and Xanthopoulos (1990) are
especially designed for short scale rainfall disaggregation but are not so generalized as to be
combined with any rainfall model since they include certain hypotheses about the stochastic
structure of the rainfall process. The present model is generalized in a high degree since the
only hypothesis it uses is that the incremental rainfall depths are approximately gamma
distributed and not very highly serially correlated. With this assumption it was found that a
simple disaggregation method consisting of two steps, where the first step consists in the
application of the above mentioned sequential model and the second is an adjustment
procedure, can give good approximations of the important statistics of interest. Furthermore,
under some ideal conditions the disaggregation method was shown to be exact in a strict
sense, i.e. it preserves the complete distribution of the variables. Both generation techniques
were combined with three alternative rainfall models (the scaling model, a Markovian in
continuous time and a Markovian in discrete time). The results of the model application and

testing at these three cases indicated good approximation of the important statistics of



incremental rainfall depths (first, second and third order marginal moments, marginal
distributions, and joint second order statistics).

The generation model was then reformulated such as to form a generation scheme of the
future evolution of a storm given the situation at the current time step k& and the previous ones.
For this purpose, a conditional simulation scheme with two main steps was used. At the first
step the total duration D is generated from the conditional distribution given that D > k. The
second step involves the generation of the sequence of incremental depths X;(j=ktl, .., D)
given the observed depths X ..., Xj.

Three different implementations of the conditional simulation model were examined. In
the first implementation nothing was presumed about the future of the event except for the
condition D > k, while in the second implementation it was assumed that the duration D was
approximately known from a meteorological prediction with an accuracy of 10%. In both
implementations, starting at the situation of the step %, the complete evolution of the
hyetograph till the end of the event was generated. By applying these two implementations
and comparing with historical data it was found that the forecasting is poor for both of them,
except for an initial time period. The third implementation concerned a forecasting scheme
with one-hour lead time, which adapts its conditions every hour given the updated series of
hourly depths. By application of this implementation and comparison with historical data it
was found that the forecasted hyetographs capture the shape of the observed hyetograph. The
main conclusion drawn from this part of the study is that, due to the high coefficient of
variation ( > 1) and the relevantly low autocorrelation function of hourly depths, the
stochastic forecasting of the evolution of the rainfall process is impractical. However, an one-

hour forecasting by stochastic methods may be feasible.

3.2 Rainfall-runoff modelling

In steep headwater basins with a size ranging from several tens to several hundreds km?2, as it
is very frequently the case in the Mediterranean zone, very short response times (up to a few
hours) are encountered. This obliges the modeler of the basin’s response to adopt a time step
for discretisation of the hydrologic data within the range from a fraction of 1 hour to a few
hours. This kind of data necessitates the existence of recording devices such as recording rain
gauges, stage recorders and recording temperature gauges. However, during the design phase
or even the very early stages of operation of a flood forecasting system a common situation
for many catchments consists in the following: (a) a rather dense network of non-recording
devices is present providing data for a long period (e.g. 20 or 30 years or more) on a daily
basis in the most usual case, (b) there are a few recording devices with short periods of
operation providing discontinuous records in most cases related to some water resources
study, and (c) a proper network of recording devices is planned to be installed. In such a
situation the modeller of the basin faces two alternatives: (a) either use only the limited set of

pieces of continuous charts to extract some flood events and then follow an event-based



modelling approach, or (b) use the above charts in combination with the daily data in the hope
to embody all available information in a continuous-time model. It is the latter approach that
we have chosen to explore within the AFORISM project.

We limited our analyses in the calibration of continuous-time lumped rainfall-runoff
models which are widely used in flood forecasting for small and medium-sized headwater
basins. Among the models of this category we have chosen those that have the common
structure used in the Unit-Hydrograph modelling context, namely they comprise of one first
part called production function and a second part, the transfer function. The first part
summarises all hydrologic processes involved in an idealised soil column representative of the
whole basin and yields the runoff volume or effective rainfall for each time step. The transfer
function encompasses all transfer processes within the catchment and is reasonably assumed
linear thus satisfying the assumptions of the Unit Hydrograph. In a recent paper (Duband et
al.,, 1993) a new approach for calibrating lumped rainfall-runoff models, called FDTF-
ERUHDIT was presented. Based on the Unit Hydrograph concept, the method performs a
simultaneous identification of the effective rainfall series and the First Differenced transfer
function or Unit Hydrograph through an alternate iterative procedure without presupposing
any runoff production function or applying any arbitrary baseflow removal. The FDTF-
ERUHDIT method was a key element in our analyses. We set up a framework for model
validation which is then applied to a Greek basin. Two well-known rainfall-runoff models
were selected for the analyses, the version of the SACRAMENTO model adopted by the U.S.
National Weather Service known as the Soil Moisture Accounting (SMA) of the U.S.
National Weather Service River Forecast Service or SMA-NWSRFS (Burnash et al., 1973),
and the TANK model (Sugawara et al., 1983).

Our approach consisted in the following:

(a) For each model structure (e.g. that of the TANK model) calibrate a daily model based
the long continuous-time data set that is available.

(b) Calibrate the transfer function of the model on the time step suitable for the dynamics of
the basin which in our case was equal to 1 hour; the calibration is made on the event-
based data set available through the FDTF-ERUHDIT method without presupposing
any production function.

(c) Based on the above identified parameters construct a new continuous-time model,
called the derived model; its production function parameters are derived from those of
the daily model while the parameters of its transfer function are the only ones which are
directly identified (as described in b).

The problem is how to perform this transformation of the parameters of the production
function from one time step to another. We studied a certain number of cases related to the
model structures selected; these cover, to our opinion, a broad spectrum of cases appearing in

conceptual rainfall-runoff models commonly used in practice.



The framework for validation of our approach comprised of the following steps:

(1) Identify, for comparison purposes, a reference model on the continuous-time data set
available on a short time basis; of course, this data set is available only in our case study
and not in the real-world situation that faces our approach.

(2) Based on the continuous daily and the event-based data sets obtain the derived model.

(3) Evaluate and compare the performances of the two models.

(4) Examine the possibility of initialising the derived model through the daily model; a
composite scheme is tested on several flood events: first the daily model is run up to the
day before the flood and then the derived model is launched.

(5) Detect any deficiencies in the composite scheme and propose improvements.

The above framework was applied on the Evinos watershed through an extensive series
of tests. The transfer function identified through the FDTF-ERUHDIT method over a length
of 20 time steps through 5 iterations is found to have a time-to-peak equal to 6 hours. The
overall determination coefficient starts from 0.823 in the first iteration and reaches 0.918 in
the 5th iteration; for the Sth iteration it varies from 0.723 to 0.980 for different events.

The performance criteria for model calibration and verification periods were compared
for both the daily and the hourly reference models. The results are practically the same for the
two model structures as reported by others (see, for example, Franchini and Pacciani, 1990).
The daily models were less good than the hourly ones and their performance criteria were
lower by 10 to 20% from those of the hourly models. Then, a comparison was made between
the derived models and the corresponding reference models. We observed that the
performance of the derived model is very close to that of the daily models, that is only 10 to
20% lower than the best (i.e. the reference) models.

To investigate the possibility of initialising the derived model through the daily model
we examined the transferability of the values of state variables from the daily to the derived
hourly model. This was done by performing a linear regression of the end-of-day values of
these states for the two models. For the SMA-NWSRFS model very high values of R? (higher
than 0.85) were found for all state variables of the lower zone of the model while for the
upper zone R2 took rather poor values. The same result was shown by the regression
coefficients oo and . For the TANK model the results were completely analogous: high
values of R? for the variables of the lower zone and rather poor values for the upper zone; in
the latter zone only the contents of the two subtanks and were used in the analysis because of
the fact that the other variables (the contents of the two free water storages) took values
always very close to zero; in fact their depletion coefficients summed practically to unity thus
excluding any storage functioning of these elements and in any case a zero value was always
a good prediction. Of course, this result is particular to the dynamics of the basin chosen as
compared to the time steps used, but it does not pose any problem to the validation of our

methodology nor reduces the generality of the approach.



After having been assured that a direct transfer of the states from the daily model to the
so called derived model is possible, we tested, for some flood events, a simulation scheme
with the daily model providing initial conditions for the derived model; the latter model is
activated only in flood periods. Comparisons with the continuous run of the reference model
showed that this composite scheme is satisfactory especially if the contents of the upper
storage elements are tuned at the moment of shifting from the daily to the derived model.

The main conclusions drawn from our study are:

(1) It is not an uncommon situation for many countries to dispose inadequate hydrologic
data during early stages of design and development of a flood forecasting system; in
particular, large amounts of daily data are usually available together with event-based
data sets; while the most straightforward approach is to calibrate event-type model, we
propose an alternative approach to calibrate a continuous-time rainfall-runoff model
integrating both daily and shorter time-scale information

(2) The calibration procedure recommended utilises the FDTF-ERUHDIT method for Unit
Hydrograph identification to estimate the transfer function while the runoff-production
function is derived by calibrating the whole model on daily data.

(3) The resulting derived model performs well in continuous simulation and can be easily
initialised through the daily model; the performance of this scheme is very much
improved through tuning of the states directly related to the quickflow component of the
runoff.

(4) The methodology for integrating information on different time steps in a continuous-
time rainfall-runoff model was validated in a modelling context with noisy data similar
to that motivated the whole study; further insight can be expected by making extra tests

on generated error-free data; an attempt to do this is planned for the future

4. FUTURE WORK

4.1 Rainfall modelling

The objectives concerning the rainfall modelling are almost fulfilled by the end of the second
year. What it remains is the completion of analysis of weather types and the calibration and
application of the model in the Reno River basin. After the extension of the project by one

year, an attempt will be made for the extension of the model to a multivariate form.

4.2 Rainfall-runoff modelling

We consider that the objectives of the AFORISM project have been attained as far as the
implementation and testing of rainfall-runoff models to a Greek basin. As an outcome of this,
a methodology for coping with data inadequacy was set up and extensively tested. Within the
extension period (third year) of the AFORISM project the models already implemented in a
Greek basin will be applied in the Reno River Basin which was chosen for the common

experiment of the project
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