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PREFACE
Since its inception in 1981, WCP-Water has provided a
framework for the international co-ordination of water-related
activities associated with the World Climate Programme. These
activities are undertaken by various international organizations,
and also by national agencies concerned with the interaction
between climate and water resources. In fact it is very fitting
that national as well as international projects are included in
WCP-Water because ultimately all international programmes depend
directly or indirectly on work undertaken at national level.
In order to give due recognition to the role of national
projects in WCP-Water, the WMO Secretariat is pleased to
reproduce the reports of some of these within its Technical
Document series.
The first, a report on a non-parametric
framework for long-range streamflow forecasting, was issued as
WCASP Report #17 in 1991.
This, the second such report, summarizes over ten years of
work by the Czech Hydrometeorological Institute in compiling data
for application to the planning, design and management of water
resource systems. At a time when there is an increasing demand
for soundly-based data of this nature, we are confident that this
report will be of interest to a wide audience.

V.G. Boldirev
Director
World Climate Programme
Department

Director
Hydrology and Water Resources
Department
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FOREWORD
In the late eighties, the Czech Hydrometeorological
Institute (CHMI)
started its co-operation
within the
framework of the World Climate Programme-Water (WCP-Water).
Since then the Institute
has participated in several
projects of the programme.
WCP-Water as a component of the World Climate Programme
has been focused, among other topics, on the application of
climate information in hydrological studies. Provision of
hydrometeorological information for planning, design and
management
of water
resources is
one of
the main
responsibilities of the Institute. Consequently, one of the
CHMI contributions to the World Climate Programme-Water
involved the activity area C on Application of Climate
Information in the Planning,
Design and Operation of
Water-Resource Systems. Within this activity area, the
project C.5 on Re-analysis of Hydrological Observations in
Czechoslovakia is under the sole responsibility of the
Institute.
The project is divided
into the following
sub-projects classified by the subject matter:
(i)

three

analysis of long-time hydrometeorological data series;

(ii) re-analysis
and,

of

hydrometeorological

characteristics;

(iii) changes in water balance.
This paper
item (ii).

represents

the

Vâclav Kulhânek
Deputy Director for Hydrology
Czech Hydrometeorological Institute
Prague, December 1992

contribution

under

the

1.

INTRODUCTION

Planning and management of surface water resources in
Czechoslovakia is based predominantly
on a number of
selected hydrological parameters that are in general denoted
as basic hydrological data. These data involve the following
characteristics: catchment area, mean annual precipitation
depth over the basin area, long-term mean discharge, M-day
(p-percent) flows (flow duration curves), and N-year peak
flows (flood frequency curves).
The Czech Hydrometeorological Institute evaluates many
other
hydrological
characteristics
but
the
basic
hydrological data
represent prevailing amount
of the
information provided to users. The Institute's concern is
the ability to produce these data for any river network
site.
In order to achieve this objective, several research
projects were undertaken in the past decade for developing
procedures
for
estimating
basic
hydrological
data.
Attention was subsequently paid to both the methods for
evaluation of observed data and the techniques for data
estimation at ungauged sites. The studies concluded by
development of procedures
for verification of resulting
characteristics.
In this area of interest, the present paper summarizes
the CHMI efforts since 1981, when it was decided to begin an
overall
evaluation
of
hydrological
and
related
climatological data observed up to the year 1980.
The result, an integrated system
of hydrological
techniques, algorithms, and software packages has been
applied for the estimation
of flow statistics (basic
hydrological data) at both gauged and ungauged sites.
The system, described in the present study, has been
tested at CHMI regional offices using data sets comprising
all observed data available for the territory of Bohemia and
Moravia for the period 1931-1980 for precipitation and mean
discharge series, and the period from the beginning of
observation at individual water gauge stations up to 1985
in the case of annual flood series.
In order to avoid misunderstanding, the definitions of
the studied hydrological
characteristics are presented
below. The definitions correspond to Czechoslovak standards.

Long-term mean annual precipitation depth over a basin
area P [mm], long-term mean discharge Qa [m .s"1],and M-day
discharges Q M d or p-percent discharges Q p ^ [m . s ~ , l.s-1]
are
evaluated for
the identical
period (at present
1931-1980) of water years. A water year begins in CSFR on
the first of November of the preceding calendar year.
The precipitation depth is a volume of water from
precipitation, that has fallen over a catchment in a given
time interval, expressed by the depth of water layer
uniformly distributed over the area.
The mean discharge is an arithmetic average of all
discharges in a given stream site from a given period. It is
determined as the total discharge volume of streamflow
divided by the number of seconds in the considered period.
The M day discharge is the mean daily discharge equaled
or exceeded for M days in a chosen period, in particular in
the
period
of
a
water
year.
For longer periods
(e.g.1931-1980),
M
refers
to
an
average value of
M magnitudes calculated from individual years.
The p-percent discharge is the mean daily discharge
equaled or exceeded for p % of days in a chosen period, in
particular in the period of a water year. For longer periods
(e.g.1931-1980),
p
refers
to
an
average value of
p magnitudes calculated from individual years.
The N year maximum discharge (peak flood) Q N [nr^.s"1]
is the instantaneous peak discharge that is equalled or
exceeded on average once in
N years. Owing to this
definition, a reciprocal relation between return period
N and probability of exceedance p of an annual series does
not apply. The value f=l/N expresses the mean annual
frequency of a given discharge and its relation to the
probability p is given by equation 3.4.16a.

2.

EXECUTIVE SUMMARY

Hydrological
techniques,
algorithms
and software
packages
described in detail in the following chapters
have
been
developed
for
systematic
processing
of
precipitation and discharge series with the goal to estimate
hydrological design parameters at gauged as well as ungauged
sites.
Literature review, analyses of various methods and
their subsequent verification and application were carried
out step by step within the framework of several projects.
The research reports, referred to below, include complete
lists of references. Main references are given in the
relevant chapters.
At the initial stage, daily discharge series from the
main water gauge stations in Bohemia and Moravia were
available, while other necessary data sets, such as maximum
flow series, monthly precipitation depth series and basin
parameters, had to be prepared (Chapter 3.1).
In the next stage, it was necessary to verify the data
quality and homogeneity (Chapter
3.2) and to develop
procedures for filling in missing data (Chapter 3.3). The
results of
these studies are
presented in Kubinovâ,
Skalicka, 1984,
Novicky, Kaspârek, Dvorak,
1980, and
Kaspârek, 1982.
The calculation of precipitation and discharge series
statistics for catchments of water gauge stations (Chapter
3.4, Annex 2, Annex 3 ) was carried out in Kaspârek et al.
(1983, 1985) studies.
The Novicky, Kolâfovâ,
Kaspârek, 1991 study (see
Annex 1) involved a comparison of precipitation and flow
statistics obtained from data processing up to the year of
observation 1960 (published in "Hydrological Conditions of
Czechoslovakia", 1965) and from records up to the year 1980.
Regional regression equations (Chapter 4.2, Annex 4)
derived in Kaspârek et al., 1983, and Kubinovâ, 1988,
relating precipitation and flow characteristics to catchment
parameters,
provided
reliable
estimates
of
mean
precipitation depths and mean discharges. However, it was
necessary to verify the results from the viewpoint of their
relationship (reciprocal balance) in a river network.

For other mean and maximum flow statistical moments and
quantiles, the regional regression estimates did not provide
sufficiently reliable results. In addition, they did not
meet the rules for transformation of flow characteristics in
sites of a confluence node. Investigation of these relations
and application of the results in flow statistics estimation
helped to overcome these deficiencies (Chapter 4.3, Annex 5,
Annex 6).
The solution described in detail in Kaspârek, 1987,
Kaspârek, Kolâfovâ (1987, 1990), Novicky, Kaspârek, 1988,
which utilized both the regional regression estimates and
the rules expressing
transformation processes of flow
characteristics at confluence nodes of a river network
(Chapter 4.4), was applied
for extrapolation of flow
characteristics beyond catchments of water gauge stations.
At this stage, an outline network of ungauged sites was
selected and the extrapolation technique was applied to
estimate mean and maximum flow and flood statistics at each
site
of the
network. The
outline network
contains
approximately one thousand river sites on the territory of
Bohemia which means that corresponding basin areas are about
50 km or more.
Techniques
were developed
in Kolâfovâ, Kaspârek,
Novicky, 1990 to utilize the above results as entry data for
further extrapolation of hydrological characteristics into
a system of detail network of ungauged sites (Chapter 5 ) .
This system, containing approximately five thousand river
stretches
(on the
same territory),
was created
as
a structural model of a river network (Ôizek et al., 1979)
which allowed the estimation of hydrological characteristics
by tracing the river network upstream or downstream from
a point where the data are known. The estimation technique
could then be fully automated.
An
extensive
set
of
derived
hydrological
characteristics
is now
available, which
enables the
estimation of basic hydrological data for any river network
site by applying simple interpolation and extrapolation
techniques
and
algorithms
for
suitable
theoretical
probability distribution functions.
For verification of reliability of the estimates,
a software package was developed (Kaspârek, 1991) that
enables various test characteristics to be derived and
illustrated (Chapter 5, Annex 7).
The entire processing system (see Table 2.1) has been
tested and applied at the regional hydrological offices of
Czech Hydrometeorological Institute using data from the
territory of the Czech Republic.

Table 2.1

Estimation of

hydrological design data

INPUT
INFORMATION

HYDROLOGICAL
TECHNIQUES

RESULTS

Observed discharge
and precipitation
series

Data verification
tests
Regression analysis
Areal averaging
methods
Statistical
techniques

Precipitation, mean
and maximum flow
moments and
quantiles for basins
of water gauge
stations

Regional
Precipitation and
regression
flow statistics
analysis
and physical
parameters of water
gauge station
basins

Regional equations
for precipitation
and flow statistic
estimation

Flow statistics at
water gauge
stations
Regional estimates
of flow statistics
Basin parameters
for ungauged river
sites of outline
river network

Extrapolation
Flow statistics and
techniques applying basic hydrological
regional estimates data
and flow statistic (design parameters)
relations in river at outline river
network,
network sites
tracing river
network upstream or
downstream from sites
of water gauge stations
Statistical
techniques

Precipitation and
flow statistics at
sites of outline
network
Regional estimates
Structural model
of river network
containing basin
parameters

Fully automated
extrapolation
technique,
tracing river
network upstream
or downstream from
outline network
sites
Statistical
techniques

Precipitation and
flow statistics and
basic hydrological
data at ungauged
sites of detail
river network

Precipitation and
flow statistics at
sites of detail
network
Geographical
coordinates

Simple
extrapolation
techniques
Statistical
techniques
Computer graphics

Basic
hydrological data
for any river site
presentation and
test graphics

The following chapters describe in detail specific
steps
of
data
processing
including
case
studies
selected from the Elbe River Basin on the territory of
Bohemia. Annex 7 presents examples of some results and
outputs for the Otava River Basin (Kolafova et al., 1988,
Kolafova, Kaspârek, Novicky, 1990).
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3.

HYDROLOGICAL DESIGN DATA IN WATER GAUGE STATIONS

3.1

Entry Data Sets

In order to estimate basic hydrological data for basins
of water gauge stations,
three entry data sets were
processed: monthly precipitation depths at precipitation
stations,
daily flow
series,
and instantaneous peak
discharges observed at water gauge stations.
The study included the area of the Czech Republic.
Examples presented below illustrate data processing for the
Elbe River Basin on the territory of Bohemia.
In case of mean daily flows and monthly precipitation
depths, data from period 1931-1980 were used. For peak
discharge series, periods from the beginning of observation
up to 1985 were considered.
Mean daily flows were available from a database of the
CHMI Hydrofond, monthly precipitation depths were taken from
climatological yearbooks and peak discharge series were
derived using stage records and rating curves.
Monthly Precipitation Depths
An extensive set of monthly precipitation depths,
comprising data from 1 958 rain gauge stations from the
entire
territory
of
Bohemia
was
transferred
from
climatological yearbooks to a computer database (Dvorak et
al., 1984). However, individual series differ considerably
in length and period of observation. Many precipitation
stations have gaps in their records and thus only 29
stations have a complete record throughout the period
1931-1980. Another 18 series have aggregate gaps shorter
than 6 months.
Mean Daily Discharges
Data from 232 water gauge stations were available for
the study. Some series or periods had to be dropped from the
analysis due to the substantial impact from human activities
in certain regions mainly in the most recent ten years.

Observation from about 150 stations (see Fig. 3.1.1)
could fully be used for determination of the hydrological
design data. A continuous record from 1931 to 1980 was
available at 53 stations, 75 series were longer than
20 years.

i-i

«-'

Fig. 3.1.1

Location
of water
the Elbe River Basin

gauge

stations

in

In comparison with the previous analyses the results of
which were published in the Hydrological Conditions of
Czechoslovakia (1965), the entry data set of this study was
much more comprehensive. For example, this set involves
about twice as many 30-year series than the previous one
with 66 series.

8

Maximum Discharges
For the purpose of the study, partial duration series
had been prepared for the period of observation up to 1985.
The threshold had been selected in the range of the
estimated 30 day mean discharge (Q^od^ a n d t n e f l o o d with
a return period of half a year (Qwoj. Another criterion had
required that the series should include between two and four
events in each year and that maximum floods from both summer
and winter seasons should be involved.
A total of 155 partial series (see Fig. 3.4.1) were
prepared, which was about twice more than the number of the
series available in the previous data analysis. The length
of the series varied from 13 to 125 years with an average of
51 years.
It was also possible
to investigate and include
historical floods (altogether 62 events) at some of the
water gauge stations.

3.2

Verification of Data

Assessment of the
hydrological regime becomes at
present very difficult because of human impact on water
resources in majority of catchments. Possibility of its
elimination for estimation of discharge characteristics is
limited by lack of knowledge of sources of perturbations.
For this study, the information about withdrawals of
surface water and groundwater, discharge of waste water,
transfers of water between river basins, and reservoir
operation was available in a form acceptable for computer
processing since only 1979.
For these reasons, an analysis of time homogeneity of
each of the series was carried out and aimed at the
detection of errors and significant human impacts (Kubinovâ,
Skalicka, 1984). Attention was paid to the series of mean
daily flows. On the basis of the results, it was decided to
what extent the given series can be used for further
processing. When calculating characteristics sensitive to
the impact of human activities, only series from a period
before the beginning of considerable perturbation were used.
A number of series were affected for the whole 50-year
period or for its substantial part. In these cases, however,
the human impact was relatively small and the flow regime
was not significantly changed.

Two approaches were applied to analyse the homogeneity.
The first approach was based on the analysis of the double
mass curve, the second on the information on withdrawals,
discharge flows, transfers and manipulation on reservoirs.
On the basis of these data, being held by the Water
Resources Research Institute, natural monthly discharges for
the year 1980 were estimated. For identification of the
impact from human activities, relative deviations dQ of
measured (QM) a n d estimated natural discharges (QJJD^ w e ^e
calculated
QM

dQ

" QND

=

. 100 (%)

(3.2.1)

QND

where

QND
QW
QR
QO

=

Q M + QW - QR + QO

(3.2.2)

- total withdrawals
- total return water
- total effect from reservoir operation

The quantities, expressed in m .s" 1 , included all known
cases upstream of the water gauge station.
The frequency distribution of the deviations dQ related
to
the mean
annual
and
monthly
discharges
are
shown in Fig. 3.2.1.
In terms of the mean annual discharge, only 10 % of
observations are not influenced. On the other hand only
17 % of the deviations exceed the value of 5 % which is
comparable with the expected accuracy of the mean annual
discharge. Thus, in the majority of water gauge stations,
the mean annual discharge in 1980 was not considerably
affected by human activities.
In this context, we have to take into consideration
relatively high
discharges in 1980.
The mean annual
discharge of the Elbe River at Décin (the basin which
represents territory of Bohemia) was 489 m .s" 1 that exceeds
the long-term mean by 58%.
In terms of monthly flows, the frequency histogram in
Fig. 3.2.1 shows that the maximum deviations higher than
10 % occurred at about half of the stations. From this point
of view, the impact of human activities was significant. On
the assumption that the impact occurred in the last years of
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Fig. 3.2.1
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Frequency
histograms
of
relative
deviations expressing differences between
measured and natural discharges in water
gauge stations (the Elbe River Basin in
the year 1980)

the 50-year period,the long-term characteristics need not
necessarily be affected. Each of the series, however, needs
an individual analysis focused on the period and the cause
of the impact.
Double mass curve analysis was applied to annual flows
taking downstream sites as reference series. Based on the
characteristic shape of the double mass curve, the results
were classified into four categories:
(a)
(b)
(c)
(d)

straight line with small random deviations;
change in slope in one of the last ten years of the
period 1931-1980;
considerable change in slope of the curve;
several changes in slope,complex shape of the curve.

A summary of the results shows that 51 % of the series
can be considered homogeneous, 11 % of discharges are
affected in recent years, 25 % of curves have considerable
single changes in slope, and 13 % of curves belong to the
least acceptable group
comprising curves with several
changes in slope.

- 11 -

The results
should be carefully
interpreted. An
exhibition of inhomogeneity relative to, say, discharges of
the Elbe River at Décin, need not signify that the series is
affected. On the other hand,
a series that seems to be
homogeneous can bear a systematic error along the whole
period of observation. The analysis of homogeneity can be
a valuable tool not only
for the hydrological impact
studies,
but
also
for
data
verification. Detailed
examination
of
a
particular
series
and subsequent
corrections of erroneous data is a time-consuming task, but
it is an important part of the primary data processing.

3.3

Filling-in Gaps

As the majority of the stations had gaps in their
records, an appropriate techniques had to be found in order
to estimate missing data.
The absolute majority of 1 958 precipitation stations
did not have continuous record in the reference period
1931-1980. Estimation of missing data in precipitation
series would have been thus an extremely time consuming
task. A technique was therefore developed for calculation of
average precipitation depth over the basin area that uses
precipitation records without previous estimation of missing
data (see Chapter 3.4).
For the assessment of applicability of regression
analysis for estimation of missing maximum discharges,
a numerical experiment was carried out (Novicky, Kaspârek,
Dvorak, 1980). A 50-year series of annual maximum discharges
(the Otava River at Susice) was estimated using regression
equations. The estimates of regression parameters were based
on a set of 62 floods that had been recorded by five
stations in the Otava River Basin.
Statistical
characteristics
and
theoretical distribution of the 50-year
calculated for two modifications:

parameters
of
series were then

(a)

of

(b)

omitting
a
certain
(5 and 10 years);
estimating
the segment

segment
by

observation

regression

The characteristics and parameters were
with those of the observed series.

equations.

then compared

The study showed that using even a considerably close
correlation (with the correlation coefficient 0.9) did not
substantially improve statistical estimates in comparison
12

with the case when a segment had been omitted. For a looser
correlation, the estimates of characteristics Q m a x / Cv max'
Q 1 0 Q / ç^ were, in the majority of cases, even worse.
As a result, it was decided not to complete maximum
discharge series. The data from the beginning of observation
up to 1985 were then taken in subsequent processing.
Closer attention was paid to completion of the mean
discharge
series
1931-1980
and
estimation of their
statistical characteristics. The following techniques were
applied:
(a)
or
where

Linear regression of the type
QD

=

b.QA

(3.3.1)

QD

=

b.QjNT

(3.3.2)

QD
b
QA

- discharge of the series to be filled-in
- regression coefficient
- discharge
in
the
reference
station
(analogue station)
Q I N T - discharge from the interbasin, calculated
using the equation

QiNT
where

^UPST
QDNST

=

^UPST ~ S ^DNST
" ou
i n f l o w ot the interbasin
~ tflow of the interbasin

The b coefficients
discharges
calculated
observation.
(b)

were derived as a ratio of mean
from
segments
with
parallel

Multiple regression equation of the type
QD

where

(3.3.3)

=

S (bj.QA.j) + a

(3.3.4)

QA.J ~ discharges of the analogue
b-t * - regression coefficients
a
- intercept

The regression coefficients were estimated by the least
squares method. The stepwise regression was applied to
select suitable analogue stations.
In cases when the above techniques did not yield
satisfactory results, a procedure, based on the assumption
that the exceedance curve standardized by the mean discharge
is stable in time, was
used. The estimation of the
13

distribution of mean daily discharges
following characteristics:

was then based on the

- mean
discharge
Qa
of
the
period
1931-1980
estimated on the basis of regression relations,
- quantiles of a flow duration curve modified to the
corresponding levels of 1931-1980 using the relation:
Qa
'O.i
where

QaOBS

QoBS.i

(3.3.5)

QaOBS ~ m e a n discharge of the observed series
^OBS.i ~ 3 u a n t il e o f the observed series

This technique was applied for a small number of the
series, particularly for those where the application of
regression methods was problematic because of lack of
a suitable analogue.

3.4

Evaluation of Statistical Characteristics

The main objective of this part of the study was to
estimate
basic
hydrological
data
i.e.
mean annual
precipitation depth, mean discharge, flow duration curve
(for 1931-1980) and flood frequency curve (for the period
from the beginning of observation up to 1985).
Precipitation
A method for calculation of monthly precipitation
depths over a basin area which did not require any prior
filling-in missing data was developed (Dvorak et al., 1984).
The method uses an arithmetic average of precipitation
depths from stations where a record is available for a given
month. The average is subsequently corrected by applying
regression relation between precipitation depth and altitude
that is to be derived for each basin in advance. The
following equation was used in the study:
a + b.H
P±
where

=

Ps

(3.4.1)

a + b.Hs
P^ [mm] - monthly precipitation depth over basin
area, where subscript i refers to
a particular month

14

P s [mm]
H [m]
H s [m]
a,b

- average of
monthly
precipitation
depths observed in rain gauge stations
- mean basin altitude
- average elevation of a set of rain
gauge stations used in the given month
- parameters
of
linear
regression
equation relating precipitation depth
and elevation

The results were tested
determined by isohyetal method.

and

found

close

to those

Characteristics of Mean Daily Flows
The following relation was used
discharge (Qa) for the period 1931-1980:
Qa
where

to

k
( S Qi) / k
j=l

=

calculate mean

(3.4.2)

Q-; - daily discharge, subscript
j refers to
the day
k
- number
of
days in the 50-year period
1931-1980.

Moment estimates of the coefficients of variation (Cvd)
of mean daily flow series 1931-1980 were calculated using
the relation:
S (Qi - Qa) 2
Cv d

(3.4.3)

=
Qa

k - 1

and moment estimates of the coefficients
of mean daily flows 1931-1980 from:

of skewness (Csd)

k S (Qi - Qa) 3
j=l
Cs d

=

—
(3.4.4)
(k-l).(k-2).(Qa.Cvd)3
The formulae (3.4.2) and (3.4.3) were applied to both
the series with 50-years of observation to the series
completed by regression.
Empirical flow duration curves
applying a standard algorithm that
15

were calculated by
is used by CHMI for

computerized data processing (Kaspârek et al., 1983). The
flow
duration
curve
shows
a
cumulative
frequency
distribution of daily mean flows. The frequencies belonging
to a particular range of flow values are cumulated beginning
with the frequency of the maximum value.
J-J.^»^ Qi
«•* from
~~«.
of mean daily flows
By ordering a series or
(i=l)
to
lowest
(i=n)
value
and
by
calculating
highest
of discharges
discharges QQ^,
-s , the cumulative frequencies
frequencies f^ of
F- can then be determined by the equation:

n
S
i=l

(3.4.5)

A graph of frequencies f ± and of cumulative frequencies
F- respectively is shown in Fig. 3.4.1. Frequencies ^
are
represented by a bar diagram, the cumulative frequencies F±
by a step diagram.
As a continuous element, the use of instantaneous
discharges instead of daily means would yield the flow
duration curve as a
continuous curve. The cumulative
frequencies F, can therefore be converted into average
cumulative frequency P ± of a corresponding discharge Q±
using the equation (see Fig. 3.4.1):
Pi

=

(*i +

F

i+1> /

(3.4.6)

2

f= FREQUENCY

*^

F CUMULATIVE FREQUENCY
P FLOW DURATION CURVE

•

f=-H-

Qi

-*
^

_
^ n

0FlF2
Fig. 3.4.1

Fi

Pi

F !+1

Derivation of flow duration curve
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The segment of the flow duration curve between the two
consecutive points with coordinates (Qj^P^) and (Qi+i/pi+i)
is substituted by a straight line.
Based on the definition of frequencies,
duration curve can be interpreted as:

the

flow

- M-day discharges (duration being expressed by a
number of days of a year),
- p-percent discharges (duration being expressed as
percentage of the total number of days).
The cumulative frequencies P^ are therefore
by a ratio of:
365

multiplied

100

total number of days

or

On the assumption
series,
the empirical
interpolation:

total number of days

(3.4.7)

of the sufficient length of the
quantiles can
be obtained by
Qi ~ Qi+i

Qp%

"

Qi+1 +

<pi+l " p )
p

(3.4.8)

p

i+l " i
where Q^ and Qi+i are discharge values corresponding to
values PJL and P-^+i enclosing the frequency P.
For the purpose of regionalization and extrapolation of
data into ungauged sites it is useful to fit the flow
duration
curve with
a suitable
type of theoretical
probability distribution. The choice of distribution is
closely related with the fitting technique. In this regard ,
a new concept (MIKRO) was introduced in the study. The
method is described in Annex 2.
Characteristics of Maximum Discharge Series
There are basically two problems involved in maximum
discharge data
analysis as discussed
in hydrological
literature. One is the selection of data series, the other,
the definition of probability associated with these data.
The analysis can be based either on annual floods or on
partial duration series. Data from a water year or seasonal
maximum
discharges
can
be
considered. In addition,
historical floods can be included.
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There are various formulae for associating probability
or a return period to a peak discharge known as plotting
positions. Numerous theoretical
distributions had been
suggested to
fit maximum discharge
data and several
techniques had been developed to estimate distribution
parameters.
On the basis of the literature review, a procedure and
a software package was developed at CHMI to process peak
flow series (Novicky, Kaspârek, Fecova, Dvorak, 1985).
Partial
series, possibly
completed by historical
floods, can also be analyzed. The user can specify any
parameter controlling data selection from the entry set,
that is the time period in years (e.g. 1931-1960), a season
within the year (winter or summer) and type of the series
(annual floods or partial series). The analysis involves the
computation of moment characteristics: Q m a x (mean), C v m a x
(coefficient of variation), C s m a x (coefficient of skewness);
and empirical quantiles of a particular return period. In
case of the annual series,
a correction of bias in the
estimation of the coefficients of variation and skewness can
be applied and historical floods can be utilized. The
empirical distribution is then fitted by the three parameter
Log-Normal
distribution (LN3),
the Pearson
Type III
distribution (P3) and its logarithmic modification (LP3).
The software package includes test of goodness of fit and
other complementary procedures.
Review of the techniques and principles, and practical
experience gained from the analyses of data on the territory
of Bohemia are summarized below.
The methods of estimation of statistical parameters
(population mean, variation
and skew) were frequently
discussed in the literature some years ago. According to
these studies, sample statistics (usually Cv and Cs) are
biased estimates of corresponding population parameters.
Several authors (Bobée, Robitaille, 1975, Nachâzel, 1986,
Rozhdestvenskii, 1977) developed formulae for correction of
bias. The correction equations are related to underlying
distribution. A summary is presented in Table 3.4.1.
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Table 3.4.1

Review of methods for estimation of population
parameters of annual flood data series
Method

Aspect
Properties
of
estimates

Formulae
for bias
correction
Numerical
properties

of moments

of quantiles

max.likelihood

Q - unbiased
Cv,Cs-biased,
consistent
estimates
below
population
parameters

Q,Cv - biased
Cs - bias
depends on
underlying
distribution

Q - unbiased
Cv,Cs-biased,
consistent
and efficient
estimates

available

not available

not available

suitable
for
computer
processing

simple numerical
procedure based
on estimates of
three quantiles

numerically
exact

The conclusions presented in the table are valid for
LN3, P3, LP3 and three parameter Gamma distribution of
Kritskii and Menkel (G3). Three aspects of the estimation
are listed in the table for each of the methods:
- specification
of
random
and systematic
of estimate,
- availability of formulae for bias correction,
- numerical solubility of the method.

errors

In accordance with results of the analysis, the method
of moments was applied in the study to estimate distribution
parameters.
Estimation of parameters is closely related to the
selection of theoretical probability distribution. A great
attention was paid to the choice of the distribution, but no
single one suitable for fitting flood data in general or for
the given region was found.
The distributions LN3, P3, G3, extreme-value Type
I (El), commonly called the Gumbel Type I and extreme-value
Type III (E3)
distributions were considered (Novicky,
Kaspârek, Dvorak, 1980). Following the main objective of
extrapolating
an empirical
distribution function
for
19

estimation of floods of long return periods, the attention
was
paid to
the properties
in the
region of low
probabilities of exceedance.
The El and E3 distributions appeared to be less
suitable, as their ratio &iooo = ^1000/^100 d o e s n o t exceed
the value of 1.5. This value seems to be too small for data
observed in Bohemia, in particular for small river basins.
The
results of
extrapolation, applying
LN3 and
G3
distributions are almost identical if the ratio Cs/Cv > 2.
The LN3 distribution function is simpler in comparison with
G3 function and its algorithm is therefore easy to derive
and apply.
Taking into account these conclusions, it was decided
to apply P3 and LN3 distributions in the software package
and, in addition, also the LP3 distribution, even though it
had not been investigated. The LP3 distribution was selected
because of its properties (high flexibility) described in
literature (Bobée, 1975).
Further studies and practical applications showed that
it was necessary to
consider also other distribution
properties, mainly in case of extreme or, for particular
distributions, critical values of coefficients of skewness
and variation
or their ratios. For
example, the P3
distribution produces lower N-year flood estimates for
higher N and Gs/Cv > 2, than the LN3 and G3 distributions.
In the region of high exceedance probabilities and high
ratio of Cs/Cv, the P3 estimates are very close for diverse
probabilities. The flexibility of the LP3 distribution
reflected in changes in the shape of the frequency function
decreases the reliability of regional parameter estimates.
Also,
the possible
negative lower
boundary of
LN3
distribution for Cs < 3 Cs + Cv3 has to be considered in
practical applications.
The analysis of the three parameter distributions
showed their ability to fit empirical data. However, the
high random errors of estimates of skewness (even in cases
of considerable sample size - see Annex 2) reduces their
applicability. It was found that no relation to basin
parameters can explain considerable spatial variability of
Cs (with exception of weak relation between Cs and Cv), and
thus the variability of Cs can only be explained by errors
of estimates.
Figure 3.4.2 shows a comparison of empirical estimates
of coefficients of asymmetry with their theoretical values
which were obtained by applying two parameter log-normal
distribution ( C S L N 2 = Cv max + 3 C v m a x ) . The differences
Cs
a
CSTN2 their frequencies were calculated using
m ax
data from water gauge stations in Bohemia.
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Distribution
of
differences
between
coefficients of asymmetry calculated using
relation C s ™ = Cv m a x 3 + 3 Cv
(valid
for two parameter log-normal distribution)
and
coefficients
of
asymmetry Cs ma „
obtained from annual series observed at
water gauge stations in Bohemia

The frequency distribution is approximately symmetrical
with modus at the 0.5-1.0. which means that the values C s m a v
are, on average below theoretical estimates of C s L N 2 of fwo
distribution.
In
cases
when
^og-normal
parameter
the
three
parameter
log-normal
max
max
max'
distribution
has a
negative lower
boundary and its
application for N-year flood estimation is questionable.
It was therefore decided to apply, with a certain loss
of flexibility, the more robust two parameter log-normal
distribution
(LN2) in
view of
its properties (e.g.
transformation to the normal distribution among others)
described in literature (Prochâzka, 1986). It was suggested
to apply three parameter distributions only when detailed
data analysis confirmed that the application would produce
more reliable results.
Utilization of historical floods in frequency analyses
was another task of the study. Historical floods can be
introduced either in the
analysis of empirical flood
frequency
curve or
in estimation
of parameters
of
theoretical distributions. As an example, plotting position
formulae (Kluge, 1978) can be presented:
21

- for historical floods
p

=

(3.4.12)
n

h
- for observed annual maximum floods
1

p

=
nn

where

j

-

zn
nn

-

n
z

-

i

-

f
L

n

zn +

h - zh

. 1

n - z

J

l

(3.4.13)

rank of the historical
flood in
descending order of magnitude (j=l,2,.,zn)
number of historical floods
number of years
corresponding to the
period in which the discharge of the
maximum historical flood was not exceeded
number of years of the observed period
number
of
historical
floods
(high
outliers) in the observed period
rank of the annual flood in descending
order of magnitude (i = 1,2,...,n - z)

Historical
floods
can
also
be introduced when
calculating moment statistics (Qmax' Cv max' C s m a x ) . The
value of return period n n (like in equations 3.4.12 and
3.4.13) is
to be estimated
in advance. This
value
influences, together with the magnitude of the historical
flood, the values of statistical parameters. However, in
practical applications, it is rather difficult to estimate
this value. The estimate is usually unreliable and several
alternatives have to be considered. Nevertheless, it is
helpful to use historical events in flood frequency analysis
because it reduces unreliability of N-year flood estimation
in particular for N > 100 and it decreases a possibility of
their underestimation.
N-year floods are, in accordance with the current
Czechoslovak practice and Standard (ÔSN 75 1400, 1990),
defined as peak discharges which are equalled or exceeded
once in N years. They can be obtained from partial duration
series. For the plotting position formula:
p

=

(3.4.14)
m + 1

where

i
m

- rank of the flood in descending order of
magnitude,
- number of floods in the series,
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the relation between the return period T and the exceedance
probability p can be expressed as T = 1/p. By multiplying
the right hand side of the equation by annual average flood
amplitude n/m (where n is the length of the series in
years), the return period N can be expressed in years :
1
N

=

n
.

p

.

(3.4.15)

m

When annual series is used, then the reciprocal value
of exceedance probability expresses return period in years.
In such a case, the
N-year flood is the peak discharge
equalled or exceeded in one of the N years without respect
to the possibility of multiple occurrence of the event in
the same year. By assuming that the occurrence probability
of a random event in the time interval is stationary and
independent of the number of previous occurrences, the
Poisson law can be applied to fit the distribution of the
number of occurrences in a selected time interval. The
results of the test of goodness of fit of the Poisson
distribution to a set
of data were found acceptable
(Novicky, Kaspârek, Dvorak, 1980). For such a model, the
relation between the return period N (corresponding to the
first definition) and the exceedance probability has the
form:

N

=

,

(3.4.16)

In (1 - p)
or
p

=

1 - e~ 1 / N .

(3.4.16a)

The calculations for annual series are easier in view
of
data
preparation
and
are
well understood from
a scientific point of view. Also, for the series of annual
data, relations exist for
correction of bias in the
estimation of their statistical parameters, and historical
floods can be used in frequency analyses with tangible
results. Exceedance probability of the annual event can also
be estimated from seasonal maximum flood series.
On the assumption that the flood frequency curves for
winter and summer season are known, the annual flood
frequency
curve can
be derived
using the
relation
(Rukovodstvo po opredelieniyu raschetnykh gidrologicheskikh
kharakteristik, 1973):
P

=

P S + Pw " Ps-Pw
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(3.4.17)

where

p
ps
pw

- exceedance probability of annual maximum
discharge
- exceedance probability
of summer season
maximum discharge
- exceedance
probability of winter season
maximum discharge

Further
development
of
design
flood estimation
techniques should be aimed at evaluation of seasonal series,
in particular when a design flood hydrograph is required.
This conclusion follows from the two facts:
- There
are considerable
differences between the
volumes of
the summer and
winter flood waves
corresponding to
the flood peak
of a certain
magnitude, in particular for small basins. Therefore,
relating nigh summer peaks with large winter volumes
produces unrealistic results.
- There
are considerable
differences between the
statistics of
winter and summer
series, which
means that the two series belong to the different
statistical populations.
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4.

HYDROLOGICAL DESIGN DATA AT UNGAUGED SITES

Techniques described in the previous chapter could also
be applied to determine basic hydrological data for sites of
water gauge stations. However, providing design data for
these sites is not too frequent, as users' requirements are
mostly aimed at ungauged sites.
An illustrative example of river network with water
gauge stations and sites for which flow statistics are to be
estimated is shown in Fig. 4.1.

LEGEND :

A

WATER GAUGE STATION
/

UNGAUGED SITE WITH
DATA TO BE ESTIMATED

Fig. 4.1

Water gauge stations with evaluated data and
ungauged
river
sites
for which
flow
statistics are to be estimated (upper part
of the Otava River Basin)
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It
is
useful,
when
systematically
processing
hydrological data, first to develop a method for making
estimates at ungauged sites and then to apply the method to
estimate flow characteristics at sites of a carefully
selected system of river network nodes. These intermediate
data then allow subsequent use of extrapolation techniques
with aim of estimating flow statistics at any site of
user's interest.
The extrapolation technique described in this chapter
is based on relationship of flow statistics within a river
network and it takes into account regional regression
estimates. The method respects both the principles of
distribution of flow in confluences of a river system and
the regional relationships relating flow statistics to basin
parameters.

4.1

Data Description
In this

part of the

study three input

data sets were

used:
- hydrological characteristics derived for the basins
of water gauge stations from observed precipitation
and discharge series,
- physiographic parameters of basins of water gauge
stations,
- physiographic parameters of basins of ungauged river
sites for which the hydrological
characteristics
were to be estimated.
In order to estimate flow duration and flood frequency
curves at ungauged sites, the following characteristics were
used:
p

[mm]

mean annual
precipitation
area (1931-1980)

Qa

[nr^.s"1 ]

long-term mean discharge (1931-1980)

Cv

k

over

basin

coefficient of variation of mean daily flow
series (1931-1980)

d

9 9 % = Q99%/Qa

where (^99% is the 99 percentile discharge
(one day average flow exceeded by 99 % of
average discharges)

[m .s _1 ]

mean annual peak flow (for the period of
observation in water gauge stations up to
the year 1985)

Q-.y
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coefficient of variation
annual peak flows.

Cv.max

of

a series of

In addition, the following hydrological characteristics
of the mean and maximum precipitation series and of the
series of mean daily flows were used in some of the
relations :
q

[l.s~1.km~2]

R

[mm]

mean annual
(1931-1980)

P-R

[mm]

mean annual regional évapotranspiration
(1931-1980)

specific mean discharge (1931-1980)
runoff

over

the

basin area

mean annual maximum one day precipitation.
max, 1 [mm]
The following physical basin parameters were applied
in regression analysis of precipitation and runoff:
A

[km2]

basin area

H

[m]

average basin altitude

H

min [m]

minimum

H

abs [m]

absolute basin declivity equal to H m a x -H m j L n

H

max

Cm]

altitude (altitude of

the outlet)

altitude of the highest point of the
valley

basin

J

[%]

stream slope, J = H^g/L

L

u

[m]

stream length

JN

[%]

basin slope index, JN = (H-HJJ^) .A"1'2

W

[%]

forest cover index - proportion
area covered by forest

a

[-]

basin shape parameter, a = A/L 2

of

basin

Basin geology and basin soil properties were not
available in a form of numerical indices and they could not
therefore be included in regression relations using standard
methods. This information was used as an indicator in
identification of hydrologically homogeneous regions and in
estimation of some regional parameters.
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4.2

Regional Regression Estimates

Relations needed for estimation of flow characteristics
at ungauged sites were investigated using regression and
correlation analyses. Subject to the character of the
problem, we applied single linear regression, multiple
stepwise regression, graphical
analysis, or single or
multiple nonlinear regression.
The investigations were carried out in several steps.
First, the regression analysis was performed for large
regions (usually for the whole Elbe River Basin on the
territory of Bohemia, e.g. Kaspârek, 1980). At this stage,
stepwise regression was applied alternatively in combination
with logarithmic or exponential transformation of data to
examine relative importance of individual variables. The
analysis of the results and, in particular, the examination
of residuals with respect to geological structure and other
basin parameters, were aimed at identification of smaller,
hydrologically homogeneous regions for which the regression
equations for flood and mean flow moments and quanti les were
subsequently derived (Kaspârek et al., 1985, Kubinovâ,
1988).
Mean annual precipitation over basin area is probably
the most significant variable in explaining variability of
flow. The analysis of its relationship to basin parameters
can therefore produce valuable results (Kaspârek, 1986).
Fig. 4.2.1 illustrates relative importance of several
basin characteristics in explanation of spatial variability
of mean annual precipitation. The analysis was performed on
a set of data from the territory of Bohemia. In addition to
the anticipated close correlation between precipitation
depth (P) and average basin altitude
(H), there is
a significant
relation
to
slope
characteristics,
particularly to basin slope index JN.
Linear
the equation
P

multiple

=

regression

analysis

89.2 JN + 0.409 H + 443.4

produced

(4.2.1)

with a coefficient of multiple correlation r = 0.805 and
a standard error of estimate equal to 14.6 % of the mean.
According to the t-test, the relation between P and JN is
more significant than that between P and H.

28

Fig. 4.2.1

Coefficients
of
correlation
between
precipitation and basin characteristics
(for data from basins of water gauge
stations in Bohemia)

By applying the average basin altitude as
explanatory variable, we obtained the equation:
=

0.767 H + 364.1

with a coefficient of correlation r = 0.652
error of 18.6 % of the mean.

the

only

(4.2.2)
and a standard

The analysis of data from river basins in Bohemia
shows that the significance of basin slope is of a regional
character.
The basin
slope appears
significant when
analyzing all data from the territory of Bohemia in one data
set irrespective the mountain ranges that create windward
and leeward effects. When the set comprises data from even
large territory with
identical spatial orientation to
a mountain range, the significance of basin slope can not be
statistically proved.
This conclusion was important from a practical point of
view because for suitably selected regions it was possible
to estimate the mean annual precipitation from the relation
to the mean altitude of the basin. The relationships were
investigated for 29 regions in Bohemia and found mostly
satisfactory. The results were applied to subbasins and
interbasins of the relevant regions.
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Analogical analysis was carried
out in order to
investigate basin parameters controlling spatial variability
of the mean annual runoff over basin area. The correlation
coefficients are shown in Fig. 4.2.2. The precipitation
depth P, basin slope JN and mean basin altitude H were
found the most significant factors.
As a result of
obtained the equation
R

=

1.060

stepwise

regression

P + 0.129 H -

analysis, we
(4.2.3)

593.0

with coefficient of correlation equal to 0.984 and standard
error of 8.7 % of the mean. As anticipated, the runoff
increases with increasing precipitation and basin altitude.
No further variables were statistically significant.
The inspection of residuals showed that runoff was
underestimated in mountain regions and overestimated in
areas of medium altitudes. The residuals of lowland regions
were random.

mm

Fig. 4.2.2

Coefficients of correlation between runoff
and basin characteristics (for data from
basins of water gauge stations in Bohemia)

Certain inaccuracy of regression estimates could have
been caused by the absence of a parameter expressing
inclination or exposure of a basin. This problem can be
solved by deriving relations for smaller, hydrologically
homogeneous areas. For example, the analysis performed for
mountain region in South Bohemia (Sumava and Novohradské
hory) resulted in the equation
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R

=

0.960

P + 0.185 H -

567.0

(4.2.4)

with a coefficient of correlation 0.987 and a standard error
of 7.3 % of the mean.
Other results concerning
are summarized in Annex 4.

regional regression

analyses

In the regression analysis of the coefficient of
variation Cvd and the index k 9 9 % with basin parameters,
various linear and nonlinear forms of regression equations
had to be applied. An example for the Berounka River Basin
is presented for illustration below (Kaspârek, Kolâfovâ,
1987).
Using the stepwise regression, it was found that the
mean annual precipitation P was the most significant factor
for estimation of CVJ. First step of multiple linear
regression resulted in the equation
Cv d

=

2.39 - 0.00163 P

(4.2.5)

with the coefficient of correlation 0.832, and the standard
error of estimate 9.39 % of the mean. Slight improvement was
achieved by inclusion of the basin slope index JN
Cvd

=

2.776 + 0.126 JN - 0.0024 P

with the coefficient of correlation 0.864
error 7.83 % of the mean.

(4.2.6)
and the standard

Fig. 4.2.3 indicates nonlinearity
of the relation
between
the
coefficient
of
variation
CVJ
and
precipitation P. The
relation was approximated by
an
equation of a hyperbolic type
158.8
Cv d

=

0.573 +

(4.2.7)
P - 428

with the coefficient of determination 0.822 and the standard
error equal to 6.14 % of the mean. The multiple nonlinear
regression did not bring any further improvement. The
analysis of residuals demonstrated no evident dependence on
the basin area or regional parameters.
Regression analysis of the coefficient k 99 % yielded the
equation
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k
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=
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800

1000

Relation between coefficient of variation
of mean daily flows Cv^ and mean annual
precipitation P in the Berounka River
Basin
-°» 3 8 8

+

0.0122 p 0 - 5 8 - 0.0241 JN

with the coefficient of determination
error 14 % of the mean.

0.733 and

(4.2.8)
standard

For the estimation of flood characteristics q m a x and
initially a regression equation for specific mean
Cv.
max flood (q^ax^ w a s d e r i v e ( * using data for the entire
annual
Elbe River Basin (Novicky et al. 1985), and a map of
residuals (Kubinovâ, 1988) was used in order to divide the
territory of Bohemia into sub-regions.
Regional regression equations were then derived. It is
worthwhile to note the ranks of explanatory variables in
which they entered the regression equations for q m a x . In the
first step, the variables most often entered in the equation
were: the mean annual precipitation (18 % of cases), the
mean annual runoff (11 %) and the specific mean discharge
(8 % ) . In the second step it was again the precipitation in
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a logarithmic form, the average basin altitude (both in 9 %
of cases), followed by the mean annual one day maximum
duration precipitation, and the shape parameter of the
basin.
The regression analysis was carried out considering
also nonlinear transformations of explanatory variables.
However, it was important to consider all aspects of such
estimates.
Some of the basin parameters appeared unacceptable for
practical application as, for example, the forest cover
index due to its invariant nature. Sudden change of the
basin
shape parameter
below each
confluence affects
negatively quality of estimates. Other problems are possibly
connected with intercorrelations of explanatory variables.
In view of these aspects it was desirable to develop simple
regression equations with
small number of explanatory
variables, which would physically explain variations in
hydrological regime (Polcar, 1991).
It was concluded that the basin area should be present
when estimating q m a x , in
particular for small basins
(Novicky, Kaspârek, 1988), but it was necessary to find
a suitable form of the regression equation. This relation is
usually assumed in the form
G
(4.2.9)
qmax = k.A"
that does not include any explanatory hydrological variable.
Our results demonstrated that this relation should not be
excluded.

Additional experiments led to the equation in the form
k.FP
<ïmax =

—

-5-

(4.2.10)

(A + h)**

with parameters k, b, G and variables A and FP, where
FP refers to selected mean flow or precipitation index.

A linear regression relating Cv m a x to mean specific
discharge often produced acceptable results. But it was
always necessary to inspect their reliability in the region
of interest.
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4.3

Flow Relations in a River Network

When considering mean discharges from a certain period,
it is obvious that the discharge downstream of a confluence
equals the sum of the discharges upstream. For the other
flow characteristics (Cv(j/ kg 9 s-/ Qmax' Cv m a x ) the above
simple
relation
is
not
valid
and
trie confluence
transformation function is more complicated.
Although the empirical approach based on observed data
can provide a basic idea about these relations a rigorous
analysis would be needed. It is known from experience that
at a confluence, the sum of corresponding quantile values
upstream the node differs from the magnitude of a given
quantile downstream. The sum is larger for flow quantiles
above the mean or for flood quantiles, and smaller for
quantiles below the mean. When investigating observed data,
a more rigorous description of these relations is not
possible (see also Annex 6 ) .
These above relations are illustrated in table 4.3.1.
Table 4.3.1

Example of mean daily flow characteristics at
the confluence sites

Station

River Period

Krâlovstvi
C.Skalice
2

Elbe
Ûpa

Jaroméf

Elbe

Ratio
C
Ratio C in % of Qa

19311980

Qa

Cv

d

Csd

Q

355d

Q

364d

8.307
6.616
14.923

1.00
0.917

3.66
4.49

1.96
1.56
3.52

1.57
1.10
2.67

16.45

0.934

3.69

4.11

3.18

1.168 1.191
L06.0 108.1

1.102
100.0

Table 4.3.1
summarizes statistical characteristics
calculated from the mean
daily flow series 1931-1980
observed at the sites of the confluence of the Elbe and the
Ûpa. For comparison of mean discharge Qa and quantiles
!
355d' Q364d a ratio C was calculated as:
discharge at the downstream site
C =
sum of the discharges at the upstream sites
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The value of C = 1.102 for mean discharge indicates
that there is a proportion of the discharge originating from
the interbasin between the water gauge stations. Assuming
that the proportion of M day discharge from the interbasin
corresponds to the proportion of the mean discharge, then
the inequality
C(Qa) = 1.102 < C(Q 3 5 5 d ) = 1.168 < C(Q 3 6 4 d ) = 1.191
confirms the above conclusions.
For the purpose of data extrapolation it was necessary
to describe the relations of flow statistics at sites of
confluence more precisely and therefore, a theoretical
analysis of the relations was carried out. The results for
Cv^, k99%# Qmax a n d Cv max a r e Presented in Annex 5 and
Annex 6.

4.4

Extrapolation Techniques

The relations of flow statistics at particular sites
(upstream,
tributary and
downstream cross-section) of
a confluence can be, in addition to regression estimates,
utilized to extrapolate data of water gauge stations.
A basin, for which the technique is to be applied, is
to
be divided
into sub-basins
and interbasins. The
boundaries are determined by sites by water gauge stations.
An example is shown in Fig. 4.4.1. The location of stations
A and B divides the basin above site C into two sub-basins
(A and B) and one interbasin (ABC).
As the basins A and
B are lying above the highest
station on the stream, the data extrapolation can be done
only by tracing the
river network upstream (upstream
direction).
For the interbasin ABC which is bounded in both
directions by sites of water gauge stations, it is possible
to
trace
the
river
network
downstream (downstream
direction), and to use as input data the flow statistics
from
upstream stations
(A and
B ) . The
results of
extrapolation can be compared with those obtained from
existing data at the downstream station (C).
The data extrapolation technique has to be performed
first for interbasins of a given basin. In such a case, the
technique provides not only estimates for ungauged sites,
but also useful additional information. A comparison of
estimates with observed data can also be used for data
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verification. This may help in correcting data of less
reliable stations. This comparison also enabled us to apply
an optimization technique for determination of unknown
parameters of the extrapolation procedure.
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DIVIDE

Flow statistic extrapolation - subdivision
of basin into subbasins and interbasins

The extrapolation technique
is based on carrying
extrapolated data in a river network successively from one
confluence to the other.
A confluence can consist of:
(a)
(b)

two streams
a stream and an inflow
two nodes of type (a)

The two
Fig. 4.4.2.

types

of

from interbasin area between

confluences

are

illustrated

in

A confluence can be characterized by flow through three
cross-sections :
- upstream (u) - a profile of the main stream right
above tributary,
- tributary (t) - a profile on the tributary (type a)
or inflow from the interbasin area (type b ) ,
- downstream (d) - a profile on the main stream right
below the confluence.
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Fig. 4.4.2

Types of confluence nodes

The confluence node u-^tn^dn (see Fig. 4.4.2) is
followed by the confluence or flow through the profile
d
l = u 2 w i ^ n inflow t, from the interbasin area. The profile
d 2 in which outflows from u 2 and t 2 join forms the upstream
profile of the node u 3 , t 3 , d3.
The estimation technique described in the following
sections can handle both types of confluences, so it is not
necessary to distinguish between them.
When tracing the river network, the value of an
extrapolated
parameter
either
at
profile 'u' (when
extrapolating in downstream direction) or at profile 'd' (in
upstream direction) is always known. The parameter is
specified at profile 't' only if there is a water gauge
station located on the tributary. In such a case, the
estimate for the remaining profile
or 'u is based
exclusively on the relationship at the confluence node.
Often, the observation is
not available for the
tributary an additional information is needed in order to
estimate flow statistics for two of the three profiles u,
t or d. Regional regression estimates are then utilized.
Using a regression equation, the flow statistic is estimated
for both sites and the ratio of the estimates is applied
instead of the estimates themselves.
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Application for the Flow Duration Curve
Three parameters of the flow duration curve, namely the
mean discharge Qa, the coefficient of variation and the
ratio k 99 % = Q99%/Qa are considered. It is assumed that the
mean discharge Qa is determined for all the sites of
interest. The variation coefficient Cvd and the discharge
QQ9% are known for sites of water gauge stations. The ratio
k995, has been chosen as the third parameter with respect to
tne low reliability of regional estimates of the skew
coefficient. In addition, the ratio k g9 % characterizes low
flows, which are important for the application of flow
duration curve.
Extrapolation in Upstream Direction
Coefficient of Variation
The estimation technique carries out the equation
concerning the standard deviation as presented in Annex 5
(see equation A5.2). The left hand side of the equation is
known, because
sd

"

Cv

d,d • Qad

(4.4.1)

Regional regression estimate of the coefficient of variation
can be expressed as
Cv* =

f(x) + 5Cv

(4.4.2)

where x refers to a basin parameter. Local adjustments can
be made using the local deviation 6Cv. It is assumed that
the ratio of the standard deviations s t and s u can be
approximated by the ratio of their regression estimates s t
a s u calculated using equations
s

t*

"

Cv

d,t* • Qat

(4.4.3)

s

u*

"

Cv

d,u* • Qau

(4.4.4)

This assumption can be written in the form
s
s

t
u

s

t

s

u

-

—

= t

(4.4.5)

By substituting the equations 4.4.3 and 4.4.4 into equation
4.4.5 the ratio t may be determined as
Qat

Cv

a

Cv

Q u

d,t*

(4.4.6)

d,u*
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Using the relation 4.4.5 it follows that
st
After

=

t.su

substituting
s

(4.4.7)

the expression 4.4.7 into the equation

d2 = su2

+ s

t2

+ 2 s

u' s f r u,t

(A5.2)

the standard deviation can be expressed as
s

s2d
u

_ i
2

(4.4.8)

1 + t 2 + 2 t.r

The coefficient of correlation r = r u t and the standard
deviation s u are unknown. The correlati6n coefficient can be
estimated from the regression analysis of a series observed
in the basin. For small watersheds, a close relation with
the coefficient of correlation r > 0.995 can usually be
expected.
In order to obtain s^., the value of
4.4.8 is used in equation 4.4.7 and then
s
Cv

d,u

=

s u from equation

u

(4.4.9)

a

Q u
s

Cv

d,t

=

t

(4.4.10)

Qa t

Discharge Q 9 9 % (k 99% )
As shown in Annex 5, the values of Q 9 9 % cannot be added
up at individual confluences of a river network. The
discharge Q 9 9 % downstream is, as a rule, greater than the
sum of values Q 9 9 % upstream by the difference of &Q99%> This
can be written as
Q99%,d

"

Q99%,u + Q99%,t + ^ 9 9 %

(4.4.11)

The task is
(i) to estimate the value of 8Q g9 &,
(ii) to balance the discharges QOQS. „
that
"*'U
Q

99%,u

+ Q

99%,t

=

Q

99%,d " 5 Q99%
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and QQ Q S . 4. so
"*'r
(4.4.12)

The value of 6Q99%
can be estimated under the
simplifying assumption tna€ coefficients of asymmetry Cs d u ,
Cs d t , Cs d d are close enough not to cause significant
differences' of
corresponding values of
variable t 9 9 ^
( (Q99s>-Qa)/Cvd). Assuming a linear relationships (ru t = 1)
between the series Qa u and Qa t , the equation
Qa u

Qa t
Cv

«^d^r-l "

d,u

+

Cv

—

Qad

<A5-4>

d,t

Qa d

would be valid, and then
5Cv

d,d

=

Cv

d,d,r=l " Cv d,d

(4.4.13)

From the formula
% % , u " Qau t1

+ Cv

d , u ' V " Qau

+

Su^p

(A5.8)

it follows
Q99%,d,r=l = Qad
^99%,d

"

Qad

+

+

Qad-t99%,d-Cvd,d/r=l

Qad-t99%,d-Cvd,d

(4.4.14)
(4.4.15)

The difference
5Q 9 9 %

Q99%,d,r=l ~ Q 99%

=

(4.4.16)

can be written, therefore, after subtracting the right hand
sides of equations 4.4.14 and 4.4.15, as
5Q 9 9 %

=

Qa d .t 99%/d .6Cv d/d

(4.4.17)

The value of Q99& d is known and the equation 4.4.15 can
therefore be used in order to express the value of t 9 9 % d
Q

t99%fd

=

99%,d "
Cv

Qa

d

(4.4.18)

a

d,d'Q d

After substituting the equation 4.4.18 into
after necessary algebraic modification we get

4.4.17

and

fiCv

5Q 9 9 %

=

d,d-(Q99%/d..- Qa d )
''^ d
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(4.4.19)

The same concept, as in the case of Cvd , is appliedT in
he
estimation of
the discharges Qg9% 4U
and .Q 99 % f
regression estimates of k u = k 9 9 % u and k t
= k 9 9 % t *,
possibly locally adjusted,
'
'
k*

=

g(x) + 6k

(4.4.20)

are
used in lieu of unknown
k t = k 9 9 % t to estimate the ratio

**

C

so that

=

values

k u = k g9 % u
'

u

and

(4.4.21)

*t = u . k u

(4.4.22)

After substituting this relation into the equation 4.4.11 we
get after algebraic modification
Q

ku

=

99%,d " 6 ^99%

(4.4.23)

Qa u + u.Qat
The coefficient k t can be estimated from the equation
4.4.22. The estimates Q 99 & u and QQQ% t are obtained by
multiplying values k u and' k t by the'corresponding mean
discharges.
Extrapolation in Downstream Direction
Coefficient of Variation
The extrapolation technique utilizes the same principle
as the extrapolation in upstream direction. The assumption,
that the ratio of standard deviations corresponds to the
ratio of their regional regression estimates, is applied to
the tributary and downstream profile
s

t

s

t

s

d

s

d

=

y,

(4.4.24)

where the ratio y is determined from the relation
Qat
y

=
Qa d

Cv

d,t*
.
'—^
Cv d / d

41

,

(4.4.25)

where Cv d t * and Cvd d * refer to the regression estimates of
variation'coefficients (see equation 4.4.2). It follows from
the equation 4.4.24 that
st
After

y.sd

substituting
s

and

=

after

d2

s

"

(4.4.26)

this
u2

+ s

algebraic

t2

relation
+ 2 s

into

equation

u' s f r u,t

modification

we

(A5.2)
get the

expression

; u .[ y.r + [y2.r2 + 1 - y2J ' j
Sd =

;

(4.4.27)

1 -Y
where the coefficient of correlation r = r u +. has to be
derived by regression analysis of data from 'the basin of
interest (the second root of the equation is negative and
therefore without physical meaning). The coefficient of
variation is calculated from
Cv d

d

=

.

(4.4.28)

Discharge Q 9 9 % (k 99% )
In this case, the equation

4.4.11 is modified into the

form
Q

99%,u

+ 8

Q99%

=

Q99%,d " Q99%,t

(4.4.29)

where the difference of estimated discharges Q 9 9 % d and
Q 9 9 % t s n o u l d *>e equal to the sum of 6Q 99 % + Q 9 9 % u . '
By analogy with the upstream direction (see equations
4.4.13 and
4.4.19) the value of
5Qg9% is initially
estimated. Then it is assumed that
k

t

*t*

k

d

k

=

v

(4.4.30)

d

md hence
k

t

•

v

-

k

d

(4.4.31)

•
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Substituting this into equation
and Qgg%#t w i t n k d a n d k t ' w e g e t
Q

kd

=

99%,u

+ S

4.4.29 and expressing Qgg% 3

Q99%

.

(4.4.32)

Qa d - v.Qat
The estimate of kx. follows from the equation 4.4.31. The
estimates of the discharges Qgg% ^ and Qgq% d are obtained
by multiplying the ratios k t and k d by thé corresponding
mean discharges.
In the interactive use of the downstream extrapolation
technique it is possible to update the estimates of the
correlation coefficients or to apply local adjustments of
SCv and 5k 99 %, so that the extrapolated and 'measured' flow
statistics are equal at the site of the downstream water
gauge station.
Application for the Flood Frequency Curve
The extrapolation technique can be applied for the
estimation of
mean annual floods
Qmax ant* variation
Cv
coefficients
max °*- annual series at ungauged sites of
a river network. Having these estimates, a two parameter
distribution can be used to calculate quantiles of the flood
frequency curve. The theoretical background of the method is
presented in Annex 6.
Extrapolation in Upstream Direction
Mean Annual Flood
The reduction coefficient C is calculated from equation
1 + z (x - 1)
C = x" .
*
1 + zq(x - 1)(1~G>
p a r a m e t e r G i s t o be e s t i m a t e d .
G

The
equation

C

=

that

I t follows

^max, d
'Qmax,u + Qmax,t
=

c

<Imax,d*Ad

=

Qmax,d

(A6.18)

(Qmax,u
c

+

from

, , _ _.
(A6.6)

Qnax,t>

( A u-<ïmax,u
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+ A

(4.4.33)
f<3max,t>

(4.4.34)

Using regression estimates
W , t *

=

f

<W,u*

=

f

«ïa,t. *t>

(4.4.35)

(<3a,u- V

(4.4.36)

the ratio B can be calculated and it is assumed that
*

from which

^max,t

^max,t

^max,u

^max,u

9max,t

"

=

0

(4.4.37)

P-9naXfu •

(4.4.38)

Substituting this into equation 4.4.34, we obtain
Qmax,d

c

=

l\L'*max,ix

+

A f P • «max, t >

(4.4.39)

Qmax,d
,
.
max,u =
" oX
•
(4.4.40)
C (Au + At.B)
The value of q m a x t c a n b e calculated from equation 4.4.38.
The estimates of Q m a x u a n d ^max t a r e determined when
specific discharges q m a x ' u and g m a x t a r e multiplied by the
basin area.
q

Coefficient of Variation of Annual Series
The

coefficient U is calculated
X-GC
U =
— —
W u + Wt.(x - l ) " t C

from equation
(A6.35)

The parameter GC is to be estimated.
equation

It follows

from

Cv

U =
that
Cv

max,d

max.d
'w
Cv
+ w Cv
u' max,u
f max,t
"

u

(wu'Cvmax,u
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+ w

fCvmax,t)

(A6.33)

(4.4.41)

Using regression estimates
Cv

*

max,t

Cvv
Cv

^ max,u*
max,

=

f

"

f

(9a,f->

(4.4.42)

(<ïa,u'-->

(4.4.43)

and assuming that
Cv

Cv

max,t
Cv
^vmax,u

we get

Cv

max,t

max,t
Cv
v v
' max,u

=

=

*

*-Cvmax,u

(4.4.44)

(4.4.45)

which is substituted into equation 4.4.41 to obtain
Cv

max,d = u (wu'Cvmax,u+ W f*- C v max,u)

(4.4.46)

and from this
Cv
Cv

The

Cv m a x

t

max,u

is then

max,d

'U (wu + wt.a)

-

calculated

(4.4.47)

from equation 4.4.45.

Extrapolation in Downstream Direction
Mean Annual Flood
The
equation

reduction coefficient

C is again calculated from

1 + z (x - 1)
C = x" .
2
^ ^
(A6.18)
(1_G)
1 + zq(x - 1 )
The
parameter G
can be
estimated applying
an
optimization
technique.
The
difference
between
the
•measured' and the estimated mean annual peak flood at the
downstream water gauge station can serve as an optimization
criterion. The equations 4.4.33
and 4.4.34 are again
applied.
G

Regression equations
<W#t*

=

f

(9a,t' At>

qma X/ d*

"

f

(<Ja/d' A d )
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(4.4.48)
(4.4.49)

are used to estimate the ratio of q m a X / t

and

^maxfd

By assuming that
^max,t

^max,t

=

*

^max,d

P

(4.4.50)

^max,d

hence
9max,t " P^max,d
and substituting this into equation 4.4.34, we get
<ïmax,d-Ad " c (VSmax,u

+ A

(4.4.51)

f^max,d-P) ' (4.4.52)

and
C Q

- max,u

q

TT~r~

max,d " —

(4.4.53)

'.

A d - C.p.At
be
The value of q m a x t
calculated from equation 4.4.51.
The values of Q m a x a and Q m a x t a r e obtained multiplying
<ïmax,d a n d <ïmax,t by'Basin area.'
In the downstream direction, both Q m a x u and Q m a x t m a v
be known at a confluence if a water gauge station is located
on the tributary. In such
a case, the procedure can be
simplified
to the
coefficient C
estimation and its
substitution into the equation 4.4.34.
can

Coefficient of Variation of Annual Series
The

coefficient U

is calculated

from equation

X-GC

U

=

7777w'u
+
W-.U
1
)
"GC
n

(A6.35)

The value of parameter GC is estimated Cv
comparing the
'measured' and
the estimated value of
max at the
downstream water gauge station. An optimization technique
can be applied. The equation 4.4.41 is again utilized. From
the regression estimates of Cv m a x
cv

max,t

"

f(<ïa,t'-'->

Cv

max,d*

"

f

(9a,d"-->
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(4.4.54)
(4.4.55)

the ratio of Cv m a x t/Cvmax d

can be

Cv

max,t

Cv

Cv

max,d

Cv

estimated

max,t

max,d

*

=

ae ,

(4.4.56)

and substituting the relation
Cv

max,t

=

*-Cvmax,d >

(4.4.57)

into equation 4.4.41
Cv

max,d " u (Wu-Cvmax,u+

the value of Cv m a x

d

Cv

max t

can

max,d

ke

f *-Cvmax,d> ' (4.4.58)

can be estimated as
w u .U.Cv max

Cv

w

u

=

•
(4.4.59)
1 - wt.U.ae
calculated from the equation 4.4.57.

For river nodes where both Cv m a x u and C v m a x t are
known, the technique can be based exclusively on the
estimation of the parameter U and its substitution into the
equation 4.4.41.
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5.

AUTOMATED PROCEDURES FOR DATA ESTIMATION

Techniques have been described in previous chapters to
calculate statistical parameters of precipitation and flow
series from observed data (Chapter 3), and to extrapolate
the results so that the parameters can be estimated for
a set of ungauged river network sites (Chapter 4 ) .
Using these techniques, basic hydrological data were
estimated for river sites of an outline river network. The
study included river sites with catchment areas of about 50
km2 or more, in total approximately one thousand sites in
the Elbe River Basin.
The aim was to develop procedures for extrapolation of
the above estimated statistics. The application proved to be
advantageous, because regionally adjusted flow statistics
ensured homogeneity of estimates in a river network and,
from this point of view, were more reliable than flow
statistics originating from observed data. Another advantage
was, that the sites of the outline river network could be
selected systematically (a downstream and both upstream
profiles
at
each
confluence),
which
resulted
in
a simplification of the extrapolation technique in the
subsequent step.
One more aspect was also important. For the territory
of Bohemia and Moravia a structural model of the river
network was available (Ôizek et al., 1979). The model,
comprising all river stretches with catchment areas of about
5 km
or more had been developed from the 1:50 000 Basic
Water Management Maps. A computerized version of the model
allowed us to develop fully automated procedure (Kolârovâ,
Kaspârek, Novicky, 1990). As a result of this extrapolation,
an extensive set of flow statistics was derived, suitable
for determination of basic hydrological data at any river
site,
applying simple
interpolation or
extrapolation
procedures
and algorithms
of appropriate
theoretical
distribution function.
The extrapolation technique can be applied to estimate
the following precipitation and flow statistics: mean annual
precipitation over basin area (P), long-term mean discharge
(Qa), coefficient of variation of mean daily flows (Cv d ),
mean daily flow exceeded by 99 % of mean daily discharges
standardized by the mean discharge (kg9$. = Qog^/Qa), mean
annual peak flood (Qmax^ a n d coefficient of variation of
annual flood series (Cv m a x ).
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To
calculate
the
basic
hydrological data (see
Chapter 1), the flow duration and flood frequency curves
can be derived from the estimates of flow statistics Qa,
Cv d , 1^99%/ Qmax a n d Cv max applying the algorithm of the
appropria€e distribution function. Dependent on the local
hydrological conditions, the three parameter Log-Normal or
the Log-Pearson Type III distribution can be used as a model
for the flow duration curve (see Annex 3) and the two
parameter Log-Normal distribution for the flood frequency
curve (Chapter 3.4).
It was necessary to verify the estimates. A software
package has been developed in order to produce various test
indices and their graphical presentation. This enabled to
make rapid assessment of reliability of estimates.

5.1. Development of a River Network Model
A river network can be described as a sequence of river
stretches, where the stretch is a basic stream element
between two consecutive confluences which does not involve
any influential tributary. Each stretch is bounded by
a downstream and an upstream node (junction). The river
sources form the upstream boundaries of the most upstream
stretches. An identification system describes a position of
the stretch in a river network and the direction of the flow
and it allows to identify the river network above any node
and to trace the river network upstream or downstream from
any given stretch. A computerized database of a river
network identifying all
river stretches and retaining
relevant catchment
characteristics is referred
to as
a structural model of the
river network. A graphical
interpretation of the model is shown in Fig. 5.1.1.
The identification system can be based on geographical
coordinates (Gustard, Roald,
Demuth, Lumadjeng, Gross,
1989). However, the system applied in the study uses numbers
to identify the upstream and the downstream node of each
stretch and also the
corresponding river source. The
ten-digit numbering system uses the string of the first
seven digits, called the matrix number, for the river
network identification. The first digit refers to the main
river (1 - the Labe (Elbe) River Basin, 2 - the Odra River
Basin, 3 - the Dunaj (Danube) River Basin). The stream order
is given by the next
four digits and the remaining two
digits
are
reserved
for
a
possible more detailed
identification.
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The model maintains catchment characteristics and other
information for each river stretch. The identification data
are the name of the stream and a number of hydrological
order.
The catchment
characteristics include
stretch
catchment area, length of a river segment, lowest catchment
altitude and average altitude of the catchment area. Other
characteristics are being prepared for inclusion as, for
instance, catchment slope parameter.
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The data, assigned to each stretch, create a record in
a computer database. Such a structural model could be
directly used for data estimation. But this would limit the
access to data related to individual river stretches only.
From this point of view, it was convenient to transform the
model
into a
system, which
enabled us
to archive
hydrological data for both the river stretch catchments and
all the basins above each confluence. An identification
system for the transformed model, called a hydrological
inventory of river sources, stretches and basins, was
developed with
the aim to
simplify the hydrological
calculations in the river network.
In the structural
by three numbers:
NUN
NDN
NRS

-

model, each

stretch is

number of upstream node,
number of downstream node,
number of river source.
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identified

Similarly, the identification of a particular element
in the hydrological inventory (source, stretch, basin) is
based on node and source numbers:
NN
51
52

-

node number
first source number
second source number

The following conventions are used:
River

River

source
NN

=

51

=

52

=

stretch
NN

=

51
52

=
=

is identified by:
number of river source
(NN - NRS)
number of river source
(SI = NRS)
(blank)
catchment

is identified by:

number of downstream node
(NN = NDN)
(blank)
number of river source corresponding to
downstream node

Several types of basin can be distinguished:
a)

b)

c)

source
river
basin
(catchment),
river stretch below the source:
NN

=

51
52

=
=

basin

of the first

number of downstream node
(NN = NDN)
number of river source
(blank)

river basin
above the downstream
node (comprising all
river stretches above the downstream node of a river
stretch):
NN

=

51

=

52

=

number of downstream node
(NN « NDN)
number
of
river
source
downstream node
(SI - NRS)
(blank)

corresponding

to

river
basin above
the upstream
node (comprising all
river stretches above the upstream node of a river
stretch):

51

NN

=

51
52

=
=

number of downstream node
(NN = NDN)
number of the main river source
number of the tributary river source

This system thus enables us setting up a database not
only for catchments of river stretches but also for entire
basins and to distinguish the river basins above and below
a confluence.
The computerized version of the hydrological inventory
also includes information for catchments of stretches: name
of the stream, river segment length, altitude of the
downstream node, average altitude of the river stretch
catchment and stretch catchment area.
When
estimating
hydrological
characteristics
at
ungauged sites of a river network, it is necessary to
observe the relationships resulting from the successive
aggregation of discharges at confluences. Two types of
confluence nodes have been defined in Chapter 4.4. Each node
comprises three profiles, upstream (u), downstream (d) and
the tributary (t) which can also refer to an inflow from the
interbasin area.
The information included in the hydrological inventory
is sufficient for identification of all confluence nodes in
a river network in the hydrological order. From practical
point of view, it is useful to develop a computer database
which describes all the nodes. This means that the three
profiles (u, t and d) are identified for each node. The
records in the database are arranged in hydrological order.
Hereafter, this database is referred to as a node directory.
If we omit the river sources in the hydrological
inventory, the remaining records correspond to particular
stretch catchments and larger river basins. They may have
the following positions with regard to a node:
Elements of the hydrological
inventory
basin a) and b)
(above downstream node)
basin c)
(above upstream node)

Position relative to
a node
-$>-

z.

upstream profile
u
downstream profile
d
tributary (inflow)
t

stretch catchment
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In order to determine basin parameters (basin area,
average basin altitude, altitude of the downstream profile
and stream density parameter) from the parameters of stretch
catchments,
the hydrological
inventory and
the node
directory can be used. The results can again be stored in
the hydrological inventory, so that the inventory contains
both, the data for stretch catchments as well as for basins.
Subject to the principles for
confluence, the basin parameters are
downstream profile (d).

aggregation at each
determined for each

The basin area (A) is calculated using the relation
À

d

=

^u

+ A

The
average
basin
the following equation
Hd

=

t •

(5.1.1)

altitude

("u-Au +

H

A

d

(H),

f At>

is

derived

.

from

(5.1.2)

The altitude of the outlet profile (H^jj) is derived from
^i^d
and

the

stream
Dd

=

=

^i^t '

density

(5.1.3)

parameter

Du + Dt .

(D) from
(5.1.4)

5.2. Hydrological Data Estimation
Three data sets were used to extrapolate hydrological
characteristics:
the hydrological
inventory, the node
directory, and a database which comprises flow statistics at
particular sites of the
outline river network. These
statistics had to be first extrapolated from sites of water
gauge stations, using techniques presented in Chapter 4.
Henceforth, this data set is referred to as the hydrological
information database. The flow statistics, as the results of
further
extrapolation, can
again be
stored in
the
hydrological inventory.
A basin for which the extrapolation technique is to be
applied, is divided into subbasins which are determined by
sites defined by the hydrological information database. This
division is analogous to that described in Chapter 4.4. The
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difference is, that instead of water gauge stations, there
are now new sites for which the parameters were estimated in
the previous stage. We can thus distinguish:
(i) A subbasin (basin) above the most upstream site
with data. The extrapolation in basin can only
be done by tracing the river network upstream.
(ii) An interbasin limited on both sides by sites with
data. The extrapolation can be performed in the
downstream direction with verification of data at
the downstream site.
In order to simplify the extrapolation technique and to
enable
automated basin
subdivision, the
hydrological
information database should include characteristics for all
profiles (upstream, downstream, tributary) of a particular
node and for the most downstream site of the river system.
The records
in the node
directory and in
the
hydrological
information
database
are
used
for
identification of the subbasins. A node in which the data
are available for the downstream profile only and the
nearest node with data
at upstream profile limit an
interbasin. The extrapolation technique is performed for the
interbasin and subsequently for the next subbasin.
Mean Annual Precipitation
The calculation of precipitation is based on the fact,
that the precipitation is known for the basin above the most
upstream profile with data (henceforth subbasin) and it can
be calculated for the interbasin bounded by sites with data
(henceforth interbasin).
The precipitation (Pg) over the
can be calculated using the equation
P

Ps

=

D* A D " P U* A U
A

where

interbasin area (As)

(5.2.1)

S

P D - precipitation over the basin area (AD) above
the downstream profile of the interbasin
Py - precipitation over the basin area (Ay) above
the upstream profile of the interbasin

In the next step, the precipitation over the interbasin
or over the subbasin (both henceforth denoted as P) is to be
distributed among stretch catchments. The extrapolation
technique utilizes the generally valid equation in the form
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S [P(I).A(I)]
P

=

(5.2.2)

where I refers to the river stretch and A to the interbasin
(basin) area. To estimate precipitations P(I), a regression
relation to the mean basin altitude H(I) is applied
P(I)

=

a + b.H(I)

P

a + b.H

(5.2.3)

and
=

where H refers
(subbasin).

to

(5.2.4)

the

mean

altitude

of the interbasin

The variables
P and H are
known and thus the
application of
the regional estimate of
one of the
regression coefficients (a or b) allows derivation of the
other from the equation 5.2.4. From the experience, it is
preferable to use the regional estimate of gradient (b).
When the parameters of the regression equations 5.2.3
and 5.2.4 are known, the
equation 5.2.3 can be used to
determine precipitation H(I) over each stretch catchment in
the hydrological inventory.
In the next step, the records of the
are read and the relation in the form

node directory,

(Pg.&u + Pt.At)
Pd

=

(5.2.5)
A

is applied to calculate
hydrological inventory.

d
precipitation over

basins

of

the

Mean Annual Runoff
Techniques for precipitation and runoff estimation are
analogous and it is not necessary therefore to repeat the
explanation of the procedure.
A regression equation for runoff, consistent with the
regional regression analysis (see Annex 4), can be used
R(I)

=

a H + bH.H(I)

(5.2.6)

R(I)

=

a p + bp.P(I)

(5.2.7)

or
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where the subscript H refers to the mean basin altitude and
P to the precipitation depth. The results based on equation
5.2.6 are usually only used for comparison purposes because
regional
parameters
of
precipitation-runoff
relation
(equation 5.2.7) are mostly better suited.
Mean Flow and
°-max' Cv max)

Peak

Flood

Series

Statistics

(Cvd/lc99%'

Techniques for extrapolation of mean flow and flood
series statistics were presented in Chapter 4.4. Their
extrapolation beyond sites
of hydrological information
database uses the same principles as the technique applied
in the previous stage of extrapolation. It is not therefore
necessary
to
reiterate
the whole
description. The
extrapolation technique that is applied for estimation of
mean flow and flood moments and quantiles (CVJ, ^99%/ Qmax'
Cv m a x ) for basins in the hydrological inventory is fully
automated. This does not, however, rule out the need for the
knowledge of an experienced hydrologist. On the basis of the
verification of the results (see Chapter 6.3.3), any step of
the procedure can be repeated with the new estimates of
regional or other parameters.
Flow Duration and Flood Frequency Curves
The mean discharge, coefficient of variation and 99 %
mean daily flow estimates at ungauged sites can be used to
derive parameters
of the appropriate
three parameter
distribution function. The Log-normal or the Log-Pearson
Type III distribution (see Annex 3) can alternatively be
used in fitting the flow duration curve. As a model of flood
frequency curve, the two parameter Log-Normal distribution
can be recommended for general use (see Chapter 3.4). Its
parameters can be calculated from the estimates of mean
annual flood and coefficient of variation of annual series.
A computerized procedure was developed for calculation of
the third distribution parameter on the basis of an optional
quanti le or the left boundary of the distribution in cases
when the results show that a three parameter distribution
function should be applied in the basin of interest.

5.3. Verification of Results
The outcome of the study, an extensive set of derived
hydrological data was likely to involve values with an
unacceptable error of estimate. This can happen in spite of
the fact, that the intermediate results were verified at
56

each stage of the process. Errors in entry data, unreliable
regional estimates, or excessive simplification of natural
conditions could be the reasons.
However, it was not easy to verify the estimates in
view of the set size and the fact that most information,
suitable for verification purposes had already been applied
in the
earlier stages. The
main idea of
the data
verification was based on the experience that sudden spatial
changes in magnitude of hydrological parameters do not occur
without a specific reason. A software package was developed
to produce test indices for data in the hydrological
inventory and to enable their graphical visualization. Two
subsets of data were distinguished:
(a)

Hydrological data for source catchments and river
stretch catchments. These data can be presented in maps
in a numerical form, or by figure and isohyetal maps.
Propagation along a stream can also be shown.

(b) Hydrological data for river
basins. These data can
be presented in relation to the basin area or in
a longitudinal profile.
The software package produces the following outputs:
(i)

numerical maps of data for
source
catchments (henceforth catchments),

(ii)

maps of catchments showing magnitude of a selected
characteristic by size of a geometrical element,

(iii)

isoline maps of catchment data,

(iv)

graphs
illustrating
along the stream,

(v)

graphs
relating
river
to basin area or length

The assessment of data
following characteristics:
-

development

of

and

a

stretch

parameter

basin hydrological
of the stream.

can

be

performed

for

data

the

mean annual precipitation,
mean annual runoff,
mean annual regional evaporation,
ratio of precipitation and mean basin altitude,
ratio of runoff and mean basin altitude,
mean daily flow of a given exceedance probability
standardized by the mean discharge,
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- specific
mean daily
flow of a given exceedance
probability (flow related to the catchment area),
- variation or skew coefficient of mean daily flows,
- left limit of the LN3 or LP3 distribution function
representing flow duration curve,
- specific mean annual flood, derived for a basin area
of 10 km2,
- variation coefficient of annual flood series,
- ratio of N year flood and p percent mean daily flow
(for selected values of N and p ) .
Practical experience showed that the assessment based
on graphical presentation is very effective. It is not even
necessary to print out the maps and diagrams because
a screen display is usually sufficient. With the help of the
efficient screen presentation and other options, it is
possible to assess basin data
in a very short time. An
experienced hydrologist is thus able to identify places of
discontinuity very efficiently. It was also found that
problem sites can equally be found using map presentation as
well as net analysis. Several examples from the Otava River
Basin (3 839 km 2 ) are presented in Annex 7.
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6.

PROVISION OF HYDROLOGICAL DESIGN DATA
IN CZECHOSLOVAKIA

Streamflow data are provided in Czechoslovakia in
accordance with the Czechoslovak State Standard No. 751400
"Surface Water Hydrological Data", which specifies the
information provided to data users.
As
stipulated by
the Standard,
discharge data,
precipitation over basin area and water stages at water
gauge stations have to be provided or verified by the
Hydrometeorological Institutes. Other types of streamflow
data and hydrological studies can be produced also by other
professional
institutions
(Water
Resources
Research
Institute, universities, water authorities).
The Czech and the Slovak Hydrometeorological Institutes
are responsible
for provision of a
standard set of
hydrological data for any stream site. The standard set
comprises basic hydrological data (basin area, mean annual
precipitation over the basin area, long-term mean discharge,
M-day discharges, N-year floods) and several other flow
characteristics
such as
long-term mean
discharge of
a selected month or season, or design flood hydrograph.
Mean precipitation and mean flow characteristics are
evaluated for a unified representative period of water
years, currently 1931-1980, other periods may be used only
when necessary. The period has to be stated when providing
data.
The design hydrological data have to be classified
according to their reliability into one of the four classes.
Standard errors of the characteristics were estimated on the
basis of error analysis performed as a part of the last
Standard revision in 1990. The error estimates in each class
are presented in Table 6.1.
Time validity of hydrological design data is limited to
five years. It means, that the data user is obliged to ask
the responsible organization (Hydrometeorological Institute)
for verification of data if the data are to be used again
after a five year period.
Preparation
of hydrological
design data
by the
Hydrometeorological
Institute is
based on
systematic
processing of observed data. The most recent data evaluation
was performed for the mean flow and precipitation series
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from the period
year 1985.

Table 6.1

1931-1980 and

for flood

series up to the

Estimates of standard errors
Class

Hydrological characteristic

I

II

III

IV

%

Long term mean discharge

8

12

20

30

M-day discharge ( Q 3 0 d - Q 3 00d)

10

15

25

40

M-day discharge (Q 330( j - Q 3 64d)

20

30

45

60

N-year flood

(Q1 - Q 1 0 )

10

20

30

40

N-year flood

(Q 2 0 - Q 1 0 0 )

15

30

40

60

10

25

45

80

Monthly discharge

7

15

25

40

Annual discharge

5

10

15

25

Daily discharge

The techniques presented in this study were applied to
evaluate the observed data and to extrapolate the results.
The data extrapolation was carried out in two stages, the
first of which resulted in setting up the hydrological
information database. The database comprises precipitation
and flow statistics for basins of the outline river network.
Further extrapolation can be performed in order to generate
an extensive set of parameters for ungauged sites and to set
up the hydrological inventory. The density of the network
sites in the inventory is sufficient for estimation of basic
hydrological data for any river site, applying simple
extrapolation
technique
(relationships
between
flow
statistics and precipitation or basin area) and algorithms
of selected distribution functions.
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7.

CONCLUSIONS

This review of hydrological studies summarizes results
of
several
projects
carried
out
in
the
Czech
Hydrometeorological Institute. The projects were aimed at
describing both the temporal and spatial variability of
hydrological regime. One of the main objectives was to
develop techniques for estimation of design data at both
gauged and ungauged sites. From this point of view, the
results extended beyond scientific interest to practical
application.
The studies were performed on data sets from the
territory of the Czech Republic, comprising all available
precipitation and mean flow data series from the period
1931-1980 and flood series observed at water gauge stations
up to the year 1985.
A technique was developed for calculation of average
precipitation
over
basin
area,
which
can
handle
precipitation series without
previous filling-in gaps.
Regression relationship relating precipitation depth to
basin altitude was applied to adjust the ordinary areal
average.
For fitting a theoretical probability distribution
function to the frequency distribution of mean daily flows,
the MIKRO method was developed for parameter estimation. An
analysis performed on a set of 176 mean flow series showed
that the three-parameter Log-Normal or Log-Pearson Type III
distributions were best suited to data from the geographical
area of interest. The Pearson Type III distribution was not
a suitable model in this case.
The problems of parameter estimation and selection of
a probability distribution function to fit flood series were
also studied. High spatial variability of skewness could not
be explained by variability of available basin parameters.
Because of this and for other reasons, it was concluded that
the two parameter Log-Normal distribution should be applied
for general use. It was suggested to apply a three parameter
distribution only if a detailed analysis confirmed that the
application would produce more reliable results.
The results of the study were compared with those
obtained from the analysis performed on the observation up
to the year 1960. The comparison revealed that precipitation
and mean runoff in Bohemia were, in average, slightly higher
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in the period
1931-1960.

1961-1980

than

in

the

previous 30 years

A comparison of other flow statistics led to further
significant conclusions. It was demonstrated, for example,
that a lack of hydrological observations could result in
a strong overestimation of design floods when an indirect
method (hydrological analogy) was applied.
Existing estimation techniques rely mostly on the
regional regression analysis relating flow statistics to
catchment parameters. A shortcoming of this approach is that
the regression estimates are often unreliable, in particular
in terms of variation and skewness of a flow series. The
regression estimates do not satisfy relations following
from aggregation of flow at a confluence. This deficiency
was overcome in the study by combining regional estimates
with principles expressing transformation processes of flow
characteristics at confluence junctions.
An automated procedure was developed, which enabled
estimation of mean flow and annual peak flood statistics at
any ungauged
site of a
river network. By
applying
theoretical distribution functions that were selected on the
basis of analysis of data observed on the territory of the
Czech Republic, the flow duration and flood frequency curves
could be estimated. In comparison with the technique applied
previously in the Czech Hydrometeorological Institute, the
current
procedures
produce
rapid
and more reliable
estimates. However,
the assessment of
reliability of
estimates was
still insufficient. Several
steps were
undertaken in this regard taking into account data observed
at water gauge stations but this problem need to be
investigated in future.
It is to be emphasized that this question is not the
only one to be studied. The analysis of data showed
substantial human impact in the majority of basins. It will
be necessary, in the very near future, to develop techniques
for estimation of design data under evolving hydrological
conditions. To predict the impact of major perturbations,
physically based models should be applied. Another possible
development could be seen
in setting up computerized
databases
of
river
network
and
in application of
geographical
information systems
in combination
with
databases of hydrological data. Considerable progress in
this field was achieved in several international projects
(Gustard, Roald, Demuth, Lumadjeng, Gross, 1989). In order
to
meet
the
above
objectives,
close international
cooperation would be advantageous.
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Comparison of Results from Data Analyses
Performed on Data Observed up to 1960 and up to 1980 (1985)

Two systematic data analyses performed by the Czech
Hydrometeorological
Institute and
focussed on
design
hydrological data estimation were the most important.
In the first (Hydrologické pomëry ÔSSR 1965), the
30-year period of observation 1931-1960 was selected to
evaluate precipitation and mean discharge data, and the
observation period at particular water gauge stations up to
the year 1960 was used for evaluation of maximum flood
series.
In the
second, the 50-year
period 1931-1980 of
observation of mean flows and precipitation data and the
period since the beginning of observation up to the year
1985 of peak floods were used.
The differences in the
results can partially be
explained by natural variability of hydrological regime. In
many cases however the fact that for the latter evaluation
longer series in greater network density were available
would appear significant. This fact, in addition to the
improvement achieved by introduction of new techniques,
brought higher reliability of data estimates for many basins
and river sites. Conclusions and explanation of differences
have to be considered carefully in order to differentiate
the true underlying principles.
Mean Annual Precipitation (P)
Mean annual precipitation (Kaspârek et al., 1983) over
basin area (1931-1980) varies in the Elbe River Basin on the
territory of Bohemia from 520 up to 1 500 mm with the
average value of P = 678 mm.
The differences between precipitation depths evaluated
for periods 1931-1960 and 1931-1980 seem to be insignificant
for larger basins. The mean annual precipitation P = 678 mm
(the Elbe River Basin) is higher by 3.7 % when compared with
the precipitation depth evaluated for the period 1931-1960.
But when considering small basins, the difference may reach
±10%.
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When explaining this phenomenon, we have to take a note
of different techniques that were applied to calculate
average precipitation over basin areas. In the first case,
the isohyetal method was used, while the technique described
in Chapter 3.4 was performed to process data observed in the
period 1931-1980.
Mean Discharge (Qa)
Relatively reliable assessment of long-term trends can
be based on the analysis of mean flow series from stations
with complete observation in the period 1931-1980. In
summary, the long term mean runoff of the Elbe River Basin
was higher by 1.3 % when comparing the whole 50 year period
with the first 30 years.

•4

Fig. Al.l

water gauge station

Differences between mean discharges of the
periods 1931-1980 and 1931-1960 in selected
water gauge stations in the Elbe River
basin
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However, the general increase in the last 20 years of
the period 1931-1980 is not distributed uniformly over the
basin and in some
subbasins even a decreasing trend
occurred.
Fig.
Al.l
shows
the
differences
Qa
1931-80 " Qa1931-60 * i n m -s ) for selected water gauge
stations.
A
detailed analysis
showed that
in mountainous
watersheds the increase of discharge did not occur or was
negligible. The increase of mean flow at closing river sites
of large basins thus indicates the increase of runoff from
central or lower parts of the basins. This can be explained
by changes in the agricultural use of arable land that
covers substantial part of these territories.
Coefficient of Variation of Mean Daily Flows (Cvd)
The value of the coefficient of variation of mean daily
flow series depends on many factors, in particular on
precipitation variability and on geological structure of the
basin. Flow variability from year to year contributes with
its magnitude only by a small part, while the greater part
can be explained by seasonal variations of discharges. The
most significant factor is random fluctuation of daily
runoff throughout the year.
Coefficients of variation of the series 1931-1980 are,
with some exceptions, smaller than those of the period
1931-1960. The typical decrease is from 2 to 8 %. Greater
differences are found for sites where the flow is apparently
controlled by reservoirs or
where the catchments are
composed of permeable rocks of cretaceous formations. It is
obvious that the coefficient of variation Cv^ is relatively
stable and does not indicate the increase of mean daily flow
variability due to human activities in catchments.
However, the
spatial variability of
the CVJ is
considerable in the Elbe River Basin. The smallest values,
CVJ = 0.4 + 0.8, are typical for runoff from river basins
with
great accumulation
of groundwater
in permeable
cretaceous layers. The maximum values, Cv^ = 1.5 + 1.8,
occur in basins with small proportion of groundwater on
streamflow and with small annual precipitation.
Mean Annual Peak Flood (Q max )
Fig. A1.2
shows
histograms of
specific
annual
maximum discharges q m a x (m.s .km"2) calculated from annual
flood series observed in water gauge stations. The diagram A
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Distribution of specific mean annual floods
in stations of the Elbe River Basin
A - results for series up to 1960
B - results for series up to 1985
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Distribution of variation coefficients of
annual series observed in stations from the
Elbe River Basin
A - results for series up to 1960
B - results for series up to 1985

66

corresponds to the period up to the year I960, while the
diagram B describes results obtained for series up to the
year 1985 (Novicky et al., 1985). In both cases , data from
stations in the Elbe River Basin were used. The extent of
the sets differs.
As it can be noted from the two histograms, there was
no significant change in the magnitude of the peak flood
during the overlapping period 1961-1985.The higher frequency
in the class interval 0 - 0.1 in the case A can be explained
by greater proportion of stations with large basin areas.
Coefficient of Variation of Annual Floods (Cv max )
Histograms of variation coefficients Cv_ ax are shown in
Fig. A1.3. It can again be seen that the differences between
the results A and B are small. In the case A, higher
frequency in the modal interval 0.6 - 0.7 can be noted.
Flood with Return Period One Year (O^)
One-year maximum discharges
compared using the relation
Q

dQ,

1B " Q 1A

for the

two periods were

. 100 (%)

(Al.l)

QlA
where

Q1A
Q1B

- one year flood from series up to 1960
- one year flood from series up to 1985

In this case, the two sets of stations were identical.
The results are illustrated in Fig. A1.4.

RELATIVE
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. 40
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Fig. A1.4

Comparison of one year floods Q 1 # both Q 1 A
and Q 1 B were derived from observed series
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The comparison of one-year discharges confirms the
former conclusions
(see Figures A1.2
and A1.3). The
frequency distribution of the deviations dQ-^ can be regarded
as approximately symmetric with the mean value equal to
zero.
The histogram shown
significant overestimation
the method of analogy.

in the Fig. A1.5
of one-year floods
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Fig. A1.5

Comparison of one year floods Q1
estimated using
usin the method of analogy
(Q 1A. estimated
lata until 1960,
- data
I960,
Q-^t» calculated fro
from observed annual series
ata
until
1985)
Î "
- d<

In this case, the values of Q,A of the former analysis
were estimated by an indirect method (method of analogy),
while the values Q 1 B were estimated by statistical methods.
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Example of Maximum Discharge Series Analysis

Within the framework of studies devoted to N-year flood
estimation, relatively great attention was paid to questions
of data selection, utilization of historical floods, choice
of the appropriate probability distribution function and
estimation of its parameters as well as to the other
relevant problems.
Such studies require considerable capacities, therefore
preliminary assessment of potential benefits in terms of
improvement of
accuracy of estimates
is particularly
valuable. A simple numerical experiment, based on long-term
series of data was carried out (Novicky, Riôica, 1989). The
results are of an illustrative nature only, nevertheless,
they are very interesting.
A series of annual floods observed at the Vltava River
in Prague since 1827 was selected for the experiment. From
1954, the observed series had to be reconstructed to
eliminate the effects of reservoirs. In addition, historical
peak discharge observed in
1784 and river stages of
significant floods since the year 1717 were available.
The experiment was based on comparison of results
obtained for subsets of the length 20, 50 and 100 years of
the original series. After applying various distribution
functions and various techniques for estimation of their
parameters, 100-year flood estimates were compared. The
results are shown in Fig. A2.1 in which the average
differences of Q^QO a r e plotted for selected alternatives.
The alternative A shows the differences of the QnQO
estimates when applying different types of distribution
function. The three parameter Log-Normal distribution (LN3),
the Pearson Type III (P3) distribution and its logarithmic
modification (LP3) were used. The average differences were
calculated separately for samples of the length of 20, 50
and 100 years and for pairs of distributions LN3 - LP3 (Al),
LN3 - P3 (A2)
and
LP3 - P3 (A3). In
all the cases,
correction of bias in the estimation of characteristics
Cv
max a Cs max w a s applied, using relations derived in
(Bobee, Robitaille, 1975, Nachâzel, 1986).
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AVERAGE DIFFERENCE OF
ESTIMATE Q 1 0 0 (m*. g-1 ]
10001

RECORD LENGTH IN YEARS

Fig. A2.1

Average
differences of
Qioo
expressing the effect of
A - distribution type
B - correction of bias in moment
estimation
C - length of record
D - historical floods
(the Vltava River in Prague)

estimates
statistic

The alternative B shows
the differences in Qioo
estimation with and without application of the formula for
correction of bias in the estimation of C v ^ ^ a C s m a x . The
comparison was carried out for LN3 (Bl), P3 (B2) and LP3
(B3) distribution functions.
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The alternative C compares the QIQO estimates from
records of duration 20, 50 and 100 years with the reference
value of Qioo c a l c u l a t e d using the whole period 1827-1988.
The LN3 distribution with the correction of the Cv ma „ bias
and with the C s m a x estimate based on the lower distribution
limit Q i o w = 100 m .s _ 1 was used.
The alternative D shows
the differences of Q I Q Q
estimates determined with and without consideration of
historical floods. As reference periods, a 20 year record
(1969-1988) and a 50 year record (1939-1988) were used.
Floods of 1890, 1845 and 1784 were consecutively introduced
into the calculation. The return period of the highest
historical flood n n = 100, 200, 300 and 400 years were used
in four variants, the results of which were compared with
Q-.QQ of the 20 and
50 year record to calculate average
differences. The notation Dl, D2 and D3 refers to the
incorporation of one, two or three historical floods.
From the Fig. A2.1 it is evident that the choice of the
probability distribution function (alternative A) affects
the Qioo estimate only slightly. Greater differences of
estimates are caused by applying formula for correction of
bias (alternative B). The influence of historical floods is
surprisingly high (alternative D ) . However, in all the
cases,
the record
length plays
the dominant
role.
Considerable differences in results can also be noted for
50 and 100 year records.
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Estimates of Distribution Parameters
by M I K R 0 Method

When processing the mean daily flow series observed in
the period 1931-1980, it was necessary to decide whether to
use the empirical flow duration curve or to fit it by
a theoretical distribution function. The main objective for
the use of the function was not the interpolation or
extrapolation of empirical data but an assumption that
a well defined mathematical function would help to simplify
the methods for flow duration curve estimation at ungauged
sites.
To this aim, the following idea was adopted. The
information represented by the empirical flow duration curve
can be concentrated, to
certain extent, into several
parameters. Their relation to basin characteristics can then
be investigated by regression analysis,and the regression
estimates of the parameters for ungauged sites would allow
approximating the flow duration curve by the theoretical
distribution function.
In order to fit a theoretical distribution function to
the mean daily flows, the method of moments was applied
first. The analysis, performed on a set of 176 data series
in Bohemia, showed that the method led to systematical
underestimation of low flows. This was valid for the tested
three parameter distributions: Log-normal (LN3), Pearson
Type III (P3) and Log-Pearson Type III (LP3).
The attention was
therefore focussed on applying
quantile methods. In effort to achieve an acceptably good
fit in the whole range of flow duration curve, a new
technique was suggested. The technique was entitled the
method of minimum squares of relative deviations (MIKRO).
The properties of MIKRO moment and quantile estimates were
verified by numerical experiments based on synthetically
generated data (Kaspârek, Novicky, Dvorak, 1987).
The method is based on searching the distribution
parameters that fulfill the condition of a minimum sum of
squares of
relative deviations between
empirical and
theoretical quantiles. The condition is expressed by the
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relation

J J ^ Qi
- H
where

•

min

Q^
- empirical quantile
Qi t ~ theoretical
quantile
with
the
'
probability of exceedance as Q^
Z
- number of empirical quantiles for
the deviations are calculated

(A3.1)

same
which

To calculate the deviations, as many quantiles as
possible of the empirical flow duration curve should be
utilized. A simplified technique was adopted for practical
application. Both the empirical and theoretical quantiles
were considered for a fixed selection of 16 probabilities of
exceedance (percent): 1, 2, 5, 10, 20, 30, 40, 50, 60, 70,
80, 90, 95, 97, 98 and 99 %. In accordance with the usual
application of
the flow duration
curve, this choice
emphasizes a good fit for extreme values, particularly for
low flows.
For determination of distribution parameters fulfilling
the condition (A3.1), the optimization technique called
pattern search was applied. The MIKRO method could be used
to
determine
all
distribution
parameters.
In
our
application, moment estimate of the mean flow Qa that is
considered to be unbiased was combined with moment or MIKRO
estimate of distribution variance and MIKRO estimate of
distribution skewness.
The objective was to find such a combination of
parameter estimates that gives the best goodness of fit. For
the above mentioned probability distributions: LN3, P3 and
LP3, the following alternatives of parameter estimation were
tested:
- moment estimates of the mean, variance and skewness
(M3),
- moment estimates of the mean and variance and MIKRO
estimate of skewness (M2),
- moment estimate of the mean and MIKRO estimates of
the variance and skewness (Ml).
The combination of the three types of distributions and
methods for parameter estimation thus creates nine variants.
All of them were performed on a data set of 176 water gauge
stations
in
Bohemia.
Goodness
of
fit
was tested
alternatively by the MIKRO optimization criterion and the
mean square deviation as the test criteria. The latter was
applied to test goodness of fit for:
- the whole range of selected quantiles,
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- the range of low flows,
- the range of high flows.
The results
conclusions.

can

be

summarized

into

the

following

Fitting the P3 distribution to flow duration curve
produces the worst results for all tested techniques (Ml,
M2, M3) and for the whole range of distribution quantiles
as well as for low flows and high flows. The P3 distribution
thus cannot be recommended for given application in the
studied geographical area.
Moment estimates of distribution skewness lead to the
results that systematically underestimate low flows and
their application cannot be recommended.
To fit the flow duration curve, the LN3 or LP3
distribution with M2 or Ml parameter estimation technique
can be utilized. These four variants (LN3-M1, LN3-M2,
LP3-M1, LP3-M2) are generally the most appropriate. However,
there are some differences in the results.
The LN3 distribution is generally the most suitable
model for the whole range of distribution quantiles and high
flows. The LP3 distribution produces in most cases the best
fitting for low flows. From the standpoint of practical
application, the differences are usually negligible (see
Fig. A3.1)
DISCHARGE
100

LEGEND
EMPIRICAL DISTRIBUTION
LN3 - M2
LP3 - M2

12 5 10

Fig.

A3.1

50
60
70
80
90 95979899
PROBABILITY OF EXCEEDANCE [%]

Example of fitting the flow duration curve
(the Jizera River at 2elezny Brod). The
LN3 and LP3 distributions and M2 technique
for parameter estimation were applied
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The LP3 distribution skewness, estimated by MIKRO
method, often reaches extremely high values which are
several times greater than their moment estimates (see Fig.
A3.2). From this point of view, the LN3 distribution which
shows less spatial variability appear to be more suitable
for
regional analysis.
But the application of LN3
distribution is problematic, because if
CvJ + 3 Cv

Cs

(A3.2)

the distribution has a negative left boundary which is, from
the physical point of view, unrealistic. Such a situation
occurs mainly in river basins where low flows reach very
small values. In these cases, the LP3 distribution, the
boundary of which can be equal to zero or positive, seems to
be a better model.
Cs
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MIKRO estimates of distribution skewness
versus their moment estimates. Results for
LN3 and LP3 distribution.
75

When assessing goodness of fit and lower boundaries of
the LN3 and LP3 distributions, it was found, that the LN3
distribution
could be
selected for
a geographically
continuous region covering the basins of the rivers Orlice,
Jizera, Ploucnice, Kamenice and upper Elbe. For this area
the left limit of the LN3 distribution was positive at all
stations.
In river basins, where a proportion of groundwater flow
into the stream is not significant, the lower distribution
boundary usually varies within the range from 2 to 5 % of
the mean discharge. When a decisive component of runoff is
the outflow from large underground reservoirs, the lower
limit can reach even several tens of percent.
The LN3 distribution is probably suitable for regions
with sufficient amounts of precipitation and with large
groundwater reservoirs.
For the rest of the territory of Bohemia, the LP3
distribution was applied as a more suitable model to fit
flow duration curve, even when in some particular areas the
LN3 distribution seemed to fit better.
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A N N E X
Regional Analysis of Mean Flow and Precipitation
Characteristics

A knowledge of factors explaining spatial variability
of precipitation and flow characteristics can be considered
as a fundamental requirement needed for estimation of design
data at ungauged sites.
The Elbe River Basin on the territory of Bohemia is,
from the standpoint of factors influencing precipitation and
runoff indices, very heterogeneous. This can be said about
morphology, geology, soil cover and land use. Under such
conditions, it is very difficult to delimit larger regions
that could be considered homogeneous.
Preliminary analysis of
factors explaining runoff
variability had shown, that the density of water gauge
stations is another constraint. Often, a sufficient number
of gauged sites, necessary to derive a regionally valid
regression equation, is not available.
These two aspects resulted in a compromise, when the
Elbe River Basin was divided into 29 subbasins taking into
account the following criteria:
- the analysis of residuals of regression equations
relating precipitation and mean
basin
altitude
(the relationship and its analysis explains the basic
influences of morphology and spatial orientation of
subbasins to mountain ranges),
- the
analysis of
geological conditions
of the
catchment (in the Elbe River Basin it is necessary
to distinguish at least the crystalline and the
cretaceous basin structures).
The Elbe (Labe) River Basin
the following subbasins:

has thus been divided into
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1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

Upper Labe
Labe above Brandys
Ûpa
Metuje
Orlice
Loucnâ
Chrudimka
Doubrava, Vrchlice,
Vyrovka
Cidlina, Mrlina
Jizera
Vltava above
confluence with Malse
Mal se
Luznice, Nezârka
Otava above confluence
with Blanice
Blanice

For
each subbasin,
studied relating:

16. Lower Otava
17. Vltava River Below
confluence with Malse
18. Sâzava
19. Mze
20. Radbuza
21. Ûhlava
22. Tributaries of middle and
lower Berounka
23. Berounka
24. Litovick^, Bakovsky,
Kosâtecky and Libéchovka
brooks
25. Ohfe above Karlovy Vary
26. Ohfe below Karlovy Vary
27. Ploucnice
28. Lower Labe
29. Kamenice
regression

relationships

were

(i)

mean annual precipitation
depth and mean basin
altitude,
(ii)
mean annual precipitation and runoff depth,
(iii) mean annual runoff depth and mean basin altitude.
Graphical interpretation of the relationships showed,
that a linear equation was appropriate when considering long
term means. Unknown parameters of regression equation were
then estimated by the method of "single solution" presented
in (Rozhdestvenskii, Chebotarev, 1974).
Precipitation and basin altitude are usually closely
related, with a coefficient of correlation above 0.9. More
distant relations (r « 0,8) occur in basins with small
ranges of subbasin altitudes (Metuje, Loucnâ, Luznice,
tributaries of the middle and lower Berounka).
The
precipitation gradient
(linear increase with
increasing altitude) is mostly within the range 0.7 - 1
[mm.m ]. Higher values of the gradient occur in basins of
medium and higher altitudes. Its spatial variability is
apparent from Fig. A4.1.
Relationships between precipitation and runoff describe
in fact the water balance of the basin, where regional
evaporation is another important component. Its estimation
is relatively difficult, because the utilization of values
measured in evaporimeters is unreliable and, in addition,
measurements are not carried out systematically and the
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Fig. A4.1

Regional
variability
of
precipitation
gradient a [mm.nT1] in relation to a basin
elevation
P = a.H + b. The
Elbe River
Basin on the territory of Bohemia

density of the observing network is insufficient. It is
therefore mostly assumed
that regional evaporation is
proportional to the potential evaporation which can be
calculated from the energy balance of the basin.
When studying long-term water balance of the basin,
changes in water storage can be neglected and water balance
equation can be written in the form
R

=

(A4.1)

P - RD

where RD is regional evaporation
seepage does not occur).

(assuming that subsurface

The analysis, performed on a set of 210 subbasins and
interbasins on the territory of Bohemia, has shown that the
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regional evaporation (RD) is less variable in space than the
precipitation or runoff (see Table A4.1). Its magnitude,
calculated from the series 1931-1980, mostly varies for
different regions in our climatological conditions, between
300 - 500 mm per year.
Components
of
water
balance
[mm.year-1]
evaluated on a set
of 210 subbasins and
interbasins on the territory of Bohemia (period
1931-1980)

Table A4.1

Precipitation

Runoff

Mean (mm.year"1)

751

278

Standard deviation
(mm. year""1)

196.9

235.8

Coefficient of
variation

0.262

When precipitation-runoff
linear regression equation
R

=

Regional
evaporation
473
74.7

0.849

relation

0.158

is described

by

(A4.2)

a.P - b

then it can be shown, how the magnitude of the parameter a
is related to evaporation variability (see Fig.A4.2).
a)

If a = 1, then
expressed as
or

the

rainfall-runoff

relation

can be

R

=

P - b ,

(A4.3)

R

=

P - V ,

(A4.4)

and evaporation
precipitation.

is not related

to the magnitude

of

b)

If a < 1, then regional
evaporation
precipitation from the value of V m ^ n .

increases

with

c)

If a > 1, then
precipitation.

decreases

with

regional

evaporation

In all the above cases (a),b) and c)), the point with
coordinates (PQ,0) (see Fig. A4.2) refers to a state when
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all precipitation evaporates. Such state does not occur in
the given climatological conditions when considering long
term means.

©
/

P

o

R=P
/

0

s

i /

Fig. A4.2

a> 1

Rainfall-runoff relations
a) invariable evaporation
b) evaporation increases with rainfall
c) evaporation decreases with rainfall
d) evaporation according to Tomlain

The diagram d) (see Fig. A4.2) refers to a situation,
when relation between evaporation and basin altitude is
assumed according to Tomlain (1980). Evaporation increases
up to certain altitude, due to sufficient storage of water
in the basin, and then decreases because of lack of energy.
Regional regression equations of the type A4.2 were
derived for 29 selected subbasins. The correlation between
precipitation and runoff is mostly very close (r « 0,9). The
magnitude of regression coefficient a is for a majority of
basins between 0.7 and 1 (see Fig. A4.3). The more distant
relations and atypical
relationships may exceptionally
occur, which can be attributed to the geological structure
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of the basin. For example, in the Loucnâ River Basin (6.),
an opposite relation is valid (a < 0), i.e. runoff decreases
with increasing precipitation. This is caused by percolation
of water into the lower horizons in upper parts of the basin
and by its outflow into the stream in downstream parts.
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1 BASINS OMITTED FROM THE ANALYSIS

Fig. A4.3

Regional
variability
of
regression
coefficients of the equation A4.2, relating
runoff to precipitation. The Elbe River
Basin on the territory of Bohemia.

Relationships between runoff and basin altitude are
also very close. In practical applications, they have been
utilized to verify runoff estimates from rainfall-runoff
relations in the areas where precipitation could not be
determined with sufficient accuracy.
Regional regression equations have been applied to
estimate mean annual precipitation and runoff at ungauged
sites, both for estimation of parameters beyond basins of
water gauge stations and for subsequent extrapolations.
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Relations of Mean Flow Statistics
in a Confluence Node

The term confluence node (junction) was defined in
Chapter 4.4. A confluence can consist of (see Fig.4.4.2):
- two streams (profiles u, t and d)
- a stream
(profiles
where

and local inflow from interbasin area
u, d and inflow from interbasin t)

u - profile on the main stream right above the
confluence (upstream profile)
t - tributary profile or inflow
interbasin area (tributary)

from

local

d - profile on the main stream right below the
confluence (downstream profile)
The following relation is valid for mean discharges at
a confluence
Qa d

=

Qa u + Qa t ,

(A5.1)

or, the discharge at downstream profile is equal to the sum
of discharges at upstream profile and tributary.
The correlation coefficient r u ^ of daily mean flow
series above the confluence is applied in the following
relation for standard deviations (Ventcelovâ, 1973)
s

d2

"

s

u2

+ s

t2

+ 2 s

u'sfru,t *

The coefficient of correlation r u
o r rr u t
from
'""""" 0
" to
"~ 1.
" FFor
u,t "= 11
d,r=l

=

s

u

+ s

t '

t

may

(A5.2)

acquire the values
(A5.3)
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and
Qau
Qad

Cvd,r=l

Cv,

Cvu +

(A5.4)

Qa d

The coefficient of variation of the series below the
confluence (see equation A5.4) is for r = 1 equal to the
weighted average of variation coefficients of the series
above the confluence. The weighting factors correspond to
mean discharges.
For r

u,t = °
»d,r=0

= [s2u+ s2t]2 •

The standard deviation
within the range
s

d,r=0

sd

may have therefore

-

s

d

-

<

sd

<

(A5.5)
the values

d,r=l '

(A5.6.a)

(su + s t ) .

(A5.6.b)

s

or

[s2u + *\]

In practice, 0 < r u t < 1 and the coefficient of variation
of the aggregate series is less than or equal to the greater
of the variation coefficients of the upstream series
Cvd

<

max (Cvu, Cvt)

(A5.7)

A more substantial decrease of variation coefficient of the
series
below the
confluence is
related with weaker
correlation of the series above the confluence.
The skew coefficient also decreases with decreasing
rate of correlation but, in general, it need not be smaller
than any of the skew coefficients of the series above the
confluence. It is assumed for further considerations, that
the asymmetry of mean daily flows changes along the river
gradually and that the values for small neighbouring basins
are approximately equal.
Under these assumptions, a process can be described
through which the aggregation of the series above the
confluence affects the size of the quantiles of a flow
duration curve downstream. In order to fit empirical data,
three-parameter distributions are commonly used. On the
assumptions that the type of distribution function does not
change along the stream and that the coefficients of
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skewness are equal for each profile of the confluence, the
transformation process would depend only on the degree of
modification of the variation coefficient.
Quantiles of a distribution function can be expressed
using the variable t p (standardized deviate, frequency
factor)
Q

p%,u

= Qa

u f1 +

Q

p%,t

= Qa

t ^

and

Cv

u* t p^

+ Cv

t # t p)

= Qa

u

+ s

u # t p ' (A5-8-a)

= Qa

t

+ s ,1:

t

p • (A5.8.b)

The sum of quantiles at profiles u and t is then

Qp%,u + Qp%,t " °-au + °-at + S <su + s t> ' (A5.9)
and the corresponding
Qp%,d

Qp%,d

quantile of the

downstream

" °~ad + V S d •

profile

(A5.10)

As we presume the equality of skew coefficients, the
values tp in equations (A5.9) and (A5.10) are identical, and
the relation between values Qp«|d and (Qp% u + Q p % ^) can be
derived from (A5.6), which accounts for r < 1
sd

<

(su + s t ) .

(A5.ll)

Multiplying this relation by t p (tp > 0) yields
t p .s d

<

t p (su + s t ) ,

and after addition of the mean value Qa d (Qad
to both sides of the relation (A5.12) we get
Q

p%,d

<

(Q

P%,U

+

Qp%,t> •

(A5.12)
= Qa u + Qa t )
(A5.13)

we get
t p .s d

>

fc

Q

>

(QP%,u + QP%,t) •

p (su

+ S

t> '

(A5.14)

and
P%,d

(A5.15)

On the assumption of validity of these relations, it
can be concluded that for the quantiles above the mean
value, the sum of upstream values is greater than the
corresponding quantile downstream and for the quantiles
below the mean, the opposite relation holds (see Fig. A5.1).
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Relations of Annual Peak Flow Statistics
in a Confluence Node

The term confluence node (junction) was defined in
Chapter 4.4 (see Fig. 4.4.2). The relations of mean flow
statistics at
the upstream, tributary
and downstream
profiles of a confluence were discussed in Annex 5. The
conclusions (see Fig. A5.1) are presumably valid also for
instantaneous discharges. The instantaneous discharges of
peak flows are certainly above the mean flow of the original
series and therefore, for any quantile of the flood duration
curve, the value with certain exceedance probability at
downstream profile of confluence is less than the sum of
corresponding discharges at profiles above the confluence.
The next step was to investigate factors controlling this
reduction.
The relations derived for mean flow statistics (see
Annex 5) could not be applied, because flood quantile
estimates are not based usually on the analyses of the whole
range of instantaneous discharges. Another approach thus had
to be found. It was first suggested to determine the
relation from observed data.
Using the observation from the Elbe River Basin and
selecting confluences where the observation was available
for all profiles (altogether 24 confluences), the reduction
coefficient C(N) was determined from the formula
Qd(N)
C(N)

=

(A6.1)
QU(N) + Qt(N)

where Q d (N),
Q U (N), Q-tW a**e N-year
floods at the
downstream profile, the upstream profile and tributary.
The values are plotted in Fig. A6.1 (for one-year
floods) and in Fig.
A6.2 (for 100-year floods). The
coefficient C(l) varies in the range from 0.7 to 1.0 and the
coefficient C(100) in the range from 0.6 to 1.0. It can be
noted, that both coefficients are closer to one when a ratio
of basin areas of the upstream and downstream profiles
approaches one. However, it was not possible to explain
considerably high variability of both coefficients.
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Reduction coefficients C(l) calculated from
equation A6.1 for one-year floods and
related to the ratio of upstream and
downstream basin areas of the main stream
in selected confluences. (Data from water
gauge stations in the Elbe River Basin on
the territory of Bohemia).

It is known from studies of observed data, that the
specific N-year floods decrease with increase of basin area.
Logarithmic
transformation of
the variables involved,
specific discharge q m a x and basin area A, performed on data
for Bohemia, confirmed linearity of this relation. The
relation can be written in the form
a
^max
where

= ^max
k_ *"
A" GM

(A6.2)

A
- basin area
k max ,GM - parameters

Various
factors
explaining
the
phenomenon
can
be
found. For
the specific
mean
annual
flood
q m a x , the following concept was adopted. The decrease
in the mean basin altitude in downstream direction is
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x

Reduction coefficients C(100) calculated
from equation A6.1 for 100-year floods and
related to the
ratio of upstream and
downstream basin areas of the main stream
in
selected
confluences.
(Data
from
water gauge stations in the Elbe River
Basin on the territory of Bohemia).

closely related with the decrease of specific discharge q a .
The regional regression analysis showed that the variables
q m a x and q« are also correlated and that the relation is
approximately linear. The relationships are plotted in
Fig. A6.3.
As can be anticipated, the slope gradient of variables
H, P and q a is smaller than the gradient of q m a x «
The decrease of variable q a can be expressed as
qa

=

ka.A_GÀ

(A6.3)

and substituting this relation into the equation for q m a x
l

max

=

k.qa.A-G

(A6.4)
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we g e t
(A6.5)
k k A_(GA+G)
!max
It follows from comparison between equations A6.2 and
A6.5, that the parameter GM can be expressed as the sum of
gradients GA and G. An additional factor beside that of q a
decrease should therefore be involved to explain the portion
of q m a x decrease that refers to parameter G. This factor can
be tne effect of unsynchronised flood events in various
subbasins.
Let us define the reduction coefficient
maximum floods as
C

=

Qmax,d
QmaXfU

of mean annual

(A6.6)

+

Qmax,t
for profiles
Equation
A6.4 can be written
a confluence for variables Qtoax,u' Qmax,t a n d Qmax,d i n
form
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of
the

< W , u = q»ax ; u : ^ ( ï.è)^,u-^-V G =

(A6 ? )

< W , t ; ^ax ; t : ^ ( ï_è,<ïa,fAf At"G =

^

< W , d " qmax,d:^(ï_è,qa,d-Ad-Ad-G =

( M

Substitution of the
equation A6.6, yields

equations A6.7

to A6.9

a,d,K:*Ad
,,1 " G ).
qa/U.k.Au(.1-G'> + q a/t .k.A t (

g)

g)

into the

q

C =

.

(A6.10)

By denoting the ratio of the main stream catchment
areas downstream (Ad) and upstream (A^ of the confluence as
x

=

A d / Au ,

(A6.ll)

the tributary basin area can be expressed as
At

=

By substituting
we get

Au (x - 1) .

both

(A6.12)

relations into

the equation

x(1-G).qa/d
'- . . . . .
<*a,u + <Ja,t<* " D ( 1 G )

C =

A6.10,

(A6.13)

This resulting equation can be applied to determine the
reduction coefficient (C) of annual maximum floods at any
confluence. Further modification is needed in order to
demonstrate properties of the estimate. For long-term mean
discharges the following relation is valid
Qa d

=

Qa u + Qat .

(A6.14)

After substituting Qa by
the term qa.A, the following
expression can be derived applying the equation A6.ll
1
<ïa,d

=

1
9a,u

+

1

C

> <ïa,t •

(A6.15)

x
x
A variable z q can be defined as a ratio of the specific
mean flow of the tributary and the main stream above the
confluence
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zq

"

3a,t / 3a,u •

This relation can
to get

(A6.16)

be substituted

into the

equation A6.15

1 + zq(x - 1)
3a,d

=

(A6.17)
x
which, after substiting into the equation A6.13, gives after
modification
C

x"G .

=

3a,u •

1 + z (x - 1)
3

(A6.18)

1 + zq(x - l ) * 1 " 6 '

The equation A6.18 is reduced to
C

=

x^'G)

.

(A6.19)
1 + r(x - 1 )

(1

"

G)

if the specific mean flows of the main stream
confluence and of the tributary are equal.

above

the

In practical applications of the equations A6.18 and
A6.19, it is necessary to verify, whether the estimate of
parameter C exceeds a limiting value CD
C

>

CD .

(A6.20)

The
limiting
value
refers
to the hyphotetical
situation when the discharge Q m a x t ^ s r e d u °ed to such
a degree in the transformation pr6cess that it has no
effect on the magnitude of the downstream discharge.
In order to determine the value of CD, the equations
A6.7 to A6.9 can be substituted into the following relation
(Q

max,u

+ Q

max,t)- CD

=

Q

max,u '

(A6.21)

or
^max,u
CD

=

,
Qmax,u

+

.
(A6.22)

Qmax,t

which yields after algebraic alteration
1
CD =
.
1 + zq(x - 1 ) ( 1 " G )
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(A6.23)

When the equations A6.18 and A6.23 are substituted into
the inequality A6.20 the condition for the parameter G

In (1 + za.(x - 1))
G

>

(A6.24)
In x

can be obtained. In a particular
condition A6.24 is reduced to
G

>

case

of

1 .

z g = 1, the
(A6.25)

If a two-parameter distribution function is to be
applied as a model of the flood frequency curve, relations
for an additional parameter have to be investigated. Based
on common practice, the coefficient of variation of annual
flood series Cv m a x was selected.
In the Novicky et al., 1985 study, the variation
coefficient was related to the basin area. The entry data
set comprised data from the territory of the Czech Republic.
The plot in a logarithmic scale showed certain analogy to
the variable q max « The decrease of the coefficient with
increasing basin area was again the predominant tendency.
Considerable variability of individual values could be
noted. As expected, the coefficient Cv ma „ decreases with
increasing basin area but, on the other hand, increases with
decreasing
precipitation and
runoff in
the opposite
tendency. For a majority of regions, the relationship to the
catchment area could be described by
Cv

max

=

k

-A~GM •

(A6.26)

The r e l a t i o n s for c o e f f i c i e n t s of v a r i a t i o n
a confluence a r e
cv

max,u

a t p r o f i l e s of

=

k.\TGM

(AS. 27)

Cv

max,t

=

k.A t ~ GM

(A6.28)

Cv

max,d

=

k.AcfGM

(A6.29)

In analogy t o t h e equation (A5.4)
Cv

max,d

"

w

u' C v max,u

+ w
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fCvmax,t

(A6.30)

where
w

u

^max,u

=

^max,u

+

(A6.31)

^max,t

and
wt

^max,t

.

Qmax,u
Defining
the
a confluence as

+

(A6.32)

^max,t

reduction

coefficient

of

Cv

max

a

^

Cv

max,d
.
U =
,
(A6.33)
W
u-Cvmax,u + w f c v max,t
we can substitute the coefficients of variance by relations
A6.27 to A6.29 to get
k.Ad-GC
u
=
^
T^T *
(A6.34)
w u .k.A u " GC + w t .k.A t ~ GC
The substitution of the catchment areas by the relations
A6.ll and A6.12 and subsequent algebraic modification yields
x" GC
U

=

—
.
(A6.35)
w u + wt.(x - 1 ) " ^
The reduction coefficient U should not exceed one. As
its magnitude depends on variables x, w„ and w t , the limits
of parameter GC are not explicitly derived. The condition
U > 1 is to be applied in the extrapolation technique.
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Examples from the Otava River Basin

The Otava River is a left-hand side tributary of the
Vltava River with the basin area of 3 839 km 2 . The Otava
River Basin lies in the South-West of Bohemia and drains
water from the âumava Mountain Range, part of the Central
Bohemia Hill Range, and part of the region of Ceské
Budéjovice.
The impact of human activities on water resources is
relatively small. There is only one significant reservoir
(Husinec on the Blanice River) that was put into operation
in 1939.
A considerable
amount of precipitation
and flow
historical data is available for the basin. The numbers of
precipitation and water gauge stations observing in the
period 1930-1980 are shown in Figs. A7.1 and A7.2.
Precipitation was observed systematically in Bohemia
since 1875. In the Otava River Basin, a total of 162
precipitation stations were in operation in the past, 118 of
which operated, for a certain period, between 1931 and
1980. Only three stations have a complete record in this
period and further 21 stations observed for more than 500
months.
The observation of water levels began in the last
century, but discharges are available mostly since 1931. In
the past, a total of 47 stations were in operation, four of
which have a continuous record for the period from 1931 to
1980.
Location of precipitation and water gauge stations
observing in the Otava River Basin for at least a limited
period of time from 1931 to 1980, is shown in Fig. A7.3.

95

NUMBER OF
STATIONS

70 60 50

«0 4
30
20
10

1931

A7.1

40

SO

60

70

1960

KuiBher of precipitation
Otava River Basin

YEARS

stations in

the

NUMBER OF
STAT r ON S
!

1931

Fig. A7.2

40

50

60

70

1980

YEARS

Number of water
gauge
stations
discharge data in the Otava River

96

with
Basin
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Fig. A7.3

Location of precipitation and water gauge
stations in the Otava River Basin

Spatial
variability
of
the
mean
areal annual
precipitation (1931-1980) in the basin is very high. The
precipitation varies (see Fig. A7.5) from P = 550 mm in
lower parts of the basin with the altitude of about 430 m,
up to P = 1 400 mm in the mountainous regions with altitude
above 1 000 m. The mean annual precipitation (1931-1980)
over the whole basin is 699 mm.
The Otava River Basin was subdivided into three regions
for the purpose of a regional regression analysis of
precipitation and runoff (see Fig.A7.4):
(a)
(b)
(c)

Otava River Basin
Blanice River
Blanice River Basin
Otava River Basin
Blanice River

above

the

below the
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confluence
confluence

with

the

with

the

Fig. A7.4

Regionalization of the Otava River Basin
with respect to precipitation and runoff
estimates

In order to estimate the mean annual precipitation over
the basin area, regression equations relating precipitation
to the mean basin altitude were derived. The regression
relations shown in Fig.A7.7 are
(a)

P

=

1.194

H -

28.7

(A7.1)

(b)

P

=

0.405 H +

417.6

(A7.2)

(c)

P

=

0.875 H +

169.6

(A7.3)

with coefficients
(c) 0.995.

of

correlation (a) 0.953, (b) 0.981 and

The above equations were derived from the precipitation
data (1931-1980) for basins of water gauge stations and were
used
to
estimate
precipitation
over
subbasins and
interbasins of the hydrological information database.
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LEGEND:
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Fig. A7.5

Mean annual
River Basin

precipitation

in

the

Otava

Four water gauge stations with the continuous record
from 1931 to 1980 are
located in the Otava River Basin
(Susice, Katovice, Nemétice, Pisek). The gaps in other data
series were filled in, applying procedures described in
Chapter 3.3.
Regression analysis was carried out to investigate
relationships between precipitation and runoff for basins
and interbasins of water gauge stations. Fig.A7.6 shows
rainfall-runoff relations for the regions of the Otava River
Basin.
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in regions
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related to

mean

These
relationships
regression equations

can

be

expressed

by

linear

(a)

R

=

1.051 P - 526.0

(A7.4)

(b)

R

=

1.203 P - 625.0

(A7.5)

(c)

R

=

0.914 P - 422.4

(A7.6)

with
coefficients of
correlation (a) 0.965, (b) 0.975,
(c) 0.968. Such close correlation enables us to apply the
regression estimates for ungauged sites.
The annual depth can also be estimated from the
relation to the mean basin altitude. The relationships
R = f(H) and P = f(H) are shown in Fig. A7.7.
Mean annual runoff estimated for subbasins of the
hydrological information database are shown in Fig. A7.8.
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Mean a n n u a l r u n o f f e s t i m a t e d f o r
of t h e Otava R i v e r B a s i n .
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subbasins

The
other mean
flow statistics,
coefficient of
variation Cvd and ratio ^99% = Qg9%/Qa were studied. In
explaining variability of Cv^, the runoff R was the most
significant variable.
The relationship between Cvd and
the linear regression equation
Cv,

=

R can be expressed by
(A7.7)

a + b.R

The regression parameters a and b are shown in Fig. A7.9.
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Regression
parameters
of
Cv^ = a + b.R in the Ota va

The linear regression
estimating the ratio k 99 %
Kgo^. —

equation

a + b.R

was

a
relation
River Basin

also applied in
(A7.8)
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The values of
A7.10.

parameters a

and b

are illustrated in Fig.
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Considering
annual flood
series, the
regression
equations were derived in order to estimate specific mean
annual flood q m a x and coefficient of variation Cv m a x . The
equation for qmax estimation had the form
0.0345 q a
'max

(A7.9)
(A + 1)'

where the magnitude of parameter G, which was in the range
between 0.3 and 0.4, had to be locally adjusted in the
process of data extrapolation.
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Concerning c v m a x , from
various
regression equation in the form

was

alternatives,

Cvmax = 0.987 - 0.1595 log q a
selected as satisfactory.

the

(A7.10)
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network of
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Regional regression equations were applied in the
extrapolation technique, presented
in Chapter 4.4, to
extrapolate flow statistics Qa (R), Cvd, ^99%, q^ax' Cv max'
beyond basins of water gauge stations. The statistics were
estimated
for sites
of the
hydrological information
database. For the Otava River Basin, the database contains
118 subbasins and 56 interbasins. Its river network is shown
in Figs.A7.11, A7.12 and A7.13, in which the location of
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water gauge stations (as sites of observed data) is also
indicated.
The
figures
illustrate
the
results
of
extrapolation and show the values of parameters along the
streams of the basin.
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Values of q 10 Q along
the Otava Basin
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the river network of

To illustrate how graphical interpretation can help in
assessing the estimates, a plot of the values of specific
one-year floods q-^ versus specific 10 % discharges qio% for
main streams of the Otava
River Basin is shown in Fig.
A7.14. The characteristics were estimated by two independent
procedures (see Chapter 4.4). The figure proves the fit of
the results. A more detailed interpretation would go beyond
the scope of this short review (see Kolâfovâr Kasparek,
Navicky, 1990).
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Basic hydrological data at
site (example of printout)
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an ungauged

The structural model of a river network and the
techniques presented in Chapter 5 were used to extrapolate
the above statistics beyond basins of the hydrological
information database. Specifically, the statistics were
estimated for river basins and stretch catchments of the
hydrological inventory. For the Otava River Basin, the
inventory comprises 817 subbasins. When the mean flow and
peak flood statistics were extrapolated, the flow duration
and flood frequency curves could be estimated for each of
the subbasins. A printout of the results of the whole
procedure for a selected subbasin is given in Fig. A7.15.
The estimates of hydrological data were verified by
techniques
described
in
Chapter
5.3.
Graphical
interpretation revealed places of discontinuity and updated
input data (as, for example, parameters of regression
equations) were interactively used in particular steps of
the data extrapolation technique. Examples of graphical
outputs are presented
below. These
were selected at
intermediate steps of the process and do not necessarily
show the final results.
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A7.16

Map of symbols representing mean annual
precipitation (1931-1980) in the Otava
River Basin.
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Data
for source
and stretch
catchments can be
visualized in maps, in a numerical form or as symbols or
isolines. Fig. A7.16 shows the estimates of the mean annual
precipitation. The size of an oblong represents the amount
of precipitation estimated for source or stretch catchment.
Isolines of annual runoff produced on a computer are shown
in Fig. A7.17. The runoff depths are also illustrated in
Fig.
A7.18, which
shows the
consecutive values for
interbasin areas along the main river.

Fig. A7.17

Mean annual runoff (1931-1980)
Otava River Basin (mm)

in

the

Estimates of the mean annual floods versus basin areas
are shown in Fig. A7.19. The final figure (A7.20) presents
a plot of the coefficients of variation of annual peak
floods for source and stretch catchments (multiplied by
a factor of 100).
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A
C
Cs
Cs^
Cs_ a v
Cv; Cv
Cv^; CVjj
Cv m a v
IUCXJL.

H
u; t; d

k

99% ;

k

LN3
LP3
N
n
p
P .
P3
(P - R) ; RD
Qa
qa
Qmax
qmax
°-Md' e *9* ^365d
Q N , e.g. Qioo
Qp%, e.g. Q 9 9 %

basin area
reduction coefficient of discharges
in confluence node
skew coefficient
skew coefficient of mean daily flow
series
skew coefficient of maximum
discharges
coefficient of variation and its
regression estimate
coefficient of variation of mean
daily flows and its regression
estimate
coefficient of variation of maximum
, .
,
discharges
mean basin altitude
profiles of a confluence node
u - upstream profile
t - tributary
d - downstream profile
one dav avera e
9 flow exceeded by 99 %
of average discharges standardized by
the long term mean discharge,
k
?9% = °-99%/Qa'
its regression estimate
three parameter Log-Normal
distribution
Log-Pearson Type III distribution
return period in years
time series length
probability of exceedance
mean annual precipitation over basin
area (mm)
Pearson Type III distribution
évapotranspiration loss (regional
evaporation)
long-term mean discharge
specific long-term mean discharge
mean annual flood
specific mean annual flood
o n e da
¥ average flow exceeded in M
days in a water year
peak flood with return period of N
years
one day average flow exceeded by p %
of average discharges
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R
r .,
s; s
tp
U

mean annual runoff (mm)
coefficient of correlation
standard deviation and its regression
estimate
standardized deviate (frequency
factor)
t p = (Qp%-Qa)/s
reduction coefficient of C v m a x
in a confluence node

subscripts u; t; d; refer to profiles of a confluence node
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