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Summary

This report presents flood estimation methods for a number of developing countries (the
countries and regions covered are indicated in Figure 3). The approach used is regional
frequency analysis which combines data from many flow gauging stations within a region
treated as reasonably homogeneous in its flood response.

Regional flood estimation methods allow estimation of flood peaks for return periods of up
to about 500 or 1000 years at sites throughout the regions studied. They are suitable for use
in a wide variety of smaller projects and for preliminary analysis of major projects. The
methods can be used to produce flood estimates at several sites very rapidly, and they have
the particular advantage that estimates can be easily made at sites which have no observed
river flow data. As this is the case in most locations, this constitutes the major advantage of
the approach. Where local flow data are available at the site of interest, these can be
incorporated into the procedure.

As part of the study, new flood estimation methods have been developed for four countries:
the Philippines, Sri Lanka, Namibia and Zimbabwe. In addition to this, methods which have
been developed previously are summarised. In some cases the previous studies only provided
one part of the solution, and these have been completed and updated. Thus the report
provides, in a uniform format, a compilation of flood estimation methods for a total of 17
regions or countries.

A brief "Manual of regional flood estimation procedures" is included to help readers apply
the methods presented here to particular flood estimation problems in the areas covered. And,
to facilitate the development of further regional flood estimation methods for regions not
covered by the report, a software package has been developed as part of the study. The
software, called FLOODS, which provides a user-friendly means to store the data and
develop regional flood frequency curves, is explained in a separate operation manual.




1. Introduction

1.1 Introduction to flood estimation

1.1.1 Flood statistics, return period and probability

For any flood estimation problem it is necessary to specify the return period, or probability,
of the flood being considered. The return period used will vary according to the nature of
the project and the consequences of the design flood being exceeded. In practice it is often
useful to construct a curve relating the size of the flood to its probability of occurrence. Such
a curve, called a flood frequency curve, enables flood magnitudes corresponding to various
design criteria to be estimated and the implementation costs and implications of failure of
such criteria to be appraised. Figure 1 shows such a curve. The probability scale gives an
exceedance probability (ie. the probability of a flood level being exceeded in any one year);
the scale beneath this shows return period (the average interval between years which contain
floods exceeding this level). Return period, T, is the reciprocal of the exceedance probability
and can give a more tangible appreciation of the severity of the flood.

If a very long flow record exists for a point on a river it is possible to construct a flood
frequency curve from an examination of the record. Figure 2(a) illustrates one approach to
this; the record is divided into hydrological years (to ensure independence of the flood peaks)
and the largest flood in each year is noted. By ranking the floods and assuming a particular
form for their distribution each can be assigned an exceedance probability and so a flood
frequency curve can be constructed. It is interesting to note some of the properties of this
annual maximum flood series. It might be expected that the mean of the annual maxima
would be exceeded by approximately half the floods, and so have an exceedance probability
of 0.5 and a return period of two years. However, since it is possible to have floods very
much bigger than the mean but there is a limit to how much smaller they can be, the
distribution of floods is skewed, and the mean annual flood has an exceedance probability
of less than 0.5 and a return period of more than 2 years. Rather than looking at the
exceedance probability, it is often more useful to work in terms of the non-exceedance
probability, or the probability of a flood not being exceeded in any one year. This leads to
an easy estimation of the risk of failure during the projected life of a scheme (see Section
4.4.1).

When considering only the largest flood in each year, the return period is not the average
interval between floods of a given magnitude, but the average interval between years
containing floods of that size or greater. In Figure 2(a) it can be seen that the largest flood
in some years is exceeded by the second or third largest flood in others; an alternative
approach to flood frequency analysis that avoids this problem considers all the floods over
a certain limiting size, not just the biggest in each year. Such a flood sequence is called a
partial duration, or peaks-over-threshold, series. In Figure 2(b) all years containing floods
over a certain size have been marked and in Figure 2(c) all floods over that same size are
indicated. Immediately it can be seen that the average interval between floods is less than the
average interval between years with floods. The return period of the mean annual flood
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estimated from the annual maximum series is typically about half a year greater than from
the partial duration series, but this difference decreases as return period increases, becoming
insignificant for return periods of more than about 10 years. Although the partial duration
series approach is the more fundamental one, the negligible difference at large return periods
and the easy application of the annual maximum method makes it the more popular choice
for flood frequency studies.

1.1.2 Flood estimation methods

When a long flow record is available, estimation of the flood of a specified return period is
a straightforward task as outlined above. However, it is usually the case that no data or only
a limited period of data is available, and it is not possible to construct a flood frequency
curve or it is difficult to extend it to the required return period. There are three broad classes
of method that can be used in such circumstances: empirical methods, rainfall-runoff methods
and statistical methods.

The empirical methods are usually simple formulae relating flood magnitudes to
physiographic properties of the drainage area. They are often based on a straightforward
conceptualisation of the rainfall-runoff process and calibrated on a specific data set. The
growth of flood magnitudes with return period is achieved through the use of rainfall
frequency relationships which are generally more widely available than flood frequency
curves. Because of their generality and in the absence of anything better they have been
adopted and used very widely, but unfortunately they do not take account of local conditions
and are often not really suitable for the situations in which they are used. Examples include
the Rational method (see standard textbooks such as Wilson, 1990), and the Creager and
Francou-Rodier equations (Creager et al., 1947; Francou and Rodier, 1967).

Rainfall-runoff methods also require rainfall frequency relationships, often over a variety of
durations. The rainfall input is routed through a rainfall-runoff model to give the design
flood. The methods have the advantage that they provide the complete design hydrograph
rather than just the flood peak. However, good quality flow and short period rainfall data are
needed to calibrate the model for a gauged site, and extension of the approach to provide a
method which can be used to estimate floods at ungauged sites represents a large-scale
undertaking for each region being studied.

Statistical methods are based on the regional generalisation of statistical properties of flood
distributions. Typically the methods involve the estimation of an index flood and the scaling
of this by a factor dependent on return period to give the design flood or T-year flood, where
T is the required return period. This method has been adopted for use in the studies
presented in this report as it makes the best use of the available data, provides for easy
incorporation of local data in application and, above all, provides the best approach to allow
rapid estimation at ungauged sites.

The index flood chosen was the mean annual flood (the mean of the annual maximum flood
series) as this can easily be estimated at a large number of sites from existing records
available in most countries. In applying the methods, the mean annual flood can be estimated
from the observed data at sites where long records are available. Where only short records
are available the partial duration or peaks-over-threshold series can be used. Where the
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records are extremely short or, as is very often the case, there are no observed data at all,
the mean annual flood can be estimated from the equations relating it to catchment
characteristics, which have been developed as part of the studies.

As described above, where a very long record is available at the site of interest, the flood
frequency curve can be constructed from the record itself. However, when a flood estimate
is required for a return period considerably longer than the record length or when there are
no observed data at the site, the regional flood frequency curves presented in the report can
be used to estimate the flood peak for the required return period.

1.2 Aims and contents of this report

This report presents flood estimation methods for a number of developing countries (the
countries and regions covered are indicated in Figure 3). The approach used is regional
frequency analysis which combines data from many flow gauging stations within a region
treated as reasonably homogeneous in its flood response. This approach provides a method
which allows rapid estimation of instantaneous flood peaks for a range of return periods at
sites throughout the regions studied. The method consists of two parts: an equation to
estimate an index flood for the site, and a regional flood frequency curve which relates the
flood peak corresponding to the required return period to this index flood. The index flood
used is the mean annual flood, or MAF, which, at a gauged site, is the mean of the series
of the maximum flood peaks occurring in each year of record. In the first part of the method,
the MAF prediction equation is used to estimate the MAF at the site of interest, based on the
catchment area and, in some cases, a number of other physical or climatic characteristics of
the catchment. This approach allows the MAF to be estimated at ungauged sites, or at those
with very short or unreliable records. Where the site of interest has a reliable flow record,
it is preferable to use this to estimate the MAF; and observed data can also be used to
improve the MAF estimate when the gauged site is near to, but not actually at, the site of
interest. Having estimated the MAF, it is straightforward to apply the appropriate regional
flood frequency curve to obtain the flood peak corresponding to a return period suitable to
the problem under investigation.

This approach to flood estimation has a number of limitations. Being based on a general
method covering large regions, the estimates can only be treated as preliminary. For major
projects, particularly large dams where failure could have catastrophic consequences, the
estimates should always be supplemented by detailed studies of the particular catchments
using a variety of other approaches. The methods are also not suitable for use on heavily
urbanised catchments. Again, depending on the amount of data used in developing the
method for a particular region, the regional approach is limited in the rarity of the event
which it can reasonably be used to predict. For most of the regions studied, a maximum
return period in the range of about 500 to 1000 years would be reasonable. While this is
much more than can be achieved from the analysis of the observed record at a single site,
it is insufficient for estimates at very long return periods (of say 10,000 years) and for
probable maximum flood estimates needed for the design of major dams. The method is also
limited in that it provides estimates of the flood peak only, and the complete flood
hydrograph is not determined. While these limitations mean that the regional approach must
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be supplemented by more detailed studies for the detailed design of large projects, it has the
great advantage that rapid preliminary flood assessments can be carried out at a large number
of sites. In particular, it has the advantage that estimates can be easily made at sites which
have no observed river flow data; and, as this is, of course, the case in most locations, this
constitutes the major advantage of the approach. In addition, even where data are available
at the site of interest, the use of the regional flood frequency curve, by incorporating data

from a large number of stations, increases the reliability of the estimates at long return
periods.

This report presents the results of many years’ work in flood estimation studies. In particular,
it is a follow up to the work presented in the World Flood Study report (Meigh and
Farquharson, 1985; also summarised by Farquharson et al. , 1987). That report was itself an
extension and adaption of the methods used in the UK Flood Studies Report (NERC, 1975),
and it incorporated experience gained in applying the regional approach in a wide range of
countries. The World Flood Study report presented regional flood frequency curves for many
countries, but it was incomplete in that it did not provide any MAF prediction equations.
Thus, by itself, it was not sufficient to make flood estimates in the regions studied, and
additional work was always required. The present study makes good this omission, and also
extends the work to other countries in the developing world. Coverage of developing
countries has been considerably increased, but the results from Australia, Japan and countries
in North America and Europe, which were included in the World Flood Study, have been
omitted. Adequate flood design methods are generally already available in these areas, and
the main focus of the present study was on developing countries. In addition some results
from developing countries where the coverage of data was insufficient to provide an adequate
flood estimation method have also been omitted. Overall, the total number of flow gauging
stations used has increased from 1121 in the World Flood Study to about 1700 now. The
study draws on a variety of other projects which have been carried out in recent years as well
as presenting work which has been specially carried out as part of the study. It also includes
results which have already been published elsewhere (for example, Farquharson et al., 1992
and 1993); this has been done so that as many results as possible can be presented in one
place in a uniform format.

The remainder of the report is as follows: Chapter 2 describes the general methodology used
in developing the flood estimation methods for each country or region, and Chapter 3
provides a summary of the results, and a comparison between the different countries. More
detailed discussion of how the method was derived for each country is provided in

Appendices A to E, and limitations of, or shortcomings in, the methods presented are also
discussed there.

In Chapter 4, a brief "Manual of regional flood estimation procedures” is provided to help
readers apply the methods presented here to particular flood estimation problems in the areas
covered. For other regions not covered by the study, it would be possible to develop
additional methods using the approaches discussed in this report. This would require the
assembly of considerable amounts of data and a range of quite complex analyses. To assist
in such investigations, a software package has been developed as part of the study. The
software, called FLOODS, which provides a user-friendly means to store the data and
develop regional flood frequency curves, is explained in a separate operation manual.




2. General methodology

2.1 Compilation of flood peak and catchment characteristics data

Two types of data are required for the development of the flood estimation method for a
particular region: flood peak data and catchment characteristics data. The flood peak data
consist of the series of instantaneous maximum discharges in each year of record at a number
of flow gauging stations (the records used do not necessarily have to be complete; missing
years are simply omitted from the analysis). These data were gathered from a wide variety
of sources: some were obtained from yearbooks or other publications of the relevant gauging
authorities; some were obtained as part of a variety of projects investigating flooding
problems; some were collected specially for this project either from yearbooks or from the
gauging authority’s files; and a few were supplied by the authorities in computer format.
Because, in some countries, river flow information is regarded as, in some degree, a security
issue, we were not able to obtain data from some regions that it would have been interesting
to study, and the coverage is less complete than it might have been for this reason.

There were a number of potential problems with the flood peak data, and efforts were taken
to eliminate these as far as possible. One of the problems is data quality. It is extremely
difficult to obtain measurements of large flood flows, and most gauging stations are poorly
calibrated at the upper end of the flow scale for this reason. Inevitably flood data are not of
very high accuracy, but it is important that the stations used should have a moderate level
of data quality. In particular, the extrapolation of the rating curve from the measured flows
to the flood flows should not be too large. Where data have been taken from published
sources it has had to be assumed that they have only been published when their quality is
adequate. In other cases, advice has been taken from the gauging authority on which stations
are acceptable. Some of the studies reported here have included detailed programs of data
checks and field inspection to ensure good data quality, but this was not practicable in most
cases, and a lower level of assurance has had to be accepted. In addition to this, some
anomalous stations have been identified and removed from the analysis as part of carrying
out the MAF regressions (see Section 2.3) or because they were found to have extremely
anomalous station flood frequency curves. Generally, it is believed that the great majority
of data used achieves a moderate but still adequate level of accuracy.

Another problem can occur in extracting the annual maximum values when data are missing
for part of the year. Some authorities list peak values for years in which there are missing
data, and for these cases it was necessary to carry out checks to ensure that only true peaks
are extracted; Je., that the peak did not occur in the missing period. Generally, when missing
data occur, the year was rejected. The exception is in strongly seasonal climates where, if
there are missing data only in the dry season when a large flood is extremely unlikely, the
peak flood value can still be accepted. Yet another problem relates to the true assessment of
instantaneous peak flows. Where stage is monitored with an autographic recorder this is not
a problem, but in some cases stage is read by observers a specified number of times per day.
This is not a problem on large catchments where flows change relatively slowly, but on small
catchments it leads to under-estimation of the instantaneous peak. In these cases a correction
to the observed values is needed to obtain estimates of the true peaks, although only crude



corrections are usually possible. An example of such a correction is the work done for the
Philippines (see Appendix A).

The minimum catchment characteristics data needed are the station locations and catchment
areas. These were obtained from the same sources as the flood peak data. In nearly every
case, average annual rainfall estimates have also been obtained for each catchment, either
from the same data sources, as a special study, or from a variety of published isohyetal
maps. Other catchment characteristics have been obtained for the cases where it was possible
to do a more detailed study, but not all of these turned out to be useful. Those which have
been used in the final equations for at least one region were:

APBAR the mean annual maximum catchment 1-day rainfall;

LAKE the proportion of the catchment area which is upstream of lakes or reservoirs;
PADDY percentage of catchment under wet rice cultivation;

SLOPE the slope from the catchment outlet to the highest point above the end of the

longest stream in the catchment;

STMFRQ the number of stream junctions per unit area; and

S1085 the slope of the longest stream in the catchment between the 10% and 85%
points.

While it is worth investigating these characteristics in a detailed study, it is also notable that
their inclusion often provides only a very minor improvement in the results (as can be seen
from some of the examples in the next chapter). As the derivation of a satisfactory range of
characteristics is extremely time-consuming, it was not practicable to obtain them in most
cases. However, because of their relatively small effect, the omission is not of major
importance, and most of the methods developed still provide adequate flood estimation tools.

2.2 Selection of regions

Having obtained the flood peak and catchment characteristics data, they are combined in
regional groups. The groups used should be hydrologically homogeneous; that is, within a
reasonable margin, the hydrological and, particularly, the flood response should be the same.
There are no hard and fast rules about how this should be done. A number of studies have
been carried out to investigate statistical tests for regional homogeneity. For instance
Wiltshire (1986a) has produced a straightforward test, and he has successfully derived
homogeneous clusters of basins in Britain where the clusters are defined by catchment
characteristics rather than geographically (Wiltshire, 1986b). However the test is more
powerful when the region contains sites with long records, and in an examination of the
approach for stations in Indonesia, Hall (1992) could not find any homogeneous regions. The
same problem with this test was also revealed by tests carried out in the earlier World Flood
Study work where we were unable to define any useful regions which were homogeneous
according to the test (Meigh and Farquharson, 1985). Another approach to testing
homogeneity, using L-moments, has been proposed by Hosking and Wallis (1991). Rao and
Hamed (1994) used this approach to examine a small part of the Cauvery basin in India, but
they found the basin to be hydrologically heterogeneous. This result again indicates the
difficulty of applying statistical tests to determine regional homogeneity in practical




L

situations.

Our feeling is that the difficulty of finding homogeneous regions using statistical tests is
largely a result of the inherent variability of the flooding process and of the available data:
short records and the inevitable low accuracy of flood data mean than the stations can appear
heterogeneous even when it is, in fact, reasonable to treat the region as homogeneous. It
must be remembered that the aim of developing the flood estimation methods is to produce
practical solutions which provide flood estimation tools at ungauged sites. It is not easy to
do this other than by regional methods, and therefore it is necessary to turn to a more
empirical approach to determine the regions to be used. This approach depends on experience
and judgement of the hydrologist carrying out the investigation. In our studies, the
determination of the homogeneity, or otherwise, of the region was carried out by first
examining the physical and climatic characteristics of the area, and second, by comparison
of the flood frequency curves for the individual sites. The approach is described by Meigh
et al. (1993). Briefly, the topography, average annual rainfall and climate type were
examined to check the range of hydrological behaviour expected over the region. Where
other information, such as maps of geology, soils, land use or vegetation, were available
these provided additional clues. After this initial examination, the individual station curves
were compared to find groups of broadly similar behaviour, allowing for natural variability
and outliers in the data. Judgement must be used to decide how much variation from the
general pattern is permissible. As discussed further in Section 2.4, a geographical area was
often treated as a homogeneous region, but several flood frequency curves were produced
for it, defined according to the catchment characteristics. Most commonly bands of catchment
area were defined, and the ability to do this is another factor which must be considered when
selecting the regions to be used.

2.3 Derivation of mean annual flood estimation method

The approach to deriving the mean annual flood estimation method, or MAF prediction
equation, was to carry out a multiple regression analysis of MAF on the catchment
characteristics. Because of the wide range of the variables (for instance, within a region,
catchment area can range from less than 1 km® to more than 100,000 km?) this is only
practicable in the log domain.

The mean annual flood is first calculated for each observed flow record as the mean of the
series of annual peak flows at the site. In a few cases where records are very short, MAFs
have also been estimated using the peaks-over-threshold method (see Chapter 4 for a
discussion of this). In the UK flood study (NERC, 1975) a test was carried out to check for
outliers in the series. Outliers were defined as the maximum flood being greater than three
times the median of the series, Q,,4; and when this occurred, the estimate of MAF was taken
as 1.07 Q4 rather than the simple mean of the data, as this reduces bias in the estimation
of MAF. This type of approach has not been used here because a different multiplier would
be required for each region as the variability of floods is very much greater in some regions
than others, and in arid regions where variability is extremely high, the definition of outliers
would hardly be practicable.



The regression analyses were first carried out using catchment area as the only independent
variable, then the others were introduced one at a time. The statistical significance of the
exponents were tested (at the 5% significance level) to determine the validity of each new
variable, and the overall quality of the fit of the regression was examined. The two measures
of fit were the coefficient of determination, r?, which expresses the proportion of the variance
of the MAF which is explained by the regression, and the factorial standard error of the
estimate, f.s.e.e.. This expresses the likely deviation of the estimates from the ‘true’ values;
for example, an f.s.e.e. of 1.5 indicates that the ‘true’ MAF is likely (68% probability) to
fall within +50% to -33% of the estimate given by the equation. Thus, the aim of the
analysis was to maximise r* and to minimise f.s.e.¢.. Plots of MAF versus catchment area
were also used to give a visual indication of the quality of the regression, although they could
not be used when additional variables were included. Plots served to identify possible
anomalous stations; those that fell very far from the general trend of the data were
investigated to see if there were erroneous data or other anomalies which indicated that the
stations should not be included in the analysis.

Another important point in developing the MAF prediction equations was to make sure that
the exponents of the catchment characteristics were hydrologically realistic. This can best be
explained by example. For instance, it might have been found that when average annual
rainfall (AAR) was included, the regression was improved, but that the exponent was
negative. This would mean that wetter catchments have smaller floods, but this goes against
experience and physical sense, and is likely to indicate that the improved regression is
spurious, or that the AAR values are poorly estimated, or that AAR is linked to some other
variable which has not been explicitly included. In any case, AAR should not be used for
MAF prediction in this example as the equation including it does not make good physical
sense.

Further investigation of the MAF prediction equation was carried out in some cases,
especially when the approach outlined above gave rather poor or unrealistic results, by
dividing the stations into a number of groups and searching for relationships between MAF
and the other variables within the groups. Normally, dividing into groups according to
catchment area or average annual rainfall would not be used as the variation in MAF
explained by these factors will already have been taken into account by their inclusion as
independent variables in the regression. However, division into groups on a geographical
basis was sometimes found to be useful, giving improved relationships or providing
prediction equations which are more in line with knowledge about the response of the
catchments in different areas, especially where these differences are not adequately
represented by catchment characteristics.

2.4 Derivation of regional flood frequency curves

The frequency distribution used was the general extreme value (GEV) distribution, fitted by
the method of probability weighted moments (PWM) (Hosking et al., 1985). While there are
a range of different frequency distributions that have been used by different workers, our
experience is that the GEV is generally applicable over a wide range of catchments and
climates. Shortcomings in the data that are available mean that it is generally not worthwhile
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to investigate a range of distributions for practical flood problems. Hosking et al. have shown
that fitting with the PWM method produces estimates which are less variable and less biased
than conventional moment or maximum likelihood estimators. Our own experience with real-
world data supports this, with the PWM approach appearing to be more robust and less likely
to give extreme predictions (Meigh and Farquharson, 1985).

The GEV distribution was fitted to the data for individual sites, and the stations were then
grouped into regions. To make the data from individual stations comparable, they were
standardised by dividing the annual flood peak values at each station by the MAF for that
station. The GEV was then fitted to the pooled data for the region to derive the regional
flood frequency curve. In fitting the GEV by PWM, the standardised annual flood peaks, q;
= Q/MAF, are ranked in ascending order and assigned a probability of non-exceedance, F,
given by

F, = (i-035/N [1]
where i is the rank, and N is the number of annual values. Note that, while equation [1] is

found to give the least bias in fitting by PWM, this is not the formula used for plotting the
data. For plotting the Gringorten formula

F,F = (i-044) /(N +0.12) [2]
is appropriate. Returning to equation [1], the reduced variate, ¥;, is calculated as

yi = -In(-InF,) [3]
The pooled data within a region are fitted by the GEV distribution which has the form

F@ = ‘exp{-[1-k(qu/a]”} [4]
when k # 0, or if k = 0, this reduces to

F@ = exp{-exp[-(qw/ea]} (51

where q is the standardised flood peak, and u, « and k are the parameters of the distribution.
These three parameters may be interpreted as

u = the intercept of the fitted curve,
o = a scale parameter, and
k = the curvature.

Introducing the reduced variate, y, q is éalculated as
q = u + a(le™/k fork # 0, or [6]
q = u + ay fork = 0. {71
The foregoing assumes that the stations which have been pooled can reasonably be treated

9



as a homogeneous region. Comparison of the individual curves is carried out to check that
this is so, although the amount of variation between curves that is accepted is a rather
subjective decision (as discussed in Section 2.2 above). It was often found that there was
wide variation between individual curves, but that this could be largely explained by the
catchment characteristics. The most common case was that stations could be grouped into
bands defined by their catchment areas. Within a fairly narrow band of catchment area there
tended to be acceptable variation between the individual stations, and the regional curves for
small catchments tended to be steeper than those for large ones. This makes hydrological
sense as there is a smaller probability of an extreme rainfall occurring uniformly over a large
area, so that large catchments tend to have a less extreme response than small ones. Other
catchment characteristics or geographical sub-regions were also sometimes found to give
satisfactory groupings of stations. This procedure was continued by trial-and-error to find
groups in which the variation between stations was not excessive so that the stations within
each group could all be reasonably represented by a single regional curve. At the same time,
the groups chosen must make good physical sense. The division into smaller groups is, of
course, limited by the need to retain an adequate amount of data in each group. The final
result was to produce either a single curve for the region, or a set of curves which are
defined by one or more of the catchment characteristics or by geographical sub-regions.

10
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3. Summary of results

3.1 Results

The detailed methods and results of the study are provided in Appendices A to E. In the
current project, detailed studies were carried out for the Philippines, Sri Lanka, Namibia and
Zimbabwe, and these are discussed in the first four appendices. For 13 other countries or
regions less detailed studies have been done or the results have been extracted from other

reports or have been previously published elsewhere, and a brief discussion of these is given
in Appendix E.

The key results from all the regions studied are summarised here. The results consist of two
parts which together make up the flood estimation method for each region: the first part is
the mean annual flood (MAF) prediction equation, given in Table 1: and the second is the
regional flood frequency curve, given in Table 2.

The MAF prediction equations are the recommended ones in each case. For some regions
there is more than one equation; for instance, five equations for five geographical sub-regions
are given for West Africa. In some cases, besides the final recommended equation, an
additional simpler equation has been included. This has been done when the recommended
equation provides only a small improvement compared to the simpler equation, and it would
still be adequate to use the simpler equation to make a quick estimate. For each equation, the
number of catchments used, the coefficient of determination (%) and the factorial standard
error of the estimate (f.s.e.e.) have been listed so that the reader can judge the quality of fit
to the data and the likely uncertainty of estimates using the equation. The interpretation of
the f.s.e.e. is given in Section 2.3. Some of the f.s.e.e. values may seem surprisingly large;
however they are mostly typical of the results expected in regional flood studies. As a
comparison, the f.s.e.e. of the prediction equation for the United Kingdom, based on data
from 532 basins, was 1.49 (NERC, 1975). For further details of the limitations of the
method for any particular region, readers should refer to the relevant Appendix.

The regional flood frequency curves in Table 2 are also the recommended ones. For some
regions there is only one curve, while for others there are a number of different curves, and
the appropriate one to be used for a particular situation depends on the catchment area or on
the average annual rainfall of the catchment being studied (or in the case of Thailand on
more complex criteria also involving the elevation of the gauging station). For each curve
the three parameters of the GEV distribution are given, and, for quick reference, the
standardised flood peaks, Gy, qio0 and gse, corresponding to 20, 100 and 500 year return
periods respectively, are also included. The number of stations and the total number of years
of data are given for each curve so that the reader may judge up to what return period it can
reasonably be used. No estimates of the likely errors in the flood frequency curves are given,
as these are not easy to quantify. For the UK, it was suggested that the standard errors are
of the order of 15% at a return period of 10 years, 30% at T = 100 years and 50% at T =
1000 years (NERC, 1975). However, these results are not necessarily applicable elsewhere.

11



TABLE 1 Summary of recommended MAF prediction equations

Country or Prediction equation r f.s.e.e.

grouping

Rio Grande do Sul, Brazil

(59) MAF = 8.75x10° AREA%®" §1085%41° AAR! %Y 0.913 1.49

West Africa

> 8°W MAF = 7.86x10° AREA®3 AAR?260 0.910 1.38

(35)

8°W to 2°W MAF = 4.22x102 AREA®®7 AAR3378 0.905 1.60

(86)

2°W to 4°E MAF = 7.34x107 AREA®7¥ AAR!%7 0.856 1.58

41)

9°E to 16°10°E MAF = 3.87x10°% AREA%3» AAR?3%8 0.819 1.54

and >8°N (16)

9°E to 16°1Q°E MAF = 2.80x101° AREA%99 AAR?952 0.943 1.44

and <8°N (46)

Malawi

(28) MAF = 2.89 AREA%%3 STMFRQ?%3% 0.381 2.39

Namibia

(40) MAF = 2.63 AREA%*® 0.651 1.92

Zimbabwe

(234) MAF = 1.46 AREA"%5 0.836 1.87

South Africa & Botswana

(109) MAF = 6.97 AREA%*0 0.542 2.19
MAF = 0.0964 AREA%315 AAR¥ 0.593 2.10

Swaziland

(38) MAF = 2.93 AREA% 0.657 1.76

South-west Saudi Arabia

(28) MAF = 0.0625 AREA%58 AAR®7? 0.452 2.41

Central Iran

(24) MAF = 4.09x10* AREA%618 AAR!362 0.694 2.21

.. continued
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e
o TABLE 1 Summary of recommended MAF prediction equations (continued)
[
o Country or Prediction equation r f.s.e.e.
grouping
L N
L Kerala, India
¢ (75) MAF = 5.14 AREA%72 0.613 2.04
¢ Sri Lanka
. (69) MAF = 0.0285 AREA%670 AAR0-688 0.790 1.49
© South Korea
{ Area < 1000 MAF = 1.71x10"* AREA%6% AAR!54 0.767 1.59
' ®
‘ Area > 1000 MAF = 2.50x10° AREA®% AAR!28 (1 +PADDY)? 18
q (24) 0.830 1.36
B Thailand
~ Main part MAF = 2.56 AREA%®» 0.729 1.91
(106)
- S. Peninsula MAF = 1.23 AREA%%! 0.818 2.05
R (16)
— Java & Sumatra, Indonesia
(110) MAF = 8.20x10° AREA%%2 APBAR?% 0.881 1.61
MAF = 8.00x10° AREA" APBAR?*S SLOPE"! (1 +LAKE)08
- where v. = 1.02 - 0.0275 log(AREA) 0.889 1.59
- Philippines
~ Regions 1-2 MAF = 15.3 AREA%%5 0.675 1.92
(49)
-~ Regions 3-8 MAF = 11.7 AREA®6! 0.638 2.10
(222)
Regions 9-12 MAF = 11.5 AREA%® 0.459 2.61
~ (62)
-~ Papua New Guinea
29) MAF = 6.08 AREA%%S 0.918 1.58
- Arid and semi-arid basins worldwide
(162) MAF = 1.87 AREA%%® 0.55 2.88
MAF = 0.172 AREA%” AAR?416 0.57 2.85
(n) (value in brackets) = number of catchments studied
~ 13




TABLE 2 Summary of recommended regional flood frequency curves
Country or No. No. GEV parameters Predicted floods
grouping stations years u o k Qa0 o Ysoo
Rio Grande do Sul, Brazil

57 1209 0.830 0.348 0.0959 1.73 2,12 2.46
West Africa
AAR 600-1250 53 1034 0.806 0.424 0.1360 1.84 2.26 2.59
AAR 1250-1500 51 795 0.813 0.390 0.1095 1.80 2.22 2.57
AAR 1500-1750 70 1286 0.881 0.234 0.0756 1.50 1.79 2.04
AAR > 1750 27 487 0.908 0.219 0.1826 141 159 1.72
Area < 1000 26 304 0.804 0.314 -0.0437 1.80 2.41 3.05
Malawi 28 509 0.655 0.422 -0.1968 236 3.81 5.80
Namibia
AAR < 175 9 100 0.336 0.448 -0.4834 330 7.97 18.09
AAR > 175 37 510 0.448 0.513 -0.3391 3.08 6.14 11.39
Zimbabwe
Area < 100 53 954 0.486 0.516 -0.3018 297 5.63 9.93
Area 100-2500 139 2575 0.527 0.541 -0.2332 285 4.99 8.09
Area > 2500 42 737 0.562 0.534 -0.1996 273 459 7.13
South Africa & Botswana
AAR < 1250 101 3808 0.470 0.430 -0.4039 294 6.23 12.50
AAR > 1250 8 233 0.733 0.343 -0.1710 206 3.13 4.53
Swaziland 38 756 0.485 0.410 -0.4128 2.87 6.12 12.39
South-west Saudi Arabia

30 378 0.427 0.459 -0.4094 3.09 6.67 13.57
Central Iran
Area < 7500 16 198 0.559 0.376 -0.3806 2.63 5.27 10.10
Area > 7500 9 145 0.636 0.419 -0.2307 242 407 6.43
Kerala, India 76 1171 0.747 0.370 -0.0991 202 290 3.9

.... continued
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TABLE 2 Summary of recommended regional flood frequency curves (continued)
Country or No. No. GEV parameters Predicted floods
grouping stations years u o k J20 Qioo  Gsoo
Sri Lanka

AAR < 2000 17 360 0.525 0.404 -0.3818 276 5.59 10.81
AAR 2000-3200 29 699 0.703 0.330 -0.2486 2.15 3.54 5.59
AAR > 3200 23 595 0.773 0.311 -0.1358 191 276 3.81
South Korea 24 542 0.775 0.373 -0.0256 1.93 2.60 3.29
Thailand*

Group 1 18 290 0.828 0.310 0.0233 1.72 2,18 2.62
Group 2 13 284 0.919 0.243 0.3128 1.39 1.51 1.58
Group 3 54 942 0.691 0.388 -0.1835 222 350 5.19
Group 4 24 496 0.780 0.330 -0.0829 1.89 2.63 3.47
S. Peninsula 16 284 0.708 0.352 -0.2050 2.15 340 5.13
Java & Sumatra, Indonesia

Area < 600 47 541 0.812 0.290 -0.0671 1.77 2.37 3.05
Area > 600 48 468 0.866 0.239 0.0175 1.56 1.92 227
Philippines

Area < 25 47 887 0.558 0.450 -0.2941 2.69 495 8.54
Area 25-50 37 646 0.603 0.466 -0.2206 2.56 432 6.81
Area 50-250 127 2208 0.641 0.457 -0.1752 242 388 5.79
Area 250-2500 104 1762 0.696 0.422 -0.1276 222 334 4.70
Area > 2500 18 243 0.768 0.356 -0.0715 1.94 270 3.55
Papua New Guinea 50 450 0.818 0.280 -0.0682 1.74 233 2.98
Arid and semi-arid basins worldwide

All stations 162 3637 0.476 0.428 -0.4003 292 6.15 12.28

* In Thailand, groups 1-4 are in the main part of the country, while the southern peninsula is treated separately.

The groups are defined as follows:

Group 1: Elevation < 100, Area < 15000
Group 3: Elevation > 100, Area < 5000

Group 2: Elevation < 100, Area > 15000

Group 4: Elevation > 100, Area > 5000
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3.2 Using the flood estimation methods

The flood estimation methods presented in this report can be used to make estimates of floods
for return periods of up to about 500 or 1000 years, Of sometimes more, in the regions
studied. However, there are a number of limitations to the results that can be obtained.
Before attempting to make a flood estimate, readers should refer to Section 1.2 for a
discussion of the general limitations of the regional approach and what kind of problems it
can reasonably be used to solve. Readers should also refer to the appropriate Appendix for
more detail on the data used in developing the method for the particular region to se¢ if there
are other limitations which should be observed. An example of the most common limitation
would be if the method was developed with catchments in the range 100 to 10,000 km? in
area. In this case, it would clearly be unwise to apply it to catchments of only 10 kmt
without some additional supporting evidence that this can reasonably be done. The ranges of
the catchment characteristics used are summarised in Tables 3 and 4 in Chapter 4.

For further advice on how to apply the flood estimation methods in a variety of situations,
readers should refer to Chapter 4 which explains the procedure step-by-step- This includes
discussion on how to make use of the local or nearby data that may be available to improve
the estimates.

3.3 Discussion

While it is not intended to discuss the results in great depth, a brief comparison of the
different countries and regions may be worthwhile. To facilitate this, the MAF prediction
equations are compared in Figures 4 and 5, and the regional flood frequency curves are
compared in Figures 6 and 7.

The MAF equations aré each plotted as 2 line on a Jogarithmic graph of mean annual flood
against catchment area. This is suitable as catchment area is always the key independent
variable, but many of the recommended equations include other variables. To enable them
to be plotted, in some cases, the simplified equations given in Table 1 using area only have
been plotted. In 2 few cases, the simplified equations plotted are not given in Table 1 as it
is not recommended that they should be used. Where an equation which includes a second
variable has been plotted, the second variable has been fixed at the median value for the
range of catchments used in the derivation. The values used are noted in the figures. Because
of the large number of equations t0 be compared, they have had to be shown on two separate
figures, but the equation for arid and semi-arid basins worldwide is shown on both 10 provide
a point of reference between the two.

In a similar way, the regional flood frequency Curves listed in Table 2 are plotted in Figures
6 and 7, and the curve for arid and semi-arid basins worldwide is again shown on both to
facilitate comparison.

The comparison of the MAF equations is confused by the variation in slope between the

different equations, but a considerable number of them do seem to have similar slopes, and
about half are close 0 an exponent of AREA of 0.6; this seems to be a central value, typical
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Comparison of regional flood frequency curves - 1

Key
1 Rio Grande do Sul, Brazil
2 West Africa: AAR 600-1250mm
3 West Africa: AAR 1250-1500mm
4 Woest Africa: AAR 1500-1750mm
5 West Africa: AAR > 1750mm
6 Woest Africa: Area < 1000km?
7 Malawi
8 Namibia: AAR < 175mm
9 Namibia: AAR >175mm
10 Zimbabwe: Area < 100km?®
11 Zimbabwe: Area 100-2500km?
12 Zimbabwe: Area > 2500km?
13 South Africa & Botswana: AAR < 1250mm
14 South Africa & Botswana: AAR > 1250mm
15 Swaziland
16 Arid & semi-arid basins worldwide
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Comparison of regional flood frequency curves - 2
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14 Java & Sumatra: Area < 600km? / ;;"' ,/
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of many regions throughout the world. In contrast to these, there is a group with distinctly
steeper slopes, notably most of the West African regions, Java & Sumatra, and the southern
Peninsula of Thailand. Another group, concentrated in Southern Africa (Namibia, South
Africa & Botswana, Malawi) and one of the West African regions (9°E - 16°10’E & > 8°N)
are particularly flat. Of the anomalous regions, this West African one and Peninsular
Thailand have only 16 stations, considerably fewer than most, and they may diverge from
the general trend simply because they lack representative data. These two equations should
perhaps be treated with caution. The other West African regions may differ because they
have few small catchments (only 26 of the 224 are less than 1000 km?, and only 12 are less
than 500 km?), and the inclusion of more small catchments might have had a considerable
effect on the slopes of these. Although no other general reason for the divergent equations
is apparent, it is notable that the considerably steeper ones tend to be from more humid
regions while the much flatter ones come from drier regions.

Besides the slope, the other aspect of the MAF equations which should be considered is their
intercept: very broadly, the different regions have similar slopes, but the equations are shifted
more or less upwards or downwards on the MAF axis. This shift seems to be broadly related
to climate, and it is in the expected direction: that is, arid areas generally have the lowest
MAF for any given catchment area, and the MAF increases for more humid climates. One
of lowest equations is that for arid and semi-arid basins worldwide; Namibia with some of
the most arid catchments is distinctly lower. Other mostly arid and semi-arid regions lie a
little above, for instance Saudi Arabia, Iran and South Africa & Botswana. The more humid
regions tend to lie above these, with the humid parts of south and east Asia (that is: Sri
Lanka, Kerala, Korea, Java & Sumatra, Philippines and Papua New Guinea) generally at the
top. Areas with strongly monsoonal climates such as Korea and the Philippines seem to
produce high specific MAFs. While it is not suggested that there is a direct correlation
between the MAF equation and climate type, it is clear that the data do show a tendency for
higher MAFs in more humid climates.

Turning to the comparison of the regional flood frequency curves (Figures 6 and 7), this is
again somewhat confusing because there are several curves for some of the regions.
However, generally the reverse tendency to that shown by the MAF prediction equations can
be seen. Thus, the driest areas tend to have the lowest MAFs but the steepest flood frequency
curves, reflecting the extreme year-to-year variability found in these areas, and conversely,
humid areas tend to have higher MAFs, but flatter frequency curves. On top of this pattern
is laid the tendency for smaller catchments within any one region to have steeper curves: this
can be seen where there were sufficient data to split the regions. However, as it is expected
that this would be a general result, it would probably have been found in every case if
enough data from a sufficiently wide range of catchment sizes had been available. For
regional curves that have not been split according to area, the comparison is also probably
affected by the range of catchment sizes available for analysis, so that the position of any one
curve is the result of this factor as well as of the inherent flood response of the region.

Despite these difficulties of interpretation, it can be clearly seen that the driest areas have the
steepest curves of all. The most arid region studied is Namibia with AAR < 175 mm,; this
is the steepest curve of all and the only one which is significantly steeper than the curve for
arid and semi-arid basins worldwide. Other arid areas such as Saudi Arabia are very similar
to the worldwide curve, while the curves for South Africa & Botswana and for Swaziland
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are also similar, although these regions also include some more humid catchments. At the
other end of the scale large humid catchments have the flattest curves. The flattest of all are
for West Africa (which is dominated by large catchments) and the large catchments in
Thailand (here the effect is increased by the river overflowing into a network of channels).
Other humid areas and those affected by a monsoon also tend to be fairly flat. One seemingly
anomalous region (although supported by good data) is the drier part of Sri Lanka. This
region has AAR < 2000 mm and thus is, in fact, relatively humid, but the curve is as steep
as some from much more arid areas. In contrast to this, the wetter part of Sri Lanka (AAR
> 3200 mm) has a fairly flat curve, much like other humid regions, and it is satisfyingly
similar to the curve for Kerala which is nearby and climatically similar.

M
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4. Manual of regional flood estimation procedures

4.1 Introduction

The aim of this chapter is to explain how the flood estimation methods presented in this
report can be applied in practice. It does not cover all aspects of regional flood frequency
analysis, but only those procedures which are necessary to apply the approach developed in
this study. The regional approach is suitable for a wide variety of flood problems, but it
should not be the sole method used for major structures which represent an appreciable safety
risk; in these situations, a more detailed study of the particular site should be carried out in
addition. The reader should refer to Chapter 1 for a discussion of the general limitations of
the regional approach and what kind of problems it can reasonably be used to solve.

While we have tried to set out the best procedures for making flood estimates using the
regional approach, it is not possible to cover every eventuality that might arise. The methods
should never be applied mechanically, and results should always be examined critically. The
hydrologist must exercise his or her judgement and experience to ensure that realistic results
are attained. When working on these type of problems, there is no substitute for experience
of making estimates over a range of different catchments or for familiarity with the
hydrological response of the area being studied.

The basic flood estimation procedure consists of two stages: first the estimation of the mean
annual flood (covered in Section 4.3); and second, the estimation of the flood peak
corresponding to the required return period (Section 4.4). Preliminary work required to
obtain the data necessary for application of the methods is discussed in Section 4.2.

4.2 Preliminary work and measuring the catchment characteristics

Before carrying out the flood estimation procedure, some initial work is needed. This
includes assessing the availability of flow data which could be used to help in making the
estimate and measuring the catchment characteristics that will be needed.

4.2.1 Flow data

Flow gauging stations at or very close to the site of interest will be the most useful, but any
gauges reasonably close in the same basin or in adjoining basins of a similar character may
also be helpful. Unless the records are very short or broken, the annual flood peak series for
these gauges should be obtained. Annual peaks are the maximum instantaneous flows in each
year. The year should be defined as a suitable hydrological year rather than the calendar
year: the hydrological year used should start and end in the season which typically has low
flows and when large floods are unlikely to occur. By doing this, the possibility that two
dependent floods occurring a few days apart will be assigned to separate years is reduced.
In abstracting the annual peak floods, there are a number of other points which should be
checked:
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Carry out a check on data quality to see if the data are reasonably accurate at high
flows. The siting of the gauging station should be examined to check that it is not
bypassed or frequently overtopped by floods so that the peaks are not observed. If it
is situated in a wide flood plain, flood flows may spread out over the flood plain and
be very poorly measured. If possible, the river cross-section should be obtained in
order to ascertain the degree of overbank flow at maximum flood stages. You should
also examine the rating curve to see how reliable it is for estimating floods. In
particular, examine the amount of extrapolation from the stage at which discharges
have been measured in the field to the stages attained during flood flows. Some
extrapolation is nearly always necessary, but check that it is not based on only a few
very low gaugings and that the method used for extrapolation is adequate. If it is
decided that the gauging station is not adequate to observe high flows, then the data
will have to be rejected.

Determine the type of gauging station; in particular, whether there was an autographic
recorder, or whether only a manually-read staff gauge was used at the time the data
were recorded. If there was only a staff gauge, then the number of readings per day
should be considered in relation to the typical rate of change of flood flows at the
site, to see whether there were sufficient readings to observe the flood peaks with
some degree of reliability. Generally, for large catchments there should be no
problem, but for smaller catchments where the gauge is read only two or three times
per day, the peaks might easily be missed. Unfortunately the size of catchment for
which this could become a problem cannot be easily specified, and it is likely to vary
from region to region. If it is suspected that this might be a problem, then some other
similar catchments in the region which do have autographic recorders should be
examined to assess the rate of change of flow which is likely to apply, and thus,
whether peaks are likely to have been adequately observed. If the result is that it
seems that peaks have not been adequately observed, then it is not easy to estimate
what the real peak flows would have been. This has been attempted in some areas;
for instance, a crude adjustment was developed for catchments in the Philippines (see
Appendix A), but otherwise the station will have to be rejected.

When abstracting the peaks, it is necessary to check for missing data in each year of
record. If there are missing values you need to decide whether the observed peak was
a real peak, or whether the real peak might have occurred during the missing period.
Generally if there are missing data, the year will have to be rejected. However, if the
gap is very short and clearly in a recession period, or if the region being studied has
a distinct dry season and the missing data occur only in the dry season, it is normally
reasonable to accept the peak as valid. In addition to this, it is desirable to include
particularly large floods which occur in years with missing data even if you cannot
be sure they are the true maxima for the year. As a guide to doing this, first extract
all the peaks for the complete years and for years in which the missing data occur
only in the low flow season. Calculate the mean of these peaks, and then check to see
if there are other uncertain years which have peaks greater than this mean; if there
are, these peaks should be included in the series, despite the missing data.
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4.2.2 Catchment characteristics

The two catchment characteristics most often required are the catchment area (AREA) and
average annual rainfall (AAR). AREA is always needed, but the other characteristics required
will depend on the particular region.

Catchment area
The catchment area at a particular point on a river is the area of land, defined by the
topographic divide, from which water would flow to that point. It is important to obtain the
precise location of the site of interest so that the catchment boundary can be drawn correctly.
A relatively small error in the location can lead to a large errors in the catchment area,
especially if the location is close to a major tributary; and it is surprising how often
erroneous catchment areas are used because of poor precision in defining site locations.
Ideally, the map scale used should be the same as that used to measure the catchment areas
for the gauging stations used to develop the method. However, in practice, this does not
really matter, and any scale at which the catchment can be adequately defined can be used.
In most cases 1:50,000 maps are used. If the catchment is large enough to cover several
sheets at this scale, then smaller scale maps can be used provided topography is adequately
shown. For very small catchments 1:25,000 or even 1:10,000 scale maps may be more
appropriate. Measuring the area from the map can be done using a planimeter, a cartographic
software package such as AUTOCAD, or if these are not available, counting squares on
graph paper is adequate.

Average annual rainfall

Average annual rainfall refers to the rainfall over the catchment of interest. It can be
calculated by overlaying the catchment boundary on an isohyetal map of the region and
measuring the areas between each pair of isohyets. Assign each measured area a rainfall
value equal to the mean of the two isohyets which define it, and the AAR is then the
weighted average of the assigned rainfall values, using the measured areas as weights. The
availability of isohyetal maps of annual rainfall varies widely from country to country.
Ideally, the same source of information should be used as was originally used in developing
the method for the particular region. However, this may not always be practicable, and
generally, it should be adequate to obtain any reliable maps at a scale suitable to the
catchment being studied. Preferably, the maps should show isohyets for a standard 30-year
period and have been derived only from reliable long-term gauges.

Other catchment characteristics
There is a range of other catchment characteristics that are needed for certain regions, and

their precise definition varies from study to study. The reader should refer to the original
reports to determine how to measure these characteristics.

4.3 Estimating the mean annual flood

The mean annual flood is the mean of the series of annual flood peaks at the site of interest.
How this should be estimated depends on the amount of flow data which is available.
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4.3.1 With no flow data

If there are no flow data at or near the site of interest, the MAF is estimated from the
appropriate MAF prediction equation using the catchment area and other catchment
characteristics. The equations are listed in Table 1. Before doing this, it is necessary to check
that the catchment characteristics of the basin under study are within, or close to, the ranges
of the characteristics used to develop the equation. The ranges are given for each region in
the Appendices, and the maximum and minimum values are also listed in Table 3. The most

TABLE 3 Ranges of catchment characteristics used in developing MAF prediction equations
Country or AREA (km?) AAR (mm) Other
grouping Min Max Min Max Min Max
Rio Grande do Sul, Brazil 132 68,300 1280 1850 0.19 9.15 (S1085)
West Africa (> 8°W) 990 218,000 750 2630
West Africa (8°W-2°W) 56 282,000 837 2160
West Africa (2°W-4°E) 378 394,000 738 1630
W Africa (9°E-16°E & >8°N) 355 73,700 810 1550
W Africa (9°E-16°E & < 8°N) 235 158,000 1440 3600
Malawi 64 10,600 710 1480 0.076  3.68 (STMFRQ)
Namibia 17 63,300 130 485
Zimbabwe 0.21 196,000 520 2000
South Africa & Botswana 3 92,300 196 2740
Swaziland 58 12,600 809 1480
South-west Saudi Arabia 59 16,900 50 500
Central Iran 213 60,800 200 750
Kerala, India 29 4,240 - -
Sri Lanka 65 7,340 1390 4950
South Korea (Area < 1000) 34 937 1220 1500
South Korea (Area > 1000) 1,120 25,000 945 1460 1 20 (PADDY)
Thailand (Main part) 6 121,000 1100 3400
Thailand (S. Peninsula) 39 11,900 1900 3300
Java & Sumatra, Indonesia 0.4 36,400 1850 4950 62 162 (APBAR)
0.97 200 (SLOPE)
0 0.79 (LAKE)
Java & Sumatra, Indonesia 10 30,000 - - 65 160 (APBAR)
(recommended limits - see Appendix E11) 1 150 (SLOPE)
0 0.25 (LAKE)
Philippines (Regions 1-2) 28 28,000 - -
Philippines (Regions 3-8) 1 6,490 - -
Philippines (Regions 9-12) 2 17,700 - -
Papua New Guinea 9 28,500 2000 4500
Arid & semi-arid worldwide 1 357,000 50 600
22
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usual limitation is likely to be in catchment area; for example, if the method for a particular
region was developed with catchments in the range 100 to 10,000 km?, it would clearly be
unwise to apply it to catchments of only 10 km?®. In practice some extension of the range
would be possible, but it must be left to the judgement of the user to decide how far outside
the range of data the estimates are still acceptable. To some extent, this may also depend on
the nature of the flood estimation problem and the availability of alternative estimation
techniques for the region.

In particular cases where the catchment being studied is close to the borders of two regions,
the MAF prediction equations for both might be suitable, but they will give different MAF
estimates. When this happens it is suggested that MAF is estimated from both equations, and
a mean of the two estimates used, unless there seem to be good reasons to bias the result
towards one or other of the regions.

To assess the likely error in the MAF estimated using the prediction equation, the factorial
standard error of the estimate (f.s.e.e), given in Table 1, can be used. The f.s.e.e. is
analogous to the standard deviation; this means that there is a 68 % probability that the ‘true’
MATF for the site lies within the range MAFxf.s.e.e. to MAF/f.s.e.e..

4.3.2 Using a long flow record at the site

If there is a long flow record at the site of interest, and the data have been validated as
described in Section 4.2.1, this is the best estimate of the MAF. The annual peaks are
abstracted and the mean calculated. Normally, if there are at least 10 years of data, the MAF
will be well defined, and this estimate should be preferred to the estimate from catchment
characteristics. It does not matter if there are years missing from the record, provided that
there are 10 annual peaks in all.

4.3.3 Using a short flow record at the site

If there are fewer than 10 years of data at the site, and the data have been validated as in
Section 4.2.1, they can still be used to estimate the MAF. With 5 to 9 years of data,
calculate the simple mean of the annual maximum flood series as before. If there are only
2, 3 or 4 years, use the peaks-over-threshold method, as follows:

Using complete years of data only (a minimum of two, or preferably three, complete years
is required), choose a flow threshold value, Q,, such that, on average, between two and five
peaks per year exceed the threshold. The choice of year used here can be such as to
maximise the amount of data available, rather than keeping strictly to the hydrological year.
From the N complete years of data, all flood peaks exceeding the threshold are abstracted;
these M flood peaks, Q; (i = 1, 2, .... M), form the peaks-over-threshold series. Perform
a check to ensure that the peaks are independent. A simple, but somewhat arbitrary, test for
this is as follows: if the time separating two consecutive peaks is greater than three times the
rise time of the first peak, and the trough in flow between the two peaks is less than two
thirds of the first peak, then the peaks can be treated as independent. If the test indicates that
the peaks are not independent, include only the first in the series.

Calculate the mean exceedance, G, of the M flood peaks over the threshold, Q,, as
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g = (/M) i;(Qi - Q)

and the average number of exceedances per year,
A = M/N

The mean annual flood is then estimated from
MAF = Q,  + B(0.5772 + In N)

This method is based on work in the UK (NERC, 1975), but the approach should be
generally applicable.

When the MAF estimate has been made from the observed data using either of the above
methods, it should be compared to the estimate from the prediction equation. A final MAF
value is then selected as a compromise between the two estimates, weighting your decision
more towards the observed data the longer the observed record and the greater your
confidence in the reliability of the observed values.

4.3.4 Using data from nearby stations

Unless there are 10 or more years of good quality flow data at the site, data from nearby
stations should be used wherever possible. There are two different situations to be
considered:

m  the nearby station is in the same basin and the catchment area does not differ by more
a factor of more than about 2 from that at the site of interest; or

®  the nearby station is in a different basin. In this case the areas should also be within
a factor of about 2, the catchment characteristics should be broadly similar, and the
general topography and climate of the two basins should be similar. You should also
check for other factors, such as the presence of lakes, which might cause differences
in flood response between the two catchments.

Assuming a gauged catchment can be found which is judged to be sufficiently similar,
calculate the MAF for the nearby station from flow data using one of the methods discussed
above, and also calculate the MAF using the MAF prediction equation. Then an improved
estimate for the MAF at the site of interest, MAF,, is:

MAF, = MAF',.MAF,/ MAF’,
where MAF’, is the MAF estimate using the prediction equation at the site of interest, MAF,

is the value at the nearby station from flow data, and MAF’; is the value at the nearby
station using the prediction equation.
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4.3.5 Combining different approaches

If more than two estimates of MAF are available, using different approaches, then they
should all be considered in deciding on the final MAF estimate for the site of interest.
Generally, it is best to consider as many different approaches as possible. The exceptions are:
when there are more than 10 years of good quality data at the site, only the estimate from
these data need be considered; and when there are no gauged data at the site or in any
comparable nearby catchments, when the MAF prediction equation is the only possible
approach. For example, the different estimates of MAF might be from:

®  a gauge upstream of the site with catchment area about 0.7 of the site area and MAF
estimated from 2 years’ data by peaks-over-threshold; and

B  a comparable adjoining catchment with an area 1.6 times the area at the site and
MATF estimated directly from 5 years of data.

Alternatively, a short record at the site of interest might be supplemented by MAF estimates
deduced from one or more adjoining catchments.

To combine the estimates, the appropriate technique is used to estimate MAF from the
available flow data for each catchment, and these are each transferred to the site of interest
using the equation given in the preceding section. These different estimates of MAF at the
site are compared, and a final estimate chosen; the final estimate could be a weighed average
of the different estimates, putting more weight on the longer records and the catchments
which are judged to be more similar to the site of interest.

As an alternative, rather than transfer the estimates to the site of interest using the equation
in Section 4.3.4, a graphical approach can be used to compare the estimates. This is only
suitable when the MAF prediction equation depends on AREA alone. An example is
illustrated in Figure 8 where the MAFs from three different estimates are plotted on a graph
of MAF against catchment area and compared to the MAF prediction equation. The regional
regression line is then shifted to pass close to the observed data points, without altering its
slope; the final position is again decided by which estimates are judged to be most reliable.
The final estimate for the site can then be read from the shifted regression line.

4.4 Estimating the flood peak for a given return period
4.4.1 Flood peaks and return periods

In estimating flood peaks at a particular site, we want to find the peak flood which
corresponds to a particular return period. The return period is expressed in years, and is the
time which, on average, elapses between two years containing peak flows which equal or
exceed a particular value. The return period, T, is related to the annual probability of non-
exceedance, p, by

p = (T-1)/T
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Thus a 100-year return period flood has a probability of non-exceedance of 0.99, and hence
the probability of this flood peak being exceeded in any one year is 0.01. However, it should
be noted that this does not mean that the 20-year flood, for instance, has a probability of 1
of occurring in any period of 20 years. Rather, the probability, P, that the flood of return
period T is equalled or exceeded in a period of n years is

P = 1-p"

Thus a 20-year flood has a probability of 0.05 of being equalled or exceeded in any one year,
0.226 in a 5 year period, and 0.64 in 20 years. Conversely, if the 20-year flood is exceeded
more than once in a period of 20 years, this does not necessarily mean that the flood estimate
was wrong. The above approach can be used to find the probability that the design flood will
be exceeded during the expected life of the scheme being studied.

For each flood estimate a suitable design return period has to be chosen, depending on the
type of project to which the flood estimate relates, and on the risks associated with the flood
being exceeded. Many countries have national standards for these design return periods
which should be followed. Where there are no national standards, a suitable design return
period needs to be selected; but, unfortunately, this topic is beyond the scope of the present
report.

4.4.2 Using the regional curve
In most cases, the appropriate regional flood frequency curve should be used to estimate the
flood peak for the required return period. For the regions studied, the regional curves and
the standardised flood peaks, g, for return periods of 20, 100 and 500 years are given in
Table 2. For these return periods, it is simply a matter of multiplying the standardised flood
peak by the MAF for the catchment to obtain the final flood peak estimate, Qr, in m*/s. For
other return periods, the three parameters (u, o and k) of the flood frequency curve can be
used to calculate the flood peak. The method is as follows:
Find the non-exceedance probability, p, corresponding to the required return period, T, from

p = (T-1)/T
and then calculate the reduced variate, y, as

y = -ln(Inp)
The standardised flood peak, gy, is then given by

gr = u + a(l-e"/k fork # 0, or

gr = u + oy fork = 0.
and the final peak flood estimate, Qr, in m’/s is

Qr = qr-MAF
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In some cases a catchment might fall close to the limits of two different curves. For instance,
consider the case of a catchment in the Philippines with a catchment area close to 25 km?.
The results given in Table 2 show that there are different curves for the Philippines for
catchments of less than 25 km? and for catchments of 25-50 km?. Clearly, flood peaks do not
suddenly change at a catchment size of 25 km?, so an appropriate solution would be to
estimate g, with both curves and average the results to get the final estimate.

TABLE 4 Ranges of catchment characteristics used in developing regional
flood frequency curves*

Country or AREA (km? AAR (mm)
grouping Min Max Min Max
West Africa (AAR 600-1250) 182 394,000 738 1250
West Africa (AAR 1250-1500) 110 282,000 1260 1490
West Africa (AAR 1500-1750) 56 158,000 1510 1750
West Africa (AAR > 1750) 800 42,300 1760 3600
West Africa (Area < 1000) 56 990 810 2160
Namibia (AAR < 175) 1,480 63,300 130 171
Namibia (AAR > 175) 17 46,400 177 485
Zimbabwe (Area < 100) 0.21 99 530 2000
Zimbabwe (Area 100-2500) 101 2,470 540 1400
Zimbabwe (Area > 2500) 2,530 196,000 520 910
S Africa & Botswana (AAR < 1250) 3 92,300 196 1190
S Africa & Botswana (AAR > 1250) 20 713 1320 2740
South-west Saudi Arabia 16 16,900 50 500
Central Iran (Area < 7500) 141 5,650 90 750
Central Iran (Area > 7500) 7,820 60,800 200 600
Sri Lanka (AAR < 2000) 91 3,070 1390 1940
Sri Lanka (AAR 2000-3200) 119 7,340 2010 3170
Sri Lanka (AAR > 3200) 65 2,600 3280 4950
South Korea 582 25,000 981 1500
Thailand (Group 1) 366 13,600 1150 3400
Thailand (Group 2) 19,400 121,000 1200 1350
Thailand (Group 3) 6 4,610 1100 1800
Thailand (Group 4) 6,060 107,000 1100 1600
Java & Sumatra (Area < 600) 0.4 588 1950 4950
Java & Sumatra (Area > 600) 622 12,400 1850 4050
Philippines (Area < 25) 1 25 - -
Philippines (Area 25-50) 26 49 - -
Philippines (Area 50-250) 51 247 - -
Philippines (Area 250-2500) 253 2440 - -
Philippines (Area > 2500) 2,580 28,000 - -

* Where ranges are the same as for MAF equations they are given in Table 3 only.
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Using the regional curves, the maximum return period for which floods can reasonably be
estimated is limited by the total number of years used in developing the curves (as listed in
Table 2). It would be reasonable to use return periods up to about the same length as this
total number of years, or to a maximum of about twice this. In most of the regions studied,
the reasonable limit is about 500 to 1000 years. As mentioned above, users should always
pay attention to the range of catchments used in developing the curves (listed in Table 4),
and not try to apply them outside this range. For example, a curve should not be used for
small catchments when no small catchments were available in developing the curve.

4.4.3 Using local data to improve the estimate

Generally, it is recommended that the regional curve should be used even when there is a
flood record available at the site of interest. However, if there is a particularly long and
reliable record at the site or very close to it, it is worth comparing the flood frequency curve
for the local data to the regional curve. This is done as follows: Standardise the local flood
peaks by dividing each by the MAF for the series, and rank them in ascending order; that
is, assign rank i = 1 to the smallest value and i = N to the largest, where N is the number
of values. The probability of non-exceedance, p, is then calculated as:

p = (-044)/(N + 0.12)
and reduced variate, y, is:

y = -ln(-lnp)

The flood peaks can then be shown on the same graph as the appropriate regional flood
frequency curve by plotting each of the standardised peaks against y. An example of this is
given in Figure 9. It can be seen that, in this case, there is very good agreement between the
regional curve and the local data, so there is no problem. However, in some cases, there may
be a considerable divergence between the two. If there is a long local record and you are
confident in the reliability and accuracy of the data, then for return periods within the length
of the local data, the local curve would normally be preferred. For longer return periods, a
compromise value lying between the estimates produced by the two different curves would
be a reasonable solution. However, in most cases the regional curve should be used unless
there are strong reasons to do otherwise.
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Appendix A Development of flood estimation method for
the Philippines

The general approach used in the development of the flood estimation methods for all the
countries or regions is discussed in Chapter 2 of the main report.

The development of the method for the Philippines involved two aspects of the work which
were not included in the studies for other countries. The first was related to the fact that most
river basins are small and flows change rapidly, but most gauging stations only have staff
gauges. This means that flood peaks are not properly observed, and to overcome this, an
approximate method of estimating what the peaks would have been has been developed.
Secondly, there has been considerable concern in the Philippines that flood peaks are
increasing due to land-use change, particularly deforestation, and therefore, evidence for
changes in flood peaks over time was examined.

Al Data
Al.1 Flood peak data

Three separate agencies are involved in the collection of river flow data in the Philippines:
the Bureau of Research and Standards (BRS), the National Power Corporation (NPC), and
the National Irrigation Administration (NIA). Until recently there was no overall listing of
the stations. However, a complete register of gauging stations was assembled in a recent
study (HR Wallingford ef al., 1994) and this gives details of a total of 1170 stations which
have been operated at some time. Despite this very large number of stations, the number
which in practice actually have flow data is much smaller. This is for a variety of reasons:
some stations have never been calibrated so that only water level records exist and no flows
are available (often because the site is unstable or is affected by tides so that a usable rating
could not be obtained); other stations have records which are extremely short or broken so
that the data are of little use; while at others no details, such as station location or catchment
area, are available, so again the data cannot be used.

In deriving the flood peak estimation method, we have concentrated on the data collected by
BRS. This was because BRS has been responsible for the greatest number of stations and
their data are the only ones which have been published, and so are relatively easily
accessible. This yielded more than enough data to carry out a satisfactory analysis. Two
publications which list summary data for BRS stations up to 1980 were the main source of
data (National Water Resources Council, 1980; Bureau of Research and Standards, 1991).
Because there is also interest in more recent data to examine whether flood peaks have
changed over time, data for 1981 to 1993 were extracted directly from the (mostly) hand-
written files at the BRS office.

The summary data volumes and the hand-written sheets list the peak flow value for each
year, and also give an indication of data quality as either "Good", "Fair" or "Poor" for each
gauging station. It is not clear how the indicators of quality were assigned, and it was
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assumed that "Good" and "Fair" stations could be accepted, while "Poor" stations were
rejected. As there are rather few long records which extend into the 1980s, "Poor" stations
were sometimes accepted in these cases to enable changes in flood peaks to be examined.
The other criteria of acceptance of a station was that each should have at least 5 annual peak
flow values, as this was judged to be the minimum that could be used in the analysis. Using
these criteria, data were extracted for a total of 348 stations (of which 15 were later rejected
- see the next Section). These stations are listed in Section A7, which also gives the number
of years of data, the station locations and the catchment characteristics. Most of the available
data covers the period 1950 to 1970; there are fewer stations from 1971 to 1980, and even
fewer after 1980. Only 58 of the stations having data in the earlier period also had data after
1980 and in many cases there are only two or three annual values after 1980. There are also
25 newly-established stations having typically 5 or 6 years of data after 1980. The longest
period of record after 1980 at any station was 9 years.

The locations of the gauging stations are plotted in Figure Al.
Al.2 Problems with the flood peak data

While compiling the flood peak data a number of problems and difficulties were noted. These
were as follows:

Even for gauging stations which are generally classed as "Good" or "Fair", it is clear that
most of the rating curves are considerably less well defined at high flows and thus that flood
flows are less accurately observed. This is a common problem in flood studies and it cannot
easily be avoided. It was also noted that the peak stage values were sometimes not read very
precisely; for instance, it was apparent in come cases that readings were only to the nearest
0.1 m. This may well be explained by unstable flows, but again, it will inevitably lead to loss
of accuracy.

The summary data volumes list peak flows for each year and also give tables of monthly
flows for the same years. In many cases, some of the monthly values in a particular year are
missing, but flood peaks are still given. This means that there is some uncertainty in
determining flood peak values. Two possibilities present themselves: The compilers of the
data books may have checked each year to see whether the flood peak given is a true peak;
that is, they may have checked through the values for the whole year and examined
circumstantial evidence to determine that the maximum flow observed really was the largest
that occurred in the year and did not occur during the period of missing observations.
Alternatively, they may have simply published the highest observed value, without checking
whether or not it is a true peak. From discussions with BRS staff, it was found that it is not
now known exactly how this task was carried out. Ideally, all the old records should be re-
examined year-by-year to check the validity of the flood peak data, but this would be a major
piece of work which would be far beyond the scope of the present study. However, it proved
possible to draw some reasonable conclusions on which data to accept by examining the
patterns of data and of missing periods as given in the data volumes. It was concluded that
in the earlier data, up to 1970, most of the flood peaks are true peaks, but that in the second
volume for 1971-80, many of the peak flows given do not represent true peaks. In extracting
the data, each station was examined and a decision taken whether or not to accept each
annual peak value. For example, where there were some missing monthly values in a
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particular year, the flood peak would still have been accepted if the missing months were
only in the dry season (for a station with a distinctly seasonal climate) when a large flood
would be very unlikely to occur. Also, when the dates of the peaks corresponded to missing
months and the flood values were still reasonable, it was generally assumed that there were
still sufficient observations in the month to define the flood peak adequately. Based on this

type of approach, data were either accepted or rejected. A similar exercise was carried out -

for the data after 1980, working from the hand-written data sheets. The result of this exercise
was the compilation of annual flood peak series which, although they must contain some
errors, were believed to be reasonably representative.

Another problem which was noticed is that a few stations had very atypical flood peaks.
These consisted of the same flood peak or closely similar values which tended to occur
repeatedly. The problem is illustrated by the flood frequency curve shown in Figure A2,
where several of the highest flood peaks are the same. This situation could come about
because the gauging station is bypassed in flood flows, or because high flows spread out over
a wide flood plain. The resuit would be that the flood peaks would have been considerably
under-estimated. A similar result could occur in situations where the gauge tends to be
washed out in extreme flood events. Surveys to determine the flood peaks are rarely carried
out after such events, and this means that the largest peaks are missing from the record,
causing the flood frequency curve to be biassed downwards. To try to overcome these
problems, an examination of the flood frequency curve for each of the stations was carried
out. This revealed a total of 15 stations with very atypical curves, and these stations were
rejected from the study. :

Because most of the gauging stations are staff gauges, read two or three times a day, and
there are relatively few stations with autographic recorders, the true flood peaks are often
not observed. A correction to the data to deal with this problem was derived, and this is
discussed in Section A1.3 below.

In conclusion, the problems noted with the flood peak data mean that they are of fairly low
quality, but the deficiencies cannot easily be rectified. Some recommendations for further
studies to compile an improved database of flood peaks are given in Section A7. For the time
being, it is believed that the work in the present study is sufficient to derive a preliminary
flood estimation method.

Al.3 Estimation of instantaneous peaks at non-autographic gauging stations

Many of the gauged catchments are fairly small; most are less than 1000 km? and many are
only around 10 km? or less. On small catchments such as these, floods rise and fall very
rapidly, and to observe the flood peaks reliably an autographic record of water level is
required. For the data up to 1970, 109 of the 333 stations finally selected are noted as having
an autographic recorder. But for the data from 1971-80 and also for the more recent data,
no autographic recorders were in use. It appears that the autographic recorders that had been
installed fell out of use some time before the end of 1970 and they were not replaced.
Although instructions are issued to the gauge readers, asking them to take additional readings
during flood events so that the peaks are more reliably observed, there is evidence that this
is done very infrequently. Thus, for most stations we have to rely on the two or three daily
staff gauge readings, and these inevitably record lower peak values than the true peaks.
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To investigate this problem, flood peaks were examined in relation to the maximum daily
flows. Besides the flood peak values, Q,, the maximum daily flows, Q,, were extracted for
each year, and the average of the ratio Q,/Q, found for each station. This was done for three
different conditions: autographic stations (up to 1970), staff gauge stations up to 1970, and
all stations after 1970. These ratios are plotted against catchment area in Figure A3.

Although there is a great deal of scatter it can be seen that Q,/Qq tends to increase as -

catchment size decreases, and that the ratio is higher for autographic stations, indicating that
these observe the peaks more effectively. Regressions of Q,/Qq against catchment area
(AREA) gave the following results:

Autographic: Q/Q; = 4.04 - 0.901 log(AREA) rr = 0.445
Staff, up to 1970:  Q/Qs = 2.50 - 0.398 log(AREA) r = 0.193
Staff, after 1970: Q/Qs = 262 - 0.413 log(AREA) ? = 0.024

The two fitted lines for staff gauges are very similar, while the line for autographic gauges
is distinctly steeper. These lines meet at AREA =~ 1000 km?, and for larger_catchments, no
significant differences between autographic and staff gauges are observed. Because it is clear
that not all the sites which are noted as having autographic gauges did in fact have them up
to the end of 1970, the same relationships were also examined on the assumption that the
autographic recorders only operated up to the end of 1966. This produced very similar
results, indicating that the assumption that 1970 was the end of autographic operation at all
sites did not produce any significant errors.

For practical application, these results were simplified to:

Autographic: Q/Q;, = 42 - log(AREA)
Staff gauge: Q/Qs = 2.5 - 0.4341og(AREA)

for catchments less than 1000 km? in area. These relationships are also plotted on Figure A3.
These results can be used to estimate how much greater are the average true flood peaks (as
observed with an autographic recorder) than the average flood peak taken from a staff gauge
record for any particular size of catchment. For catchments less than 1000 kn?, the average
staff gauge peaks should be increased by the factor:

[ 4.2 - log(AREA) ] /[ 2.5 - 0.434 10g(AREA) ]

to yield the average of the true flood peaks. This factor is 1 for catchments of 1000 km?,
increasing as catchment sizes decreases, to a value of 1.68 for a catchment of 1 km?.

To apply these results in the following analysis, it was assumed that this same ratio could
also be applied to the individual flood peak values. Clearly, it is not the case that each of
true flood peaks at a particular station was a uniform factor larger than the corresponding
staff gauge peaks, and the actual factor would vary from year to year. However, on average,
the adjustment will be the correct, and the method provides reasonable estimates which make
it possible to use the staff gauge data without seriously under-estimating the peak flows that
actually occurred. Some under-estimation will, in fact, remain since not all_the autographic
gauges operated up to 1970, and therefore some of the ratios of Q, to Q for autographic
gauges probably should be higher. However, this under-estimation is expected to be small,
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and it is not possible to quantify it further.
Al.4 Catchment characteristics data

The primary catchment characteristic data required are catchment areas for each gauging
station used. These values were taken from the summary data volumes or from BRS files. -
For some of the stations, areas have been re-assessed by HR Wallingford et al. (1994), and
these corrected values were used where available. In that study it was found that the actual
values were sometimes significantly different to the published value. This was usually a result
of errors in the listed station locations, and therefore it is not possible to establish correct
area for all the stations without first visiting each site to determine its precise location.

The other catchment characteristics which were considered were average annual rainfall,
rainfall intensity and climate type. However, because of the high variability of rainfall from
place-to-place in the Philippines and the poor coverage of raingauges in mountainous regions,
it probably would not be possible to obtain reliable estimates of average anpual rainfall for
the catchments. This was illustrated in the study by HR Wallingford e al. (1994) where the
relationship between runoff depth and average annual rainfall was examined. A very poor
relationship was obtained, with runoff exceeding rainfall in some cases, and this result was
thought to come about both because of uncertainty in the catchment areas and because of the
poor estimation of rainfall. Consequently, it was judged that it would probably not be
worthwhile to attempt to estimate average annual rainfall values for each catchment for use
in this study. A measure of rainfall intensity such as the 24-hour 5-year return period rainfall
might also have been useful. Autographic raingauges are needed for this, and an investigation
of the data from the available gauges showed that they would be insufficient to estimate this
characteristic. As a final characteristic, climate type was investigated, and the modified
Coronas climate type, which gives a broad indication of rainfall seasonality, was estimated
for each catchment. The values were taken from the map of "Rainfall and tropical cyclone
climatological normals of the Philippines, 1961-1990", prepared by PAGASA (no date). Each
catchment was assigned to one of four climate types, defined as follows:

1 Two pronounced seasons: dry from November to April, wet during the rest of the
year.

2 No dry season, with a very pronounced maximum rainfall from November to
January.

3 Seasons not very pronounced: relatively dry from November to April, and wet during
the rest of the year.

4 Rainfall more or less evenly distributed throughout the year.

In summary, only catchment area and climate type were found to be practicable and likely
to be useful in the study. These data are listed for each catchment in Section A7.

A2 Estimation of mean annual flood

The value of the mean annual flood (MAF) was calculated as the average-of the series of
annual peak flows for each site (after adjusting the peaks as discussed in Section A1.3). The
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values are listed in Section A7. The logarithmic regression of MAF on catchment area using
all the stations gave the following result:

MAF = 12.35 AREA%® 2 = 0.598

The data and the fitted line are plotted in Figure A4. This regression shows that AREA alone

can explain about 60% of the variation in MAF when all the stations throughout the
Philippines are considered.

The other factors which can be considered in looking for a relationship to predict MAF are
climate type and geographical location. Because the climate type is a somewhat arbitrary
value, rather than carry out a multiple regression of MAF on AREA and climate type, the
primary regression of MAF on AREA alone was repeated separately for the stations in each
climate type. The results are summarised in Table A1. It can be seen that most of the climate
types have MAF regressions similar to the regression for all stations. The most dissimilar
one is climate type 4 which has a somewhat flatter regression line, but this may be partially
explained by the lack of large catchments in this climate type.

TABLE Al  Results of MAF regressions for the Philippines

No. of Constant Exponent 12 f.s.e.e
stations

All stations 333 12.35 0.589 0.598 2.29
Grouped by climate type

Climate type 1 101 14.31 0.611 0.590 2.10
Climate type 2 57 12.76 0.609 0.598 2.17
Climate type 3 117 11.48 0.588 0.666 2.26
Climate type 4 58 13.28 0.495 0.363 2.43
Grouped by water resources region

Region 1 15 19.77 0.660 0.785 1.73
Region 2 34 8.30 0.688 0.740 1.81
Region 3 66 11.64 0.628 0.660 1.95
Region 4 47 8.45 0.721 0.612 2.40
Region 5 45 24.83 0.435 0.415 2.06
Region 6 31 12.68 0.582 0.585 1.98
Region 7 18 5.60 0.671 0.485 2.19
Region 8 15 6.07 0.762 0.790 1.56
Region 9 15 113.5 (0.079) 0.009 2.33
Region 10 13 5.37 0.720 0.792 2.43
Region 11 13 12.33 (0.434) 0.184 3.42
Region 12 21 8.89 0.504 0.626 2.05

(Figures in brackets are not significant at the 5% level)
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TABLE A2 MAF regressions for three geographical groupings

No. of Constant Exponent r f.s.e.e
stations
Regions 1-2 49 15.33 0.623 0.675 1.92
Regions 3-8 222 11.66 0.616 0.638 2.10
Regions 9-12 62 11.50 0.502 0.459 2.61

To examine the effect of geographical location on the regressions they were repeated
separately for each of the 12 water resources regions into which the country has been divided
(the regions used were those defined in National Water Resources Council (1980), and are
shown on Figure Al). These results are also given in Table Al. Many of the regions are
similar to the regression for all stations, but the differences are greater in the south of the
country, and in this area the regressions are less well defined. This could be due to greater
inherent variability in this area, to poorer quality data or to the fact that there are fewer
stations in the southern regions. For two of the regions (9 and 11) the exponents of the
regressions were not significantly different from zero, and the coefficients of determination
are very low. In both these cases there is a relatively small range in catchment area, meaning
it is difficult to determine adequate regression lines. Overall, there does not appear to be a
very systematic pattern in the regressions for the different regions, and it is thought that
much of the difference between regions can be attributed to differences in the availability of
data and the range of catchment sizes that are observed. However, it is clear that there is a
difference in flood behaviour in different parts of the country, with a general tendency for
large MAFs towards the north.

To investigate this further, regressions were tried for various groups of regions. The most
logical groupings appeared to be to divide country into three areas: water resources regions
1 & 2 in the north of Luzon; regions 3 to 8 in central and southern Luzon and the Visayas;
and regions 9 to 12 in Mindanao. The results of the regressions for these three areas are
given in Table A2 and are plotted in Figure A5. While the differences between the groupings
are not statistically significant, the plot shows that there is a clear tendency for increasing
MAF towards the north, especially for larger catchments. This result also corresponds well
with the behaviour of tropical cyclones over the Philippines. From the map produced by
PAGASA (no date) it can be seen that the incidence of cyclones crossing the country is
greatest from July to December and that the tracks of these almost invariably cross the
northern part of the country; conversely in the rest of the year when cyclone tracks are more
southerly the frequency of storms is about an order of magnitude less. Based on this, the
three separate regression equations given in Table A2 are considered to provide the best
MAF prediction method. The coefficients of determination for the two northern regions are
reasonable, with 68% and 64% of the variation explained by the regressian. The factorial
standard errors of the estimates are 1.92 and 2.10, meaning that the ‘true’ MAFs are likely
to fall within about +100% and -50% of the estimates given by the equations. These
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prediction equations are not dissimilar to those obtained for a range of other countries and
regions. However, the equation for the southern area (regions 9-12) is much weaker, with
1* of only 46% and f.s.e.e. increased to 2.61. This is a rather poor estimation equation, but
as it reflects the observable differences in MAFs between the south and north of the country,
it is felt that it is best to retain it.

A3 Regional flood frequency curves

Regional flood frequency curves were derived by fitting the GEV distribution to the pooled
annual flood peak data for various groups of stations. As for the MAF regressions, the
suitability of dividing the stations into groups according to their climate type, according to
geographical location, and according to catchment area was investigated.

The results for the four climate types are given in Table A3. The curves for climate types
1, 3 and 4 are very similar while that for type 2 is considerably steeper, showing generally
larger floods in this climate. However, this result was thought to be more due to the
distinctly smaller catchments with this climate (median catchment area for climate type 2 is
45 km?, compared to 176, 169 and 128 km? for the other three climates), than due to any
effects of the climate itself on flood behaviour. When the curves for each of the 12 water
resources regions were examined, there was found to be considerable variation between the
regions, but no logical pattern of variation between the different regions was found, and it
was thought that the main factors causing differences were the different sizes of catchments
and random effects. The three geographical groupings used for the MAF prediction equations
show increasingly steep curves moving from north to south (Table A3), but again, this is
partly due to again different sizes of catchments in the groupings, and there was wide
variability within each of the three regions.

TABLE A3 Regional flood frequency curves for the Philippines grouped by climate type and

by geographical region

No. No. GEV parameters Predicted floods
stations years u a k Qoo Qoo Dsoo
Climate type 1 101 1867 0.663 0.457 -0.1411 235 3.62 5.21
Climate type 2 57 1024 0.600 0.424 -0.2735 2.54 451 17.53
Climate type 3 117 1907 0.653 0.441 -0.1773 2.38 3.79 5.65
Climate type 4 58 948 0.648 0.434 -0.1930 2.39 3.86 5.86
Regions 1-2 49 773 0.679 0.459 -0.1112 229 3.43 4.79
Regions 3-8 222 4057 0.641 0.447 -0.1879 242 391 5091
Regions 9-12 62 916 0.638 0.405 -0.2451 241 4.09 6.57
A8
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Another approach of grouping catchments from the whole country, according to catchment
area, was found to be the most effective determinant of the flood frequency curve. A number
of different groupings were tried, and the results for the most effective groupings are given
in Table A4. The regional flood frequency curves are also plotted in Figure A6. These
results show that catchment area is a powerful factor in determining the flood frequency
curve, with the smallest catchments (less than 25 km?) having particularly steep curves and
the largest catchments rather flat curves. Within each grouping there was found to be
considerable variation between individual station curves, but less so than for the groupings
in Table A3, and the regions grouped by catchment area were judged to be reasonably
homogeneous. The variation between stations was not beyond what might reasonably be
expected, especially considering the short length of many of the records and the problems
with data quality as discussed in Section A1.2. Further investigation of the effect of the
climate type and of location of the catchments with these are groupings showed again that
these factors cannot easily be used to improve the results.

It was concluded that the regional flood frequency curves grouped according to catchment
area provide reasonable estimates which can be used over most of the Philippines.

TABLE A4  Regional flood frequency curves for the Philippines grouped by catchment area

AREA No. No. GEV parameters Predicted floods

range , stations years u o k Qa0 dio  Ysoo
< 25 km? 47 887 0.558 0.450 -0.2941 2.69 495 8.54
25 to 50 km? 37 646 0.603 0.466 -0.2206 2.56 4.32 6.81
50 to 250 km? 127 2208 0.641 0.457 -0.1752 242 3.88 5.79
250 to 2500 km? 104 1762 0.696 0.422 -0.1276 222 3.34 4.70
> 2500 km? 18 243 0.768 0.356 -0.0715 1.94 270 3.55

A4  Evidence for changes in flood peaks over time

As mentioned at the beginning of this Appendix, it is of particular interest to examine the
evidence for changes in flood behaviour over time. To do this stations having at least 15
years of data, and at least 4 values after 1980 were selected. 43 stations satisfying these
criteria were found. The annual flood peaks for these stations, as available in the period 1945
to 1993, are plotted in Figure A7. The values are plotted as standardised deviation from the
mean so that they all appear on a common scale.

Two methods of looking for changes over time were used. The first was to search for trends
in the series. This was done by carrying out linear regressions of the annual peaks against
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the year, and testing whether the slope of the fitted line was significantly different from zero.
The second method was to compare the values for the period after 1980 to those for the
earlier period. The year 1980 was chosen to split the data because the break in the records
most often occurs around this time; also, it is recent changes that are of most interest and
this is the latest date which would still leave a reasonable amount of data in the more recent
period; even so, in many cases there are only four years of data after 1980 and the statistics
in this period can only be estimated with poor accuracy. The Mann-Whitney rank-sum test
was used to test the significance of the change between the two periods. This is a non-
parametric test which looks at the change in the medians. It is preferred to the more usual
t-test which examines the changes in the mean, because the t-test assumes the data are
normally distributed, while the flood peaks actually have a much more skewed distribution.

Table A5 presents the results of these tests, with the stations having a downward trend given
first, followed by those with an upward trend. In each case the stations are listed in order
of increasing trend. The next to last column of the table gives the ratio MAF,/MAF, where
MAF, is the mean annual flood for data up to 1980 and MAF, refers to data after 1980. The
last column gives the results of the significance test for the medians of these two periods.

The results of the tests are rather mixed. Looking at the trend test, 24 stations have a
downward trend compared to 19 which are upward. However, if only the trends that are
significant at the 5% level are considered, 7 are downwards and 11 upwards. Thus, overall,
there appears to be more of a tendency for flood peaks to increase rather than decrease.
Examining the period after 1980 against the earlier period shows a more decisive tendency
towards increasing flood peaks. Of the 43 stations, 29 have the ratio MAFE,/MAF, greater
than 1, while for 14 stations it is less than 1. The test for significant changes in the median
shows that 11 sites have an increase in median significant at the 5% level, while 4 have a
significant decrease. This is far more than would be expected by chance.

These results seem to indicate a definite tendency for there to be an increase in flood peaks
after 1980. However, there are several points which complicate this conclusion. First, it is
worrying that some stations show such a strong opposite tendency. If there had been a
general change in flood behaviour, for instance due to deforestation which has proceeded
over most of the country, one would expect nearly all sites to show the same trend. Instead
we find that most sites show no significant change, a proportion show significant increases
and a smaller proportion significant decreases. In the light of the difficulties of compiling the
flood peak series and the high levels of uncertainty in the data (see Section Al.2), there is
the suspicion that these apparent changes over time are the result of the inadequate quality
of the data. In particular, changes in hydrometric practices and in the rating curves used
could easily cause the changes that have been observed, and this would also explain the
unsystematic nature of the changes. Some of the plots in Figure A7 tend to support these
suspicions; for instance the plots for stations PH305039 or PH306004 look very strange and
lead one to suspect errors in the data. A further uncertainty is where new records have been
started which may not always be at the same site as the previous data. And finally, the
correction which has been introduced to allow the estimation of instantaneous peaks at staff
gauge sites may be introducing errors where there is a change from autographic recorder to
staff gauge and the date of the change is not precisely known. Because of these difficulties,
it must be concluded that the case for an increase in flood peaks in recent years is not
proven. Further studies, in particular the detailed and careful re-examination of the data at
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TABLE A5 Examination of changes in annual flood peak data over time
Station Total No. Coeft. Student’s Trend Ratio Medians
code no. values regress. t-value  signif. MAF,: different
values 1981-> line of coeff. at5% ? MAF, 5%)?
Trend downwards
305020 34 7 -0.01 -0.01 No 1.27 No
304036 30 9 -0.05 -0.46 No 1.28 No
303035 21 6 -0.31 -0.17 No 1.12 No
305006 20 6 -0.36 -0.43 No 0.98 No
307003 21 5 -0.42 -0.09 No 0.98 No
305015 19 4 -1.44 -0.18 No 1.27 No
301012 40 8 -1.55 -0.69 No 1.11 . No
305034 24 7 -1.61 -0.96 No 0.83 No
304023 28 9 -2.18 -2.12 Yes 0.49 Yes
307007 24 5 -2.46 -1.90 No 0.65 No
303041 25 7 -2.68 -0.63 No 1.01 No
303090 27 6 -2.91 -1.71 No 0.63 No
306018 23 4 -3.33 -0.61 No 1.04 No
312009 21 6 -3.47 -1.05 No 0.52 Yes
305046 19 4 -4.02 -2.86 Yes 0.24 Yes
305016 - 29 8 -4.18 -2.09 Yes 0.30 Yes
305029 29 7 -4.45 -3.17 Yes 0.62 No
301006 22 5 -6.00 -0.19 No 1.15 No
301003 41 7 -7.19 -1.89 No 1.37 No
301001 23 4 -7.23 -0.09 No 1.06 No
303085 24 5 -15.3 -2.64 Yes 0.68 No
306006 28 5 -17.4 -2.06 Yes 0.76 No
301013 22 5 -21.2 -2.50 Yes 0.28 No
302034 15 4 -83.3 -1.22 No 0.67 No
Trend upwards
307001 17 5 0.20 0.10 No 1.72 No
305019 20 6 0.27 0.63 No 1.36 Yes
306014 27 5 0.56 0.07 No 1.05 No
312016 18 4 2.01 0.62 No 1.48 No
307004 24 5 2.10 4.27 Yes 3.71 Yes
312013 15 5 2.50 2.22 Yes 4.57 Yes
310016 17 6 4.70 0.33 No 1.40 No
305031 26 5 5.49 2.19 Yes 4.71 Yes
309004 23 6 6.60 4.44 Yes 2.53 Yes
306004 17 6 7.56 4.97 Yes 2.63 Yes
301007 23 5 9.26 0.87 No 1.36 No
305022 21 4 9.39 2.00 No 4.10 - Yes
302019 15 4 10.5 0.82 No 1.28 No
All




TABLE A5 (continued)

Station Total No. Coeff. Student’s Trend Ratio Medians
code no. values regress. t-value  signif. MAF,: different
values 1981-> line of coeff. at5% ? MAF, 5%)?

306017 19 4 18.2 1.65 No 1.56 No
305004 23 8 22.5 2.09 Yes 1.23 No
305039 25 6 31.9 5.13 Yes 6.26 Yes
312020 26 5 37.0 5.74 Yes 2.05 Yes
310007 20 5 41.7 2.30 Yes 3.77 Yes
302025 25 7 54.6 3.43 Yes 2.25 Yes

individual sites to ensure only properly validated records are tested, and the examination of
the circumstances in the catchments which may be responsible for the changes, should be
carried out to conclude this issue definitively.

The results presented here must be treated as very preliminary. However, as they do show
a tendency for increase in flood peaks, it would be prudent to take them into account in some
degree. To do this, it is suggested that approximately the median of the ratios of the mean
annual flood between the two periods should be used. This median ratio is 1.23. In deriving
the MAF regression, the more recent data were also included, but these will not have had
much effect as they are dominated by the far greater quantity of older data. Thus, in round
terms an increase of 20% should be applied to mean annual flood estimates derived using the
regression equations given in Section A2. There are far too few recent data to allow the flood
frequency curves to be adjusted to take account of the possible changes, and these should not
be altered. Overall, these results, must be treated as preliminary, and need to be confirmed
by a more detailed study.

A5 Comparison to existing methods

The only existing flood estimation method for the Philippines which has national coverage
is that developed by the National Irrigation Administration (NIA, 1986). The method is a
regional analysis somewhat similar to that used here. The log-Pearson type III frequency
distribution is used and a regression analysis relates MAF to catchment area. The results are
presented as graphs for each region, from which the flood peak for a variety of return
periods can be read off directly, given the catchment area. Generally, the NIA method is a
satisfactory approach, but it has a number of shortcomings. There is no mention of data
quality in the report, and it is felt that it is inappropriate to carry out such an analysis without
at least a preliminary assessment of the adequacy of the data being used. Fhe method does
not try to overcome the problem of the poor observation of flood peaks at staff gauge
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stations, and this could lead to significant under-estimation of floods in small catchments.
The water resources regions are used to define the regions for the method without any
consideration of the best way to pool the data, and the effect of catchment area on the flood
frequency curve is not considered. Finally, the flood is estimated directly from the catchment
area, whereas a two-stage approach which first estimates the MAF and then goes on to find

the flood for a particular return period is preferable, as this allows the estimates to be -

improved by the incorporation of local data into the assessment of MAF.

The results of the NIA method and the new method developed in this study are compared in
Figure A8 which shows the predicted floods for MAF, 20-year and 100-year return periods
for catchment areas of 10, 100 and 1000 km?. It can be seen that the results from this study
are broadly similar to the NIA method for medium-sized catchments of 100 km?, but give
generally higher flood estimates for small catchments of 10 km®. For large catchments of
1000 km?, the results are again similar except in a few regions where the NIA estimates are
much higher. The reasons for these discrepancies are likely to be that, for small catchments,
the NIA method did not incorporate the adjustment to account for the under-estimation of
flood peaks at staff gauge stations, thereby producing estimates which are too low. For the
large catchments, particularly in regions 1 and 4, it is believed that the NIA estimates are
too high, and this has been brought about by unjustified extrapolation of the regression
relationship between MAF and catchment area to large catchments, when there were very
few large catchments in those regions.

As discussed above, it was found that simply using the water resources regions to define the
regions for flood frequency analysis is not the best approach, and it was also found that
catchment area is the most significant factor in distinguishing the flood frequency curves. For
these reasons, it is considered that the new flood estimation method derived in this study
should be preferred.

A6 Conclusions and recommendations for further studies

The conclusion of the study is that the regression equations listed in Table A2, that is:

MAF = 15.3 AREA%*®® for water resources regions 1 & 2,
MAF = 11.7 AREA%®® for water resources regions 3 - 8, and
MAF = 11.5 AREA** for water resources regions 9 - 12

should be used to estimate mean annual flood at ungauged sites, but the resulting MAFs
should be increased by 20% to account for the possible tendency for flood peaks to have
increased in recent years. Where a reasonable length of good quality data is available at or
close to the site of interest, these should be preferred for the estimation of MAF. The
regional flood frequency curves grouped according to catchment area (presented in Table A4
and Figure A6) should then be used to estimate the flood peak for the required return period.
Although it is rather preliminary, this method provides an adequate means of making flood
peak estimates at ungauged sites over most of the Philippines. The MAF regression equation
is less reliable for Mindanao (regions 9-12), and there are no data from Palawan and some
outlying islands, so the method should only be used with caution in these areas. The regional
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curves are also useful to make estimates for long return periods even at sites which do have
a reasonable observed flow record.

Because of the relatively poor quality of the available data and the fact that flood peaks at
the staff gauge stations are not observed properly, the results presented here are inevitably

somewhat preliminary. A major study would be needed to improve the situation and produce -

improved flood estimates. In brief, the elements of such a study would include:

- Careful validation of all data, including checking rating curves for each site, checking
that peaks are not missed because of overtopping or diversion around the gauge or
because of periods of missing data.

- Refinement of the method used to estimate instantaneous peaks at staff gauge sites,
including checking of the precise periods when autographic recorders were in
operation. In cases where it is not possible to adequately estimate the instantaneous
peaks at a particular site, the station should be eliminated from the study.

- Checking the precise location of each flow gauge in the field, and using these checked
locations to re-evaluate all the catchment areas.

- Based on the checked locations, estimate mean annual rainfall (if data are sufficient)
and a range of other physical and climatic characteristics of the catchments.

With this validated database it would be possible to derive a more reliable flood estimation
method, based on the best available data. As for the possible changes in flood behaviour over
time, only with carefully validated long-term records and continued good quality observations
at these sites, will it be possible to determine the extent of the changes that may be
occurring.

A7 List of river flow gauging stations and catchment characteristics

The table on the following pages lists the river flow gauging stations used in the study. For
each station, the station code, name, number of years of annual flood peaks, location, mean
annual flood (MAF), catchment area (AREA), and modified Coronas climate type are given.
These were derived as explained in Section Al above. Where data are from staff gauges, the
MAF values have been adjusted to take into account the under-estimation of flood peaks by
these gauges (Section Al1.3).

The station codes used consist of 8 characters; the first two are PH, and the remainder are
the 6 digit number assigned by HR Wallingford et al. (1994). The first digit indicates the

agency responsible for the data; always 3, for BRS, in this study. The second and third digits

are the water resources region number, and the remaining digits are an identifier for the
station within that region.
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Appendix B Development of flood estimation method for
Sri Lanka

The general approach used in the development of the flood estimation methods for all the
countries or regions is discussed in Chapter 2 of the main report.

B1 Data
B1.1 Flood peak data

River flows have been recorded for some period at about 150 sites in Sri Lanka. Based on
the list of stations given in Dharmasena (1987), these were investigated and data from the
72 stations that had annual flood peak records of 10 or more years were compiled for the
analysis. Because of the dense network of stations and the relatively long records, it was not
necessary to make use of stations with short records of less than 10 years. The annual flood
peaks were abstracted from the station files held in the Hydrology Division of the Irrigation
Department. The files list the daily flows for each hydrological year (October - September)
on a single sheet, and the instantaneous maximum flow for the year is also noted with its date
of occurrence. The stations used are listed in Section B5, which also gives the number of
years of data, the station locations and the catchment characteristics. The location of each
gauging station is plotted in Figure B1.

Some brief checks on data quality were carried out to ensure that the data used were
adequate, but detailed checks were not possible within the time available. For some stations
summaries of the numbers of discharge measurements and their range and the dates of
validity of the various rating curves were included in the files, and these were examined. It
was evident that a considerable extrapolation of most rating curves has been necessary to
obtain flood flows. The extrapolation has been based on the standard rating curve equation
of the form: Q = a (h-h,); and this should be valid, at least for simple cross-sections
without discontinuities. Checks on the highest flood in each year are carried out by the
Hydrology Division; these consist of a comparison of the flood volume deduced from the
hydrograph with the corresponding volume of storm rainfall estimated by Thiessen polygons
from the available raingauges. Both these procedures should help to ensure that the
extrapolated ratings are reasonable. A number of stations were discussed with the Hydrology
Division, and records were discounted where major changes have occurred upstream, making
them invalid for the analysis. This was particularly the case on the Mahaweli Ganga. Flows
for a number of stations in the Mahaweli basin were revised by Nedeco (Nedeco/Irrigation
Department, 1981) and these have been used in preference - the stations are marked
"Nedeco" in Section B5. These records are based on calendar years rather than the
hydrological years used in the Irrigation Department files, so they cannot be compared
directly. Nedeco also criticise the data at Talawakanda (station SRIO87) and those in the
south-east of the country, but as these did not appear particularly anomalous in comparison
with the other stations, they have been accepted for this study.
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B1.2 Catchment characteristics data

Besides latitude and longitude for each station, the catchment characteristics data available
were limited to catchment area and average annual rainfall. The latitudes and longitudes for
many of the stations were taken from a report by the Irrigation Department (1974). For
others stations, positions given on a local grid system were abstracted from the files and -
translated to latitude and longitude using topographic maps.

Catchment areas and average annual rainfall values were abstracted from the same report or
from the Hydrological Annual for 1986/87. In the Annual, the rainfall data given correspond
to the period of flow record, rather than some standard period. For a small number of
stations not listed in either source, the catchment rainfall was estimated from isohyetal maps
for the period 1931-60. The rainfall estimates derived from different sources are not entirely
homogeneous, but they should be adequate for this study.

B2 Estimation of the mean annual flood

The value of the mean annual flood (MAF) was calculated as the average of the series of
annual peak flows for each site; the values are listed in Section B5. A logarithmic regression
of MAF on catchment area (AREA) using all the stations gave the following result:

MAF = 8.68 AREA®S" ¥ = 0.605

The data and this fitted regression line are plotted in Figure B2. A preliminary examination
of the data shows that the rainfall is also a very important factor in determining the MAF,
and when this is included, the regression becomes:

MAF = 0.0120 AREA%%0 AAR#! r* = 0.708

Both the coefficients are significant and there is a considerable improvement in 12, so the
inclusion of rainfall is justified. An examination of Figure B2 shows that three stations
(SRI128, SRI135 and SRI148) stand out as being very far from the regression line, and, in
the regression on AREA and AAR, these three stations also stand out as having the largest
residuals. A further examination of MAF was carried out by plotting the ratios of MAF to
catchment area according to geographical position. This revealed a number of apparently
anomalous values: that is, stations where the ratio was very much higher or lower than the
surrounding ones. In general, it was thought that it was not justified to exclude these stations
because MAF values would be expected to show high variability depending on whether or
not a particularly large flood has been observed. However, the three stations mentioned
above were again shown to be the most anomalous and were excluded from the analysis. In
the case of SRI135, comparison with the upstream station SRI134 suggested that overbank
flow was likely to have been occurring during high floods, meaning that the peaks have not
been properly observed. For the other two stations, no nearby stations are available for
comparison, and a detailed study of the sites and the rating curves would be needed to reveal
the cause of the anomalies.
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When these three stations are excluded, the regressions become:

MAF = 7.08 AREA%62 rr =0.714
and, when AAR is included:

MAF = 0.0285 AREA®%%° AAR"%® r? = 0.790

There is a considerable improvement due to the exclusion of the anomalous stations, and the
inclusion of rainfall is again justified by the improvement in r* and by the significance of the
coefficients. This last equation is recommended as the MAF estimation equation for Sri
Lanka. The fit of the data is good, having relatively low scatter, and the equation would be
expected to give reasonably good estimates of MAF at ungauged sites. The factorial standard
error of the estimate is 1.49, meaning that the ‘true’ MAF is likely to fall within the range
+49% to -33% of the estimate given by the equation.

B3 Regional flood frequency curves

Regional flood frequency curves were derived by fitting the GEV distribution to the pooled
annual flood peak data for various groups of stations. The three anomalous stations discussed
in the preceding station were again excluded. As Sri Lanka is a fairly small country, it is
reasonable to treat it as a single region. However, there is considerable climatic variation,
with annual rainfall varying from about 1300 mm in some parts of the north to around 5000
mm in some locations in the south-west. The wetter locations also tend to have two rainy
seasons a year, as opposed to a single rainy season in the rest of the country. This variation
means that climate is likely to be a significant factor in determining the regional curves.

The other factor which was investigated was catchment area. In contrast to the results for
nearly all other regions studied, catchment area was not found to be an effective determinant
of the flood frequency curve, with no very consistent behaviour shown by the smaller or the
larger catchments. This appears to be because the flood behaviour is dominated by climatic
effects. A division of the catchments into three groups based on AAR values was found to
give a very effective separation of the curves. The best groupings found and the curves for
each are given in Table B1, and the regional curves are also plotted in Figure B3. These
results show that AAR is a powerful factor in determining the flood frequency curve, with
the drier catchments having very much steeper curves than the wettest. Within each grouping
there was found to be considerable variation between individual station curves, but the
regions were judged to be reasonably homogeneous, with variation between stations not
beyond what might reasonably be expected.

This approach gives fairly similar results to dividing the country into three separate
geographical areas. The wettest catchments (AAR > 3200 mm) being mostly in the south-
west, the driest (AAR < 2000 mm) mostly in the north and east, with the remainder
generally lying in the intermediate area. However, the approach using reglons defined by
AAR was preferred as being more logical.

B3




Regional flood frequency curves for Sri Lanka

15
Key
1 AAR < 2000mm
2 AAR2000-3200mm 1
3 AAR > 3200mm
10
L
<
=
c
2
5 -
3
Return period T (years)
I 1 | | | | J |
2 5 10 20 50 100 200 500 1000 2000
0
2 0 2 4 6 8

Reduced variate y

Figure B3




TABLE B1  Regional flood frequency curves for Sri Lanka

Grouping No. No. GEV parameters Predicted floods

stations years u a k J20 Jio  Y9so0
All stations 69 1654 0.688 0.339 -0.2616 221 371 5.97
AAR < 2000 17 360 0.525 0.404 -0.3818 276 5.59 10.81
AAR 2000-3200 29 699 0.703 0.330 -0.2486 2.15 3.54 5.59
AAR > 3200 23 595 0.773 0.311 -0.1358 1.91 276 3.81
B4 Conclusions -

In conclusion, the result of the study is that the regression equation:
MAF = 0.0285 AREA%%° AAR" 88

should be used to estimate mean annual flood at ungauged sites. Where a reasonable length
of good quality flow data is available at or close to the site of interest, the local record
should be preferred for the estimation of MAF. The regional flood frequency curves grouped
according to.average annual rainfall (table B1) should then be used to estimate the flood peak
for the required return period. This method provides a reasonably good means of making
flood estimates at ungauged sites in Sri Lanka. Because of the greater density of gauging
stations in the centre and south-west of the country, the results are inevitably biassed towards
this region. There is poorer coverage elsewhere, and particularly in extreme northern part,
where no data are available, the method should be used with caution.

The method presented here is somewhat preliminary; derivation of an improved method
would only be possible after a major study, involving detailed quality control of all the flow
data and derivation of a wider range of catchment characteristics for each gauged catchment.

B5 List of river flow gauging stations and catchment characteristics

The table on the following pages lists the river flow gauging stations used in the study. For
each station, the station code, name, number of years of annual flood peaks, location, mean
annual flood (MAF), catchment area (AREA), and average annual rainfall (AAR) are given.
These were derived as explained in Section B1.2 above. The station codes used consist of
6 characters; the first three are SRI, and the remainder is the three digit number assigned to
the station by Dharmasena (1987).
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Appendix C Development of flood estimation method for
Namibia

The general approach used in the development of the flood estimation methods for all the -
countries or regions is discussed in Chapter 2 of the main report.

C1 Data
C1.1 Flood peak data

The flood peak data were supplied by the Hydrology Division of the Department of Water
Affairs. The stations include all the reasonably long flood records in the country, and the
data have been checked by DWA (although they were not able to confirm that the data were
correct). DWA answered a number of queries about the data, and one station which is only
suitable for low flows, and a number of years with spurious zero peaks at some of the other
stations were eliminated. Data were assembled for a total of 51 stations having 5 or more
years of record, although the great majority of stations had at least 10 years of flood peaks.

The stations are listed in Section C6, which also gives the number of years of data, the
station locations and the catchment characteristics. Not all the stations were used in the final
analysis, for a number of reasons, and this is discussed further in Sections C2 and C3. The
location of each gauging station is plotted in Figure C1.

C1.2 Catchment characteristics data

Most of the catchment characteristics data were supplied by the Department of Water Affairs.
These include station location, catchment area, catchment slope and average annual rainfall.
For a few of the catchments, average annual rainfall values were not available, and the
missing values have been estimated in this study. For the catchments solely within Namibia
the values were taken from the "Updated Isohyetal Rainfall Map of Namibia" (Department
of Water Affairs, 1992), and for the large catchments which extend outside Namibia they
were estimated from the appropriate map in the "Atlas of World Water Balance" (UNESCO,
1977). Clearly these will not be quite consistent with the AAR values for the catchments
solely within Namibia; however, this does not matter as these large catchments were not used
in the final development of the method. Catchment slope values, provided by DWA, were
available for most of the stations, and information on dams affecting the floods was also
supplied by DWA.

C2 Estimation of the mean annual flood
The value of the mean annual flood (MAF) was calculated as the average of the series of

annual peak flows for each site; the values are listed in Section C6. A logarithmic regression
of MAF on catchment area (AREA) using all the stations gave the following result:
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MAF = 4.00 AREA®3® 2 = 0.344

The data and this fitted regression line are plotted in Figure C2. It is apparent that the data
do not fall into a consistent pattern, and there appear to be a number of distinct reasons for
this. Six of the stations (NM296206, 299302, 299401, 311102, 311202, 312402;
distinguished in the figure) have low MAF, well below the regression line. Some of these, -
for instance, NM296206, 299302 and 299401 are far downstream on rivers which flow
towards the Atlantic coast. This area is true sand desert with annual rainfall of less than 50
mm, and it is apparent that the floods not only disperse but also tend to disappear into the
sand as they move downstream. This is illustrated in Figure C3 which shows the annual
peaks at four stations along the Kuiseb river; it can be seen that the annual maximum is
always smaller at the two furthest downstream stations than at the upstream ones. This is the
reverse of the usual result that MAF increases as catchment size increases, and is very likely
to be the effect of the rivers flowing into desert regions as discussed above. Only three of
the stations clearly fall into this category, and these were eliminated from the analysis. For
stations NM311102 and 311202 which are on rivers flowing east, a similar.effect may also
be occurring, but these stations are affected by upstream dams and they were also omitted.
Station NM312402 also has a very low MAF and was omitted; as there are no upstream
stations for comparison it is not known whether this station is affected by loss of flow in
desert areas, or whether, because of the very high variability of floods from year to year in
arid regions, the very low value has occurred by chance.

The five stations on four large rivers flowing from Angola and Zambia into the country (the
Zambezi, Kwando, Okavango and Kunene; stations NM230001, 240001, 251101, 251204
and 281101) would not be expected to be homogeneous with the remainder of the stations.
The source of flow is geographically separate and the catchments are much more humid with
average annual rainfalls between 800 and 1000 mm, while for the other catchments AAR
does not exceed about 485 mm and the median is 240 mm. Although in Figure C2 some of
these large catchments fall close to the regression line, they cannot be homogeneous with the
remainder of the Namibian catchments, and they were eliminated from the analysis.

Several other stations besides those mentioned above are affected by dams. Station
NM?298401 has two dams upstream: Von Bach dam from 1970/71 and the Ilarger
Swakoppoort from 1977/78. Examination of the sequence of flood peaks showed that the later
dam which is also much closer to the gauging stations has greatly reduced the floods, while
the earlier dam appears to have had little effect. Based on this, data at station NM298401
were omitted from 1977/78 onwards. The other large dams are in the Fish basin: Naute dam
on the Loewen river is upstream of station NM049902 (since 1970/71) and Hardap dam on
the Fish is upstream of this station as well as NM049601 and 049602 (since 1962/63).
Because the flow records start after the dams were constructed it is not easy to see if there
have been significant effects on the floods. However, the dams do not control more than
about half the catchments, and the MAFs of the affected catchments lie very close to or
above the regression line, in contrast to the other gauges in the Fish basin for which the
MAFs have a slight tendency to be below the regression line. Because of this it was assumed
that the effect to these particular dams was small and the catchments were not removed from
the analysis.

After eliminating some of the stations as discussed above, the regression based on the
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remaining 40 stations becomes:
MAF = 2.63 AREA%® ? = 0.651

This is plotted in Figure C4. The fit of the data is much improved, giving an adequate MAF

estimation equation. The factorial standard error of the estimate is 1.92, meaning that the -

‘true’ MAF is likely to fall with the range +92% to -48% of the estimate given by the
equation. The influence of the other catchment characteristics, AAR and catchment slope,
was also examined. Neither of these gave any worthwhile improvement in the fit, and in both
cases the coefficients were not significant at the 95% level, so these factors were not
included in the estimation equation.

As discussed above, a number of stations in Namibia have been omitted from this analysis.
This means that the MAF regression equation is limited in its applicability; it cannot be used
for the most arid areas where rivers flow through sand desert, and it does not apply to large
rivers originating outside the country.

C3  Regional flood frequency curves

Regional flood frequency curves were derived by fitting the GEV distribution to the pooled
annual flood peak data for various groups of stations. The five stations on large rivers
originating outside the country were not included as these are not at all typical of flood
response in Namibia. The six stations which had very low MAFs and were excluded from
the analysis for the MAF equation were included here because examination of their individual
curves showed that they do not differ from the typical curves found in Namibia. Over the
whole country, station flood frequency curves were found to be generally similar, allowing
for the effect of short records and high year-to-year variability which is particularly
pronounced in arid regions; and it seems reasonable to treat the whole country as a
homogeneous region.

The variation in regional flood frequency curves for stations grouped according to catchment
area and according to average annual rainfall was examined. Neither factor was found to
produce strongly differentiated groupings. AREA was not found to be a significant factor,
with the larger catchments producing slightly steeper curves than the small catchments,
possibly because they are more likely to suffer from loss of flow in desert areas which would
tend to increase variability. Generally, AAR groupings also did not produce distinctly
different regional curves, except that it was found that the driest catchments did tend to
produce somewhat steeper curves. An effective grouping was found by dividing the
catchments at an AAR of 175 mm, and the two curves produced by this were taken as the
most suitable regional flood frequency curves for the country. The parameters of the curves
are given in Table C1 and they are plotted in Figure C5.
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TABLE C1  Regional flood frequency curves for Namibia

Grouping No. No. GEV parameters Predicted floods
stations years u o k oo Qico s00
All stations* 46 610 0.429 0.502 -0.3667 3.13  6.45 12.42
AAR < 175 9 100 0.336 0.448 -0.4834 3.30 7.97 18.09
AAR > 175 37 510 0.448 0.513 -0.3391 3.08 6.14 11.39

* Stations on the large rivers originating outside Namibia are excluded.

C4 Comparison to results for other arid regions .
The study by Farquharson ef al. (1992) has shown that arid and semi-arid regions worldwide
have remarkably similar flood behaviour (see Section E13 in Appendix E). Namibia was not
included in the study, and it is worthwhile to compare the present results to see how similar
they are to areas with similar climates in other parts of the world.

Farquharson ez al. used data from 162 stations in arid or semi-arid regions around the world.
The catchments were selected as having annual rainfall of less than 600 mm, although cold
arid regions -were excluded. Data were available from south-west USA, north-west Africa,
Botswana and South Africa, Arabia and the Middle East, and Australia. Combining all
stations, the MAF equation was:

MAF = 1.87 AREA*"®

while for the nearest area to Namibia which had data, the dry areas of Botswana and South
Africa, the equation was

MAF = 8.75 AREA’®

Both these are compared to the Namibian equation in Figure C4. The regression for Namibia
differs less from the all arid basins line than some of the regions which were included in that
analysis, and the Namibian stations lie well within the range of variation found in the
worldwide study. It can been seen from Figure C4 that while the Namibian line does not
differ greatly from the worldwide or the Botswana and South Africa lines, it lies slightly
below both. It is likely that this is at least partly a result of the Namibian catchments being
generally more arid than those in the other regions: the median AAR is 240 mm, while for
the catchments in Botswana and South Africa it was 470 mm, and worldwide it was 405 mm.

The flood frequency curves are compared in Figure CS5, and it can be seen that the results
for Namibia are remarkably close to the curves for other regions. The curve for all the
Namibian stations is practically identical to the worldwide arid and semi-arid curve, while
the curve for Botswana and South Africa (not shown in the figure) is slightly steeper than
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these. Farquharson et al. found that, except for a few special cases, all the arid and semi-arid
regions studied had very similar flood frequency curves, and Namibia fits closely into this
pattern. When the Namibian data are split according to the AAR value, the curve for the
wetter catchments still lies close to the worldwide and other curves, while, as might be
expected, the curve for the extremely arid catchments (AAR < 175 mm) is somewhat
steeper than is found elsewhere. »

C5 Conclusions

In conclusion, the result of the study is that the regression equation:
MAF = 2.63 AREA%®

should be used to estimate mean annual flood at ungauged sites. Where a reasonable length
of good quality flow data is available at or close to the site of interest, the local record
should be preferred for the estimation of MAF. The regional flood frequency curves grouped
according to average annual rainfall (Table C1) should then be used to estimate the flood
peak for the required return period. This method provides a reasonably good means of
making flood estimates at ungauged sites in Namibia; however, coverage of stations is sparse
in this large country and records are fairly short, so the results should be used with caution.
On the other hand, it has been shown that these results agree well with studies for areas with
similar climates worldwide and in adjoining countries, and this helps to substantiate the
method.

As discussed above, the method is limited in its applicability and cannot be applied over the
whole country. In particular, the MAF equation should not be used in the most arid areas
where rivers flow through sand desert, and neither the MAF regression nor the flood
frequency curves can be applied to the large rivers originating outside the country. There
were insufficient data in this study to examine the problem of flood estimation in the most
arid areas where flows tend to decline downstream, and it is probable that indices of
vegetation or soil type would need to be included to derive a method which can also predict
floods in these regions.

C6 List of river flow gauging stations and catchment characteristics

The table on the following pages lists the river flow gauging stations used in the study. For
each station, the station code, name, number of years of annual flood peaks, location, mean
annual flood (MAF), catchment area (AREA), slope, and average annual rainfall (AAR) are
given. These were derived as explained in Section C1.2 above. The station codes used consist
of 8 characters; the first two are NM, and the remainder is the six digit number based on one
of the two numbering systems used by the Namibian Department of Water Affairs.
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Appendix D Development of flood estimation method for
Zimbabwe

The general approach used in the development of the flood estimation methods for all the -
countries or regions is discussed in Chapter 2 of the main report.

D1 Data
D1.1 Flood peak data

The source of the flood peak data was the various data volumes published by the Hydrology
Branch of the Ministry of Water Resources and Development (MWRD), principally the two
"Hydrological Summaries" which contain the complete records for all gauging stations up
to 1970 and up to 1980 (MWRD, 1975, 1982). Besides the monthly flows, these publications
list the instantaneous flood peaks for each year of record. The flood peaks were extracted for
all stations having autographic recorders which had five or more years of data. As these
summary data volumes only contain stations which were still operating up to the latest year
that was included, data for some additional years and some additional stations were extracted
from the series of hydrological yearbooks published by MWRD; the yearbooks were
available for the periods 1956/57 to 1978/79.

Several stations are immediately downstream of dams or reservoirs, and these were excluded.
The great majority of stations have weirs or flumes, for which theoretical ratings are used
as they have mostly not been calibrated by field measurement. However, in most countries
gauging stations are rarely well calibrated for flood flows, so the data would be expected to
be of comparable quality to that found elsewhere. The published data are mostly nearly
complete, with few years having missing data; where data are missing or have been
estimated, the instantaneous peak has generally not been given, so there do not appear to be
any problems with spurious peak values having been accepted.

The stations are listed in Section D6, which also gives the number of years of data, the
station locations and the catchment characteristics. Not all the stations were used in the final
analysis, for a number of reasons, and this is discussed further in Section D2. The location
of each gauging station is plotted in Figure D1.

D1.2 Catchment characteristics data

Besides latitude and longitude for each station, the catchment characteristics were limited to
catchment area and average annual rainfall. The latitudes and longitudes and the catchment
areas were taken from the same sources as the flood peak data. For a few of the larger
catchments, the areas given in the Hydrological Summaries were clearly in error, and these
have been corrected either by reference to earlier yearbooks or by measurement from the 1:1
million scale topographic map of Zimbabwe.

Average annual rainfall was estimated for each catchment using the isohyetal map for the
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standard period 1941-71 prepared by the Department of Meteorological Services. For the
catchments in central Zimbabwe studied by Bullock (1988), his AAR values were used
(derived from the same original source). For one catchment, the Limpopo, which extends
outside Zimbabwe, AAR was estimated using the appropriate map in the "Atlas of World
Water Balance" (UNESCO, 1977), although this will not be quite consistent with the other
catchments. Bullock also provides a number of other catchment characteristics for the 94 -
catchments in his study, however it was not possible to derive these for the additional
catchments within the scope of this study.

D2 Estimation of the mean annual flood

The value of the mean annual flood (MAF) was calculated as the average of the series of
annual peak flows for each site; the values are listed in Section D6. A logarithmic regression
of MAF on catchment area (AREA) using all the stations gave the following result:

MAF = 1.48 AREA%%® = 0.777

The data and this fitted regression line are plotted in Figure D2. While the greater part of
the data lies in a consistent pattern close to the regression line, a number of points are far
from the line. A brief examination of the data was carried out to assess the possible reasons
for these discrepancies, and the following stations were identified: B027 has a very short
record and the MAF is very low; this is likely to be a result of the annual rainfall, which at
440 mm is much lower than any other catchment, (the next lowest is 520 mm). This
catchment is. very untypical of the general situation in Zimbabwe and was removed from the
analysis. Station D022 has a short record and the data appears to be in error by comparison
with nearby stations on the same river D002 and D010. The data for station E081 also look
very suspicious, and both these stations were eliminated. Although they are not outliers in
Figure D2, stations A052, C069, D049 had suspicious flood frequency curves where the
highest observed flood was repeated at approximately the same value several times, indicating
the likelihood that the station is bypassed or that floods spread out over a wide flood plain.
This would mean that large floods are not properly observed, and the stations were
eliminated from the analysis. Finally, stations E053 and E109 lie considerably further from
the line than any other stations, and were thought likely to be in error, and were also
removed.

After eliminating some of the stations as discussed above, the regression based on the
remaining 234 stations becomes:

MAF = 1.46 AREA>®® r* = 0.836

This is plotted in Figure D3. The regression line is very similar to that originally obtained,
but the fit of the data is much improved, giving an adequate MAF estimation equation. The
factorial standard error of the estimate is 1.87, meaning that the ‘true’ MAF is likely to fall
with the range +87% to -47% of the estimate given by the equation. Some apparent outliers
still remain, but no reasons were found to suspect the data of being in error or otherwise
anomalous, and therefore these stations were not removed from the analysis.
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The influence of the other catchment characteristic which is available, AAR, was also
examined. When this is included the regression becomes:

MAF = 28.3 AREA%% AARO4% r* = 0.840

Compared to using AREA alone, there is a marginal improvement in 1* and the coefficient

of AAR is just significant at the 95% level. However the effect of AAR is to indicate that
floods would be smaller on wetter catchments which is the opposite to what would reasonably
be expected. This may well come about because AAR happens to be weakly, but inversely,
linked to catchment area, with the smaller highland catchment tending to be wetter than the
larger catchments which include drier areas away from the central highlands. It may be
concluded that average annual rainfall is not a useful indicator of flood response and should
not be included in the MAF prediction equation. While the AAR values range from a
minimum of 520 mm to a maximum of 2000 mm, the majority of the catchments have AAR
within a relatively small range; for 80% of the catchments it is between 590 and 1000 mm,
and only 10% are wetter than 1000 mm. It may be the case that AAR does have some
genuine effect, but because of the small number of wetter catchments, it is difficult to detect
the effect of increased rainfall, and the prediction equation may not perform so well in these
areas.

There are numerous dams in Zimbabwe, and the gauges which are downstream of a large
dam or reservoir and close to it were not used in the analysis as the flood flows could have
been significantly affected. However, dams do affect the flows to a lesser extent at many of
the stations that were used. It is thought that the scale of this effect is likely to be small, and
it 1s still reasonable to use the data. Ideally a catchment characteristic defining the proportion
of the catchment controlled by lakes or reservoirs should have been included so that their
effect could be more precisely accounted, but this was beyond the scope of the project.

D3  Regional flood frequency curves

Regional flood frequency curves were derived by fitting the GEV distribution to the pooled
annual flood peak data for various groups of stations. 234 stations were used, some
anomalous stations being omitted as discussed in the preceding section. There was not found
to be an excessive degree of variability between individual station curves, and considering
the broad similarity of the climate over the country, it seemed reasonable to treat the whole
country as a homogeneous region.

The variation in regional flood frequency curves for stations grouped according to catchment
area and according to average annual rainfall was examined. AAR was not found to be a
significant factor; although it might be expected that the curves would be steeper in the more
arid areas and flatter in the more humid areas, particularly the eastern mountains, no
consistent evidence was found for this effect. In contrast, when examining the effect of
AREA, there was found to be some evidence of the expected effect of smaller catchments
having steeper, and larger catchments flatter, curves. There is a very large range in the
catchment areas, but it was found that the bulk of the catchments are similar, and only the
smallest catchments (< 100 km?®) and the largest (> 2500 km?) could be satisfactorily
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separated. Based on this, three regional flood frequency curves grouped by catchment area
were chosen as the most suitable ones. The parameters of the curves are given in table D1
and they are plotted in figure D4.

TABLE D1 Regional flood frequency curves for Zimbabwe

Grouping No. No. GEV parameters Predicted floods
stations years u o k T20 Qico Ys00
All stations 234 4266 0.523 0.534 -0.2442 2.85 5.06 8.31
AREA < 100 53 954 0.486 0.516 -0.3018 297 5.63 9.93
AREA 100-2500 139 2575 0.527 0.541 -0.2332 2.85 499 8.09
AREA > 2500 42 737 0.562 0.534 -0.1996 2773 459 7.13

D4 Comparison to existing methods

One of the standard methods for making flood estimates in Zimbabwe is that developed by

Mitchell (1974). Based on 43 stations, the mean annual flood is estimated from catchment
area using: -

In(MAF+1) = 1.175 { In(AREA+1) }*7

Then to obtain the flood for a particular return period, a set of multipliers (extending to the
maximum probable flood) is available. Some of these multipliers for various return periods
are:

T  Q/MAF
10 2.63
50  6.02
100 7.79
500 12.4

Mitchell’s MAF prediction equation is plotted in figure D3, which shows that it is very
similar to the one developed in this study. Thus the results given here usefully confirm his
equation based on a much smaller data set. Mitchell’s multipliers effectively provide a
regional flood frequency curve for use over the whole country. This curve is considerably
steeper than the present one; for instance, estimates are about 50% greater for return periods
of 100 and 500 years compared to the curve for catchments between 100 and 2500 km?, and
they are more than 25% larger than the curve for catchments of less than 100 km?. The
current study did not produce any evidence that the curves should be considerably steeper,
and it is suggested that Mitchell’s multipliers are somewhat over-cautious.
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Bullock (1988) also presents a method covering the central part of the country. His MAF
prediction equation uses several additional catchment characteristics, and should generally
be preferred to the current equation in the region it covers. Bullock’s regional flood
frequency curve is similar to the ones presented here, although there is only a single curve
and it is somewhat flatter. As the curves derived in this study differ for different catchment
areas, they should generally be preferred.

D5 Conclusions

In conclusion, the result of the study is that the regression equation:
MAF = 1.46 AREA®%

should be used to estimate mean annual flood at ungauged sites. Where a reasonable length
of good quality flow data is available at or close to the site of interest, the local record
should be preferred for the estimation of MAF. The regional flood frequency curves grouped
according to catchment area (table D1) should then be used to estimate the flood peak for the
required return period. This method provides a reasonably good means of making flood
estimates at ungauged sites in Zimbabwe. Over much of the country there is a good coverage
of stations, but, as illustrated in figure D1, away from the central region there a fewer
stations and the method may have higher uncertainty. The method also probably has lower
reliability in the wetter catchments of the eastern highlands and in semi-arid areas with less
than 600 mm annual rainfall which are less well represented. For the semi-arid areas, the
method based on arid and semi-arid catchments worldwide (Farquharson er al., 1992;
summarised in Section E13) provides a useful alternative. For the central part of the country
the MAF prediction equation developed by Bullock (1988) would be expected to provide
better estimates, although it requires more catchment characteristics to be measured.

D6 List of river flow gauging stations and catchment characteristics

The table on the following pages lists the river flow gauging stations used in the study. For
each station, the station code, name, number of years of annual flood peaks, location, mean
annual flood (MAF), catchment area (AREA), and average annual rainfall (AAR) are given.
These were derived as explained in Section D1.2 above. The station codes used consist of
7 characters; the first three are ZIM, and the remainder is the zone code letter and the three
digit station number assigned in MWRD publications.
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Appendix E Results for other countries and regions

This appendix gives the background to the results presented in Chapter 3 of the main report;
the actual results are presented there in Tables 1 and 2, and they are not repeated here. Also,
Tables 3 and 4 in the main report list the ranges of the catchment characteristics used in
developing the methods. The appendix covers the 13 countries or regions for which results
have been previously published, extracted from other reports, or for which less detailed
studies have been done as part of the present study. The work for the four countries where
more detailed analyses have been carried out is discussed in Appendices A to D.

El1 Rio Grande do Sul, Brazil

The flood design method for the state of Rio Grande do Sul is taken from the study by
Farquharson (1980), but the flood frequency curve has been updated to the’ PWM method.
Data were assembled for all the stations which had reliable flood flows, giving a total of 59
stations in all. The catchments ranged in area from 130 to 70,000 km?* and in annual rainfall
from 1280 to 1850 mm. The available stations provide good areal coverage of the state, and
topographic and hydrological conditions are relatively homogeneous throughout.

For the MAF equation a wide range of catchment characteristics was considered, but in
addition to the catchment area only AAR and a measure of slope, S1085, were found to be
effective. However, these did not provide major improvements compared to area alone. The
resulting equation has a relatively small degree of uncertainty with an r* of 0.913 and f.s.e.e.
of 1.49. A search for different equations based on geographical grouping or on ranges of
catchment area did not produce significant improvements and a single equation was
recommended for the whole state. A single flood frequency curve was also recommended.
Generally the method provides a good flood estimation tool, but it should be noted that there
were few catchments of less than 1000 km?, and both the MAF equation and the flood
frequency curve are less reliable for these smaller catchments.

E2 West Africa

A large part of west Africa can be treated as a unit for flood estimation purposes, and data
from several countries have been combined to produce a method for the whole region. These
results have been published elsewhere (Farquharson ef al., 1993), and the present report only
summarises the main findings and the recommended approach.

Data were assembled for a total of 224 stations, covering the area from approximately 13°
W to 16° E, and from 2° to 15° N; the countries included were Guinea (eastern part only),
southern Mali, Burkina Faso, Cote d’Ivoire, Ghana, Togo, Benin and Cameroon, and there
were also a few stations in other countries adjoining these. Within the region, some areas
were poorly represented, with no data from Sierra Leone or Liberia and only a few stations
in Niger and Nigeria. Catchment areas ranged from about 50 to 400,000 km?, and annual
rainfall from 740 to 3600 mm. The region studied is large and diverse; for instance, climate
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varies widely, with rainfall generally declining northwards from the very humid coastal zone
towards the semi-arid Sahel.

A number of different groupings were examined to try to define reasonably homogeneous
sub-regions for which MAF prediction equations could be defined. The groupings were by

country or major basins, geographical areas defined by latitude and longitude, as well as -

groups defined by ranges of catchment area and of annual rainfall. The most effective
groupings were by latitude and longitude, and five MAF equations were recommended for
the following areas: West of 8 W; from 8 W to 2° W; from 2° W to 4° E; from 9° E to
16°10’ E and north of 8° N; and from 9° E to 16°10’ E and south of 8° N. Between 4° and
9° E there were too few data to define an equation. In each case AAR was strongly
significant in addition to catchment area. Good regressions were produced with 2 in the
range 0.819 to 0.943 and f.s.e.e. from 1.38 to 1.60.

A variety of groupings was also tried to determine the flood frequency curves. In this case
it was recommended that groupings according to average annual rainfall (but covering the
whole region) should be used. Separate curves were defined for AAR from 1000-1250 mm,
1250-1500 mm, 1500-1750 mm, and greater than 1750 mm. These curves conform to the
expected behaviour, with the more humid areas having flatter curves. An additional grouping
with AAR from 600 to 1000 mm was also examined, but the resulting curve was flatter than
that found for higher rainfall areas. As this goes against the expected behaviour, it was
suggested that, instead, the curve derived for stations with AAR 1000-1250 mm should also
be used for stations with AAR less than 1000 mm. Other groupings were less effective than
the ones by rainfall. However, it can be observed that whereas groupings according to
catchment area are broadly similar to those obtained with rainfall, the curve for area less than
1000 km® is considerably steeper than any of the others. Thus, although it is not
recommended in the published paper, it is suggested here that this curve should be used in
preference for catchments of less than 1000 km?, whatever the rainfall.

Generally the method should provide robust flood estimates, and could be extended with
caution into adjoining areas. However, it should be born in mind that performance will be
less good at the limits of the data. In particular, it may not perform well for small
catchments; there were only 12 stations with area less than 500 km?. The method may also
not be appropriate for drier basins, as only 3 of the catchments studied had average annual
rainfall less than 800 mm.

E3 Malawi

The method for Malawi is taken from the study by Drayton e al. (1980), but the flood
frequency curve has been updated to the PWM method. Data were assembled for all the
stations which had reliable flood flows, giving a total of 28 stations in all. The catchments
ranged in area from 60 to 11,000 km? and in annual rainfall from 710 to 1480 mm. There
are not a large number of gauging stations available, and they provide only reasonably
adequate areal coverage of the country. Topographic and hydrological conditions in Malawi
are generally rather variable. |
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For the MAF equation a wide range of catchment characteristics was considered, but in
addition to the catchment area only stream frequency, STMFRQ, was found to be effective.
A geographical division of the country into highland and lowland areas, along the
escarpment, was also examined and found not to be useful. The recommended equation has
a high degree of uncertainty with an r* of only 0.381 and f.s.e.e. of 2.39. For the flood
frequency curve, a single curve is recommended for the whole country. However, there is -
considerable variability in the individual station curves, and this could not be satisfactorily
explained by grouping either by catchment area or by annual rainfall. The resulting flood
estimation tool for Malawi has a higher degree of uncertainty than that found in most other
countries studied. This is probably due to the high hydrological variability over the country
and the relatively poor coverage of stations as well as to sampling variation. Although the
study on which these results are based was undertaken several years ago, it is understood that
not many more flood data are now available, and to try to improve the method, it would
probably be necessary to examine data from adjoining regions outside the country to try to
form larger and, hopefully, more homogeneous zones.

E4 South Africa & Botswana

The data for South Africa and Botswana were originally assembled as part of the World
Flood Study (Meigh and Farquharson, 1985), but since then some additional stations and
more up-to-date data have been supplied by the Department of Water Affairs in Botswana
as part of another study (Gibb, Institute of Hydrology, 1992). The area covered is the whole
of South Africa except the arid north-west of the country (the area that is both north of 31°S
and west of 23°E) and the adjoining easternmost part of Botswana (the rivers that form part
of the Limpopo basin). The region is quite diverse in topography and climate, with annual
rainfall for the catchments ranging from 200 to 2740 mm. However, the great majority of
the catchments have AAR in the range 400 to 1000 mm; only 15 are less than 400 mm, 16
greater than 1000 mm, and 3 greater than 2000 mm. Data are available from 109 stations,
which cover a good range of catchment sizes from 3 to 92,300 ki, and there are many long
records.

The regression of MAF on catchment area gives an adequate equation, with r? of 0.542 and
factorial standard error of the estimate of 2.19. The data and the regression line are plotted
in Figure E1. When AAR is included r* improves to 0.593 and f.s.e.e to 2.10. It can be seen
in the figure that some stations lie far from the line, but no good reasons for the divergence
could be found. The stations in Botswana are distinguished, and it can be seen that these do
not stand out from the general pattern. Stations with AAR greater than 1000 mm are also
distinguished, and these do tend to have higher MAFs. A number of sub-divisions of the data
were examined to see if better results could be achieved by treating these more humid
catchments separately, but no significant improvements were achieved. It was felt that it was
better to explain the divergence of the wetter catchments by the use of AAR in the MAF
equation. As can also be seen in the figure, the MAF equation (based on AREA only) agrees
reasonably well with the worldwide equation for arid and semi-arid basins (see Section E13),
but gives higher MAFs for all but the largest catchments, probably reﬂectmg the generally
higher rainfall in this region.
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The more humid catchments were found to have different flood frequency curves to the
majority and, separating them at an AAR of 1250 mm, two groups were formed. There are
only 8 catchments in the group with AAR 1250-2750 mm, but these have a distinctly flatter
curve than the remainder. The bulk of the catchments were treated as a single region and no
good reason was found to sub-divide them despite the wide range of AREA and AAR. The
curve is remarkably similar to that for arid and semi-arid regions worldwide even though -
many more humid catchments are included here, illustrating the tendency towards large
floods found in this part of the world. The method presented provides a reasonable flood
estimation tool, but further work, including the derivation of a wider range of catchment
characteristics, is needed to improve the MAF prediction equation.

ES5 Swaziland

The flood analysis for Swaziland was carried out by the Institute of Hydrology as part of a
study of the Komati basin (Gibb, 1990). Data were assembled for 27 gauging stations in
Swaziland; these were all those with adequate ratings and at least 5 years of flood peak data.
In addition, as the adjoining area of South Africa is very similar in character and many of
the rivers in Swaziland originate in South Africa, 11 South African stations were included
in the analysis. The area covered is between approximately 30° and 32° East and from 25°
to 27%° South. An escarpment runs from north to south through the country and continues
into South Africa; all the catchments lie at least partly on the escarpment or in the highland
areas to the west, and this gives them all a broadly similar character. Occasional tropical
cyclones cross the country, giving extreme rainfalls on the escarpment, and this effect means
that very large floods can be produced, dominating the flood response. Catchment area and
average annual rainfall values were also obtained. Annual rainfall values were in the range
800 to 1220 mm (except one at 1480 mm), and catchment areas were between 58 and 12,600
km?.

The recommended MAF equation depends on catchment area alone; the addition of AAR was
not found to be effective. Although the r?, at 0.657, is rather low, the f.s.e.e. is 1.76 which
is comparable with that found in most other countries. A single flood frequency curve was
developed for the whole country. Geographical grouping were not found to be effective, and
although there was some tendency for the smaller catchments to have steeper curves, the
difference was not thought sufficient to justify presenting separate curves. The flood
frequency curve is very steep, perhaps reflecting the influence of cyclones, and it is also, not
surprisingly, very similar to that for most of South Africa and Botswana (AAR < 1250 mm).
There is reasonably good coverage of the country and the method supplies an adequate flood
estimation tool.

E6 South-west Saudi Arabia

The data for Saudi Arabia were assembled as part of a flood study of the Jeddah mountain
region (Institute of Hydrology, 1985). In the present study more stations have been included
to cover an area along the west coast of Arabia from about 15%° to 24'42° N and extending
about 300 km inland. One station from the adjoining part of Yemen has also been included.
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The region includes true desert where annual rainfall is about 50 mm as well as the more
humid mountain regions, ranging up to a maximum annual rainfall of 500 mm. There are 30
stations with catchment areas from 16 to 17,000 km?. In the previous study, instead of using
mean annual flood the five-year return period flood, Qs, was used as the index value as this
was thought to be a better approach in a situation where the annual flood can be zero in
several of the years. This is a worthwhile approach, but to keep all the regions studied on -
a comparable basis, the MAF has been used here in the same way as elsewhere.

Mean annual flood is plotted against catchment area in Figure E2, and this shows that one
station immediately stands out as anomalous. This is a very small catchment with a short
record of only 6 years. It is also very arid with an AAR of only 50 mm, and it seems likely
that, in this very variable climate, the MAF is under-estimated simply because no significant
flood has occurred during the period of observation. The stations was therefore omitted. The
MAPF regression on catchment area alone has a very low r* of 0.235 and factorial standard
error of the estimate of 2.77. When AAR is included, the regression improves to r? of 0.452
and f.s.e.e. of 2.41. This is a still a rather poor regression, probably due to the short records
available and the high variability experienced in arid climates.

A single regional flood frequency curve was developed for the region, as it was found that
geographical groupings or division by rainfall or catchment area did not produce any
appreciable differences in the curves. The single flood frequency curve seems to give
reasonably good representation of the region, but the MAF prediction equation is less
adequate, as noted above.

E7 Ceniral Iran

The data for central Iran were previously presented in the World Flood Study (Meigh and
Farquharson, 1985). The area covered is in the centre and west of the country between
approximately 48° and 53° East and 30° and 36° North. The region is mostly mountainous,
with a semi-arid climate; annual rainfall for the catchments is between 90 and 750 mm,
although only one has AAR less than 200 mm. Data are available from 25 stations and
catchment areas are from 140 to 61,000 km?.

The initial regression of MAF on catchment area gives an r> of 0.593 and a high factorial
standard error of the estimate of 3.32. The data are plotted in Figure E3, and one station
immediately stands out as anomalous. This station is much more arid than the remainder,
with AAR of only 90 mm, and it also has only 4 years of record. It seems very likely that
the MAF is under-estimated from the short record, and the catchment may also not be
homogeneous with the others. It was therefore omitted, and the MAF regression (plotted in
Figure E3) is improved with r? of 0.555 and f.s.e.e. of 2.36. When AAR is included, the
regression improves further to r* of 0.694 and f.s.e.e. of 2.21. This is the recommended
equation and should provide reasonably good estimates. As can be seen in the figure, the
MAF equation (based on AREA only) agrees closely with the worldwide equation for arid
and semi-arid basins (see Section E13), although it includes some more catchments which are
more humid than the AAR limit of 600 mm used to define the arid and semi-arid region.
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Two regional flood frequency curves were developed, divided at a catchment area of 7500
km?, with the smaller catchments having steeper curves, as would be expected. These curves
are significantly less steep than found for arid and semi-arid basins worldwide (despite the
similarity of the MAF equations), and this may be explained by snow-melt being an
important factor in flood generation in Iran. This method provides a reasonably good design

tool for this part of Iran, although it would probably not apply to catchments drier than about

200 mm, or to small catchments of less than 100 or 200 km?.

E8 Kerala, India

The data for Kerala state in India were originally assembled as part of the World Flood Study
(Meigh and Farquharson, 1985). The state stretches along the west coast of the southern tip
of India, and includes the mountains of the Western Ghats and the coastal plain. The climate
is tropical monsoon with a pronounced rainfall peak from June to September. Data are
available from 76 stations giving good areal coverage, although there is some doubt about
data quality as most stations are not well calibrated. The catchments are mostly mountainous
and fairly small, with drainage areas from 29 to 4200 km’. No data on average annual
rainfall are available for the catchments.

The regression of MAF on catchment area gives a reasonably good equation, with r* of 0.613
and factorial standard error of the estimate of 2.04. The data and the regression line are
plotted in Figure E4. Some stations stand out as lying far from the line, but there was
insufficient information to examine the reasons for this, and no stations were eliminated from
the analysis: Kerala is relatively homogeneous and this regression equation can reasonably
be applied to the whole state, although it is very likely that inclusion of AAR would improve
the regression, if data were available. The MAF regression for Sri Lanka (based on
catchment area only, see Appendix B) is compared to the Kerala one in the figure, and it is
notable that they are very similar. Sri Lanka is nearby and has broadly similar climate and
topography so it is satisfying that there is good agreement between the two equations.

A single regional flood frequency curve is provided for the state, and no subdivision of this
by geographical region or catchment area was necessary. Again, in comparison with Sri
Lanka, it was found that the curve was very similar to the Sri Lankan curve for AAR greater
than 3200 mm. Although there are no catchment AAR values for Kerala, rainfall over the
state is generally high with much of it in the range 3000 to 4000 mm. Thus, this good
agreement with the wetter part of Sri Lanka seems reasonable.

E9 South Korea

The flood analysis of South Korea was carried out by the Institute of Hydrology as part of
a rural infrastructure project (Binnie/Hyundai Engineering Co., 1978). Data were assembled
for 33 stations, and these were all those with adequate ratings. Because some of the records
were very short, the mean annual floods were estimated using the peaks-over-threshoid
approach for some of the sites, and this meant that only 24 stations were ‘available for use
in the regional flood frequency curve. Korea experiences the same monsoonal rainfall over
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the whole country and topography, geology and soils are relatively uniform, with the result
that flood response is also fairly uniform and the country can be treated as a homogeneous
unit. Annual rainfall values were in the range about 950 to 1500 mm, and catchment areas
were between 34 and 25,000 km?.

Treating all the stations together, a MAF equation was developed for the whole country. -
Several different catchment characteristics were examined, and it was found that besides
catchment area it was appropriate to use AAR and PADDY, the proportion of the catchment
under wet rice cultivation. However, this countrywide equation was found to give rather poor
estimates for small catchments (less than 1000 km?), and so separate MAF equations were
developed for these two groups. The resulting equations are reasonably good with r? of 0.767
and 0.830 and f.s.e.e of 1.59 and 1.36 respectively. As there are only 9 catchments with area
less than 1000 km?, this equation is inevitably less good.

A single flood frequency curve was found to be satisfactory for the whole country and it was
not necessary to sub-divide the stations according to catchment characteristics. However, it
should be noted than no catchments of less than 500 km’ were available for development of
the flood frequency curve, so its applicability to small catchments is doubtful. There is
reasonably good coverage of data, and generally the method provides an adequate flood
estimation tool, but with reservations on its suitability for small catchments.

E10 Thailand

The data for Thailand were previously presented in the World Flood Study (Meigh and
Farquharson, 1985). A total of 121 stations cover the whole country, and an additional four
stations in Malaysia, adjoining the southern peninsula of Thailand, are also included. The
region is quite varied with a mixture of mountainous and low-lying areas, and a wide range
of rainfall. Annual rainfall for the catchments studied ranges from 1100 to 3400 mm, and
drainage areas are from 6 to 121,000 km?.

Mean annual flood is plotted against catchment area in Figure E5. The stations in the
southern peninsula are distinguished in the plot, and these stand out as substantially different
to the remainder. As discussed below, when studying the flood frequency curves, the stations
in low-lying areas were found to have a quite different response to the remainder; these
groups were also examined when looking at the MAF equation, but no distinct differences
could be found, perhaps because of the narrow range of catchment areas within each group.
Treating the peninsula separately, the regressions on catchment area alone are reasonably
good with r* of 0.729 and 0.818 and f.s.e.e. of 1.91 and 2.05. Introducing AAR into the
regression did not bring significant improvements and the exponent of AAR was not
statistically significant in either case.

In examining the flood frequency curves, the southern peninsula area (and the catchments in
the adjoining part of Malaysia) are both geographically separated and climatically distinct,
being considerably more humid. This area was treated separately, and a single curve was
produced for it. In fact, it was found that smaller catchments tended to have flatter curves
than large catchments, and as this is contrary to experience in nearly all other regions
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studied, it was thought likely to be a spurious result. Therefore, only a single curve is
presented, and this should be used with considerable caution. For the main part of the
country it was found the flood frequency curves fell into two distinct groups: one in low-
lying areas near the coast, and the other at higher altitudes. The higher catchments have
relatively steep curves while the low-lying ones typically have straight or flattening curves.
This is particularly so in the very flat lower Chao Phraya basin which is made up of a
network of interconnecting channels. Here floods are limited by the tendency for large
discharges to flow out of the main channel into a network of subsidiary channels. For
convenience, the division between these two groups was taken at an elevation (for the
gauging station) of 100 m. This proved a satisfactory division, and within each of these
groups the stations were further divided into large and small catchments, giving a set of four
regional flood frequency curves.

With good coverage of data and a good range of catchments, the method provides a
reasonably good design tool for Thailand, except that the flood frequency curve for the
southern peninsula is doubtful. v

E1l1 Java & Sumatra, Indonesia

The flood study of Java and Sumatra was carried out to develop a flood design manual for
the two islands (Institute of Hydrology/DPMA, 1983). This report reproduces these results,
except that the flood frequency curves have been updated to the PWM method. The original
study involved a detailed examination of data quality and inspection of each gauging station
to establish-a set of 110 flood records which are known to be of good quality. The
topography of both islands is dominated by the chain of volcanic mountains which runs along
them, and both experience a tropical rain forest climate. The catchments studied had annual
rainfall in the range 1850 to 5000 mm, and catchment areas were from less than 1 to 36,400
km?.

In developing the MAF prediction equation, a wide range of catchment characteristics was
examined. Besides catchment area, the final equation included three other characteristics
defined as follows:

APBAR mean annual maximum catchment 1-day rainfall (mm);

LAKE the proportion of the catchment area which is upstream of lakes or
reservoirs (if the total surface area of lakes is less than 1% of the
catchment controlled, LAKE = 0).

SLOPE the slope from the catchment outlet to the highest point above the end
of the longest stream in the catchment (m/km);

The equation has a variable exponent for AREA, and this exponent is itself dependant on
AREA. This was done by introducing [log(AREA)J® as an independent variable in the
regression, in addition to AREA itself, to represent the attenuation that a large catchment can
impose on a flood as it travels downstream, thereby reducing the effect of the increase in
drainage area. The regression produced an exponent for LAKE which  was felt to be
unrealistic, and so the one presented was adopted from the UK Flood Studies Report (NERC,
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1975); this was thought appropriate because the attenuation of floods by lakes is the same
process anywhere in the world. A number of different regression models were considered,
for instance treating Java and Sumatra separately, and dividing the data according to AREA
or APBAR, but none of these produced a significant improvement, and a single equation for
both islands was considered the best solution. Because of the good coverage of data and the
comprehensive data validation, this MAF equation is expected to be of good quality. Because °
there is some uncertainty at the limits of the catchment characteristics, the design manual
recommends that the validity of the equation is limited to the following ranges: AREA from
10 to 30,000 km?; APBAR from 65 to 160 mm; SLOPE from 1 to 150 m/km; and LAKE
from 0 to 0.25.

For the development of the regional flood frequency curves only 95 stations were available
rather than the 100 used in the MAF equation; this was because MAFs for some of the
shorter records were estimated using the peaks-over-threshold approach, and these stations
could not be used in the flood frequency analysis. A number of groupings of stations was
considered; groupings according to location, to average annual rainfall and to APBAR were
not found to be effective, but dividing the data into two groups at the median catchment area
of 600 km* was found to give the expected steeper curve for smaller catchments. Statistical
tests confirmed this difference. The recommended approach is to use the small catchment
curve for catchments of 180 km® or less, the large curve for catchments of 1500 km? or
more, and to carry out a linear interpolation to estimate the curve between these two limits.
As mentioned above, because of the thorough data checking, reasonable coverage of stations
and examination of a wide range of catchment characteristics, the design method for Java and
Sumatra is expected to provide a robust and reliable design tool.

E12 Papua New Guinea

The data for Papua New Guinea were originally assembled as part of the World Flood Study
(Meigh and Farquharson, 1985). The country is mostly mountainous, with a tropical
rainforest climate almost everywhere. Data are available from 50 stations, but records are
mostly short, with an average record length of 9 years. Of the 50 stations only 28 have data
for the catchment area and annual rainfall; areas range from 9 to 28,500 km? and AAR from
2000 to 4500 mm.

Based on the 28 catchments with AREA and AAR values, the MAF regression produces a
good equation with r* of 0.918 and factorial standard error of the estimate of 1.58. The data
and the regression line are plotted in Figure E6. Introducing AAR does not provide an
improvement, and the exponent of AAR was not statistically significant, so the recommended
equation is based on catchment area alone. A single regional flood frequency curve is
provided for the country; although there was considerable diversity in the individual station
curves, there were insufficient catchment characteristics data to investigate the sub-division
of the regional curve in an adequate manner. Because of this the flood estimation method for
Papua New Guinea must be considered as preliminary.
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E13 Arid and semi-arid basins worldwide

Arid and semi-arid catchments from many locations worldwide were found to have broadly
similar flood characteristics and a method has been developed to allow preliminary flood
estimates for basins with this climate wherever they are located. These results have been

- published elsewhere (Farquharson ef al., 1992), and the present report only summarises the
main findings and the recommended approach. The region was defined as having average
annual rainfall of 600 mm or less, but cold or sub-arctic areas and catchments where the
flood response is dominated by snow-melt are excluded. In addition, anomalous catchments
which, for instance, have average rainfall of less than 600 mm but where the flood response
is determined by a part of the total basin which is much more humid, are also not covered
by this study.

Data were assembled for a total of 162 stations in appropriate parts of the USA, Morocco,
Algeria, Tunisia, South Africa, Botswana, Jordan, Saudi Arabia, Iran, Russia and Australia,
as well as single stations in a few other countries. Catchment areas ranged from about 1 to
360,000 km?, and annual rainfall from 50 to 600 mm with a median of 405 mm.

Both the MAF prediction equations and the flood frequency curves were similar across the
whole data set, and it was considered that the group could be treated as single region with
a single MAF equatjon and regional curve. The MAF equation includes AAR as well as the
catchment area, although including rainfall brings only a minor improvement, perhaps
because of the narrow range of AAR values available. At 2.85 the factorial standard error
of the MAF equation is higher than found in most country groupings, and thus the method
has a fairly high level of uncertainty. Nevertheless, as arid and semi-arid areas are extremely
difficult to gauge and often have very sparse station networks with short or broken records,
the method provides a means of making preliminary flood estimates in a situation where,
often, no other methods are available.
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