“flooding characteristics are highly region-
alized, especially since the difference between
flood frequency parameters from region to
region is large . . .”’
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Introduction

Because measurements are not always available at points on streams where
discharges of a given frequency are needed for design, hydrologists have tradi-
tionally developed schemes to determine the discharge of ungaged drainage areas
in hydrologically similar regions for a range of frequencies. These schemes
usually took the form of a peak annual flow frequency analysis of the stream-
flow measurement records in the region of similarity. Although these traditional
solutions have filled a pressing need, which seems to grow more urgent with
time, the application of these techniques have not been rigorous and in the last

analysis, the results were highly subjective.

From the basic principles of hydraulics and hydrology, we know that the
magnitude of the peak flow for a given drainfage area_and freguency depends to
a large extent upon the general meteorologlcf, physiographic, and antecedent
conditions that prevail in the region of similarity. Ideally, thet general formulae
for determining the flood frequency parameters for the region should reflect
these characteristics. In fact, the flood frequency pa'rameters should be directly

derivable from these regional characteristics.

In this study, general formulae were deride for the computation of reg@or.lal
flood frequency parameters from quantifications of the regrlone.ll charac?e.nst‘lcs
mentioned above. These formulae are applicable to any region in the Phlhffplf‘e
Archipelago or other geographic locations in which the relevant characteristics
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are comparable. But before these general formulae could be derived, it was
necessary to determine the frequency parameters for each region in the Archi-
pelago by peak annual flow frequency analysis, so that their relationship to the
above-mentioned regional characteristics could be determined.

Regional Peak Annual Flow (PAF) F requency Analysis

The regional flood frequency parameters were determined by peak annual
flow frequency analysis of measured records in each of the political regions in
the Philippines. Fortunately, the measured streamflow records of the stations
encompassed within each political region proved to be hydrologically similar
but with flooding characteristics sufficiently different to be considered very
nearly the limit of that similarity. The particular method of analysis utilized

by the study was that of the U.S. Geological Survey as set forth in Reference
1 which consisted of the following procedural steps.

1. Record Selection

study, only records with le
long term station being the

2. Extension of Records

: gainst the long term station. In the

gg:;;iiigt ”\:f’:: I?‘«gresgaons, the problem of an insignificant correlation
ervasive, a problem f : ) :

were devised. P or which the following solutions

a. Transformation

pervasive.

b.  Non-Parametric Regression

The similarity of basin characteristics that Causes drainage area’
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to have similar flooding characteristics does not require that floods
for the same order of magnitude be the result of the same storm, only
that the storm characteristics in the long run be similar. Hence, the
non-significance of the correlation of peak annual flows for the long
and short term station can be explained by the postulation that the
storms that generated the peak annual flows at the two stations for
a given year were of different orders of magnitude relative to the

remainder of the record at these stations.

However, the insignificance of this year by year correlation did
not invalidate the assumption of similar storm types and magnitudes
within the region of similarity. If in the same years, the storms of the
same relative magnitude had been centered over both basins, the peak
generated by these basins would have been highly correlated if their
physiographic and antecedent condition characteristics were similar.
Therefore, if we assume that the regional meteorologic characteristics
are relatively uniform, the question is not whether the basins pro-
duced comparable floods in the same calendar year but whether they
produced comparable floods when storms of relatively equivalent

‘magnitude were centered over them.

In other words, if we assume that storms of equal magnitude
occurred throughout the region of similarity but not necessarily in
" the same year, then the years in which the storm magnitude over the
short and long term stations were equivalent should be paired in the
regression of one record against the other. If we assume that the larger
storm in general produced the larger runoff for the basin over which it
was centered, then the PAF magnitude becomes a measure of the
storm magnitude and PAF’s of the same magnitude should be paired
against each other in the regression. With the conversion of the re-
gression from parametric to non-parametric by first ordering both the
long and short term station PAF’s, the correlation coefficient of

regression was significant in all cases.

The Median Frequency Factors

The extended record at each station in a given region was then con-
verted to normalized flows (NF’s) by dividing the PAF’s at that station
by the mean PAF at the same station. These NF’s at each station were then
ordered from largest to smallest and the median NF for each order of
magnitude was selected as the regional NF for that order of magnitude.
These regional NF’s were then fitted with a frequency distribution as the
frequency curve for that region so that the NF for any return period and



114

PHILIPPINE ENGINEERING JOURNAL

drainage area could be determined. In this study the Log-Pearson Type 11
as set forth in Reference 2 was used for both the station and regional NF
frequency curves. The NF’s for selected return periods are given for all

regions in Table 1.
A Formula for Mean PAF

A formula to obtain the mean PAF for a given drainage area was
developed for each region by regressing the log of the mean PAF at each
measuring station against the log of its drainage area. Unfortunately, the
correlation coefficient of this regression proved to be pervasively insig-
nificant. Therefore, the following methods were devised to obtain a sig-
nificant correlation, since an insignificant correlation coefficient may mean
a spurious regression equation.

a. Non-parametric Correlation

The first solution to the insigniticant correlation coefficient was
to order the drainage areas and the mean PAF’s and then regress the
mean PAF’s against the drainage areas of the same order. This ordering
was justified by reasoning that the Jack of correlation before the
ordering was due to non-uniform storm magnitudes over the basin
during the period of record and that had the larger storms occurred
over the larger basins, the larger basins would have produced the
larger runoffs. This reasoning conforms to the underlying assumption
in this method of PAF regional analysis, i.e. that the regional physio-
graphy is relatively uniform. However, it does not account for the
increased area over which the storm would have fallen. Hence, it i
a conservative assumption. Even so, the resulting correlation coeffl-
cient of this non-parametric regression proved to be significant in
cases.

b. Dropping the Outliers

A second method of obtaining a significant correlation coefft
cient was to drop the point with the largest deviation and test for the
significance of the correlation coefficient for the regression witho!
this outlier. If it were still not significant the point in the remaini“,g
set of PAF’s v.s. DA’s with the largest deviation was dropped- Th,ls
was continued until the correlation of the regression met the criteri?
set for significance, although it was never necessary to drop moré
than two points. As above the dropping of the outliers was pased ©
the non-representativeness of the storm magnitudes during the stu
period as a sample of population of the storm magnitudes for
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region with emphasis on the non-representativeness of the record over
the outlier basin(s).

Tests for Regional Similarity

The similarity of the PAF records in a given region were tested in two
ways, the first test utilized the U.S. Geological Survey’s homogeniety test
as set forth in Reference 1. The second consisted of testing whether the 10
year NF for a given region fell within the 95 percent confidence limits for
the 10" year NF’s for all the regions. If the NF for a given station within
a region failed the test, that station was dropped and the analysis redone

without that station.
Removing Outliers from Frequency Parameters

From Steps 3 and 4, the frequency parameters for each of the 12
regions of the Philippine Archipelago was developed as shown in Table 1.
Because of the well known tendency of the mean unit runoff to decline as
the size of the drainage area increases, the unit runoff is listed for both the
1 and the 1000 square kilometer drainage areas with the intent of com-
puting the unit runoff for the intervening areas by a logarithmic inter-
polation formula. The 1 and 1000 square kilometer drainage areas were the

limiting areas used in the study.

Since the flows have not been measured long enough to get a true
sample of the PAF population, the PAF records were biased, especially in
certain regions, because the rainfall records during the period of streamflow
measurement were not statistically representative of the long term rainfall
of the region. This bias in the rainfall record is illustrated in Figure 1 in
which the difference between the average maximum rainfall for 10 and 24
hours durations becomes unbelievably small for some regions, especially
since these depth duration frequency curves normally plot as straight lines.

Also, systematic inaccuracies in the streamflow measurements may
have contributed in some regions to the unrepresentativeness of the sample.
Even so, the general results of the above regional PAF frequency analyses
were statistically satisfactory, since they passed the significance tests.

However, as is usual in regional PAF frequency analyses, certain
results were out of the range of credibility due to these biased records.
Therefore, to fully establish the credibility of the results from a hydro-
logical standpoint, minimal smoothing was required, ie. the outlier para-
meters had to be replaced. This preliminary smoothing was accomplished
by comparing the results of each region to the unsmoothed averages for all
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the regions of the corresponding values. But the rules for this preliminary
smoothing were kept clear and simple and their application without ex-
ception in order to preserve the objectivity of the study.

This preliminary smoothing consisted of setting an upper and lower
limit of values and ratios for each parameter in order to identify the outlier
values to be replaced by the limiting value. By using the unsmoothed
averages for all regions as a standard of comparison, the results from each
region were supported by the records from all the other regions, since these
averages included all the statistical advantages of the regional parameters
by incorporation and were further smoothed by the effect of compensating
errors between regions. In a sense these mean values are averages of all the
records in every region of the study.

The preliminary smoothing of the mean unit runoff for 1 square
kilometer (MURI1) began with the selection from either the unrezn'rani-’,efl
(UNR) or the rearranged (R) MURI1 for the region. The criteria for this
selection was whether the UNR MURI was greater than twice the average
of these UNR values for all the regions. If it were not, the UNR value W8S
taken, but if it were larger, the R value was chosen. Using this criteria,only
two of the R values were selected. The second test of the MURI’s Wa$
whether they were smaller than one half of the average of these unsmoothed
UNR values for all the regions. In two regions, both the UNR and R values
of this parameter wcre smaller than half the average. Consequently, the

MURT/’s for those regions were taken to be one half the unsmoothed UNR
average of these values for all the regions.

Again, the preliminary smoothing of the mean unit runoff for 1000
square kilometers (MUR1000) began with the choice between the UNR
and R values for this parameter. The criteria for making this choice was
whether the ratio of MURI1 to MUR1000 for the UNR values was less th3"
1.5928 or greater than 3.055, the first value being the average ratio of the
R values and the second being the average of the average UNR and R ratios
for all the regions. Under this criteria, 3 MUR1000’s were taken from the
UNR values for this parameter and 1 from the R values. In case both th
UNR and R values fell outside this range, the MUR1000 for the region was
computed from the smoothed MURI1 by the ratio which it violated- only
1 MUR1000 was computed from the lower limiting ratio and 7 from the
upper. This parameter required more smoothing because of the bias i the
long duration maximum-rainfall-depth records as shown in Figure - e
bias of the record in some regions is indicated by the downward curVature
of the line for the longer durations. This curve is normally a straight lin®

The criteria for the preliminary smoothing of the normalized ﬂoW;
for the selected return periods were the limiting values of one balf 2
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twice the average of the unsmoothed regional values for all the regions.
Using this criteria only 1 NF was smoothed.

The results of this preliminary smoothing with respect to the MUR
v.s. frequency relationship for both MURI and MUR1000 are shown in

Table 1.
The General Formulae for Regional Frequency Parameters

1. The Need for Further Smoothing

The preliminary smoothing merely established the credibility of the
results, but did not necessarily take full advantage of the support that one
regional record can offer another, i.e. the preliminary smoothing did not
go as far as possible in removing the record bias. For example, the 100 year
NF’s of Regions V and VIII differed by 390 percent after preliminary
smoothing, although these regions are adjacent to each other and both have
an eastern exposure to the Pacific Ocean. Intuitively, such differences
between these regional parameters from region to region seem too large,
but an objective comparison of regional results must account for the
differences in the regional characteristics that control these variations.

An ideal solution would be to develop a numerical relationship be-
tween the PAF frequency parameters and the regional characteristics which
control them as well as a numerical measure of the relationship between
these parameters and characteristics. If this numerical relationship could
then be used to smooth these parameters to the degree justified by their
correspondence, the support of one set of regional parameters for the
other would be maximized and the maximum statistical value would be
obtained from the available measurements.

2. Choosing the Regional Characteristics

Obviously, the regional characteristics that control the relationship of
mean PAF v.s. drainage area and the regional NF v.s. frequency are the
general meteorologic, physiographic, and antecedent condition characteris-
tics of the region. The problems that remain is how to identify and quan-
tify these characteristics.

The meteorologic conditions that control the relationship between
mean PAF v.s. the drainage area and the regional NF v.s. frequency is the
maximum depth duration frequency curve for the region. Since this curve
is usually a straight line on log-log coordinates, the end points of the curve
should satisfactorily represent it.
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The physiographic conditions that control the relationship of mean
PAF v.s. drainage area and the regional NV v.s. frequency are the size of
the drainage area, the length and slope of the main stream channel as wel]
as the basin shape. However, a comparison of these characteristics from
region to region reveals that they vary over about the same range with the
exception of slope, so they are not representative of the differences in
characteristics that cause the differences in the parameters. But, it is
altogether feasible that one region may be generally steeper than another.
Therefore, the slope of the basins in a region are a genuine regional physio-

graphic characteristic which exerts a measure of control over the above
relationships.

Since the relationships of the mean PAF v.s. drainage area and regional
NF v.s. frequency are both in one sense averages, the average antecedent
conditions that prevail during the PAF is the characteristic that is repre-
sentative of the control of antecedent conditions over these relationships.
Since the PAF usually occurs during the month of maximum rainfall, it
is the antecedent conditions prevailing during this month which are most
representative of the control of this characteristic over these relationships.

Choosing the Method

A method is sought that will establish a numerical relationship be-
tween t'he regional PAF frequency parameters and characteristics as well
as proylde a numerical measure of the degree of correspondence. Since
regression analysis with its correlation coefficient met these criterion, it
was chosen as the method to be used in this study. Although there would
be only 13 observations for the culvert and bridge site regression and 26
for the all site regression, these observations are averages and are repre-
sentative of the 1556 sites and 250 station years of PAF records utilized

in this study, not to mention the station years of record backing up the
regional characteristics.

Application of the Method Chosen

The equations for computing the frequency parameters for a region
were obtained by regressing the given “measured” frequency parameters
for all the regions against the corresponding regional characteristics for the
region. The following regional characteristics were used to quantify the
meteorologic, physiographic and antecedent conditions of the region and
their values are shown in Table 1.

*  Meteorologic Characteristics -
—  Average Maximum 24 hours Rainfall for given RP

—  Average Maximum 5 minute Rainfall for given RP
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*  Physiographic Characteristics
—  Median Stream Channel Slope
—  Range of Stream Channel Slopes
* Antecedent Conditions
—  Normal for Maximum Month of Rainfall
—  Days of Rain for Maximum Month of Rainfall

The frequency parameters for which equations were derived consisted
of the following as shown in Table 2.

Mean Unit Runoff for 1 Square Kilometer
Mean Unit Runoff for 1000 Square Kilometers
Regional NF for 5 Year Return Period
Regional NF for 10 Year Return Period
Regional NF for 15 Year Return Period
Regional NF for 25 Year Return Period
Regional NF for 50 Year Return Period
Regional NF for 100 Year Return Period
Product of MURI and 100 Year NF

Product of MUR1000 and 100 Year NF

X K K K X KK ¥ ¥

The equations for these regional frequency parameters are shown
in Tables 3, 4, and 5 for culvert, bridge and all site respectively. Table
6 summarizes the order of importance of the regional characteristics
in the derivation of each frequency parameter.

Analysis of Results

The final conclusion, as to whether the regional characteristics are
related to the frequency parameters or to what degree they are related to
them, must finally rest upon the coefficient of correlation (COF) of the
regression between these regional characteristics and the corresponding
MUR’s for a given return period. This is because the MUR’s for a given
frequency are the product of an MUR and an NF of the given frequency,
i.e. if either the MUR or the NF is unrelated to the regional characteristics,
then their product will be unrelated to them. In this study, the COF
between 100 year MURI1 and these characteristics ranged from 92 to 94
percent for the culverts, bridges and all drainage sites; and 94 to 97 percent
for the culverts, bridges and all drainage sites; and 94 to 97 percent for the
100 year MUR1000 as shown in Tables 3, 4, and 5.

Furthermore, the quotient of the standard error and the mean of the
100 year MURI regression varied from 21 to 25 percent for the three site
classifications; and for the MURI1000 for the same return period the
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variation was from 16 to 23 percent. In this respect it would be well to
recall that the correlation coefficient is not an absolute measurc of the
goodness of fit, but a measure of the improvement of a line estimate of
the dependent variable over a point estimate, i.c. the mean. For example,
if every observation of the dependent variable were exactly the same, the
COF of the regression would be zero but the computed value from the
regression equation would be without error, ie. the standard error would
be zero. Since the values used in these regressions were in one sense
averages of a great number of other measurements, the standard statis-
tical tests such as for the significance of the COF is not directly applicable.
although the correlations are obviously significant. Hence, we are forced
to conclude that there is a high degree of relationship between the regional
frequency parameters and the regional characteristics shown in Table 1.

From Tables 3, 4, and 5, we see that the COF for the NF’s of the
three site classifications range from 75 to 99 percent with the COF in-
creasing with the return period. For example, the COF for the 10 and 15
year return periods were 91 and 95 percent respectively for the three
types, but for the 25 year return period, it was 97 percent and for the
50 year return period, it was 98 to 99 percent. While the COF of the NF’s
v.s. regional characteristics for the 5 year return period ranged from 75
to 78 percent over the three site classifications, the COF was depressed
because of the relative lack of variation of the 5 year NF’s from region to
region. For example, the standard error is less than 8 percent of the mean
value for all three types of drainage site. This of course is the explanation
for increase in the COF from the lower to the higher return periods, i.e.

the variation of the NF’s from region to region was obviously greater as
reflected in their standard deviations. :

The COF of MURI for all three site classifications ranged from 59
to 75 percent. Again, this is due to the relative lack of variation in these
values from region to region, since the standard error divided by the mean
ranges from only 20 to 24 percent. The COF for the MUR 1000 regression
shows quite a bit of improvement varying from 80 to 82 percent with the
ratio of the standard error to the mean being 18 percent for all three types
of sites.

From Table 6, we see that as expected, the maximum 5 minute rain-
fall is the most important regional characteristic in determining MURI,
while the maximum 24 hour rainfall is the dominant characteristic for
determining MUR1000. Without exception, the days of rain during the
month of maximum rainfall is the most important characteristic for deter-
mining the regional NF’s for each of the selected frequencies studied. For



GENERAL FORMULAE FOR FLOOD FREQUENCY 121

the 100 year MUR’s the days of rain alternated with the normal rainfall for
the maximum month as the most important characteristic.

With regard to the classification of characteristics under the headings
of meteorology (R), physiography (S), and antecedent conditions (A),
the order of relative importance as measured by the order of selection in
the case of all drainage sites is not only representative of the other types of
sites but is definitive. For both MUR1 and MURI1000, the order of se-
lection was RAS, but for all the remaining regional frequency parameters,
the order was ARS. This is confirmed by experience in flood hydrology,
especially in flood forecasting. In fact, any other conclusion would be
unacceptable to a hydrologist with extensive experience in flood fore-

casting.

6. The Smoothed Frequency Parameters

Tables 7, 8, and 9 show the smoothed regional frequency parameters
as computed from the regression equations in Tables 3, 4, and 5. It should
also be noted that in most cases, the change in the parameter is toward
the mean for all the regions. However, in rare cases, correspondence with
regional characteristics requires a more extreme value than was obtained

by the PAF frequency analysis of measured flows.

Conclusions

The high correlation between regional characteristics and regional frequen-
cy uncovered by this study, lead to the following conclusions:

1. Regionality of Frequency Parameters

Since the regional characteristics that would logically control the
regional flood frequency parameters correlate well with them, this high
degree of relationship tends to confirm the logic that flooding characteris-
tics are highly regionalized, especially since the. difference between these

flood frequency parameters from region to region is large.

2. Reliability

The regional flood frequency parameters computed from these for-
mulae are more reliable than those derived from the original frequency
study for the region. This is because the formulae tend to remove the effect
of record bias and systematic inaccuracy in measurement. In other words,
the frequency parameters as smoothed by their relationship to the regional
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characteristics that control them are more representative of the long term
flooding characteristics of a given region.

Validation of Measurements and Methodology

The logical presumption, that the magnitude of the regional PAF
frequency parameters is a direct consequence of the prevailing meteoro-
logic, physiographic, and antecedent condition characteristics, is very
strong. If we consider that it needs no proof, then the high degrec of
correlation between the frequency paramecters and their controlling
characteristics becomes a validation of the measurement of both the PAF’s
and the controlling characteristics as well as the method used in the
regional PAF frequency analysis. In other words, the high degree of cor-
respondence is evidence of the accuracy and objectivity of the analysis.

A Family of Regional Frequency Curves

Although the frequency parameters computed directly from the
derived formulae can be used to construct a regional NF curve for the
selected frequencies of this study, an even more reliable curve for all
frequencies can be constructed by fitting the six points obtainable from
these formulae with a variety of frequency distributions by a variety of
fitting techniques. Although the six points would not be enough for such
a fit if they were merely measurements, they will suffice in this case since

they are supported by all the other records utilized in this study and in a
sense are averages of the supporting data.

The above NF frequency curve can be converted into a family of
PAF frequency curves by multiplying NF for selected frequencies from this
curve by the mean PAF for a given drainage area and plotting that PAF
against the drainage area. The formula for the mean PAF for a given
drainage area in the region of similarity can be derived from the MUR1 and
the MUR1000 for the region, since two points determine a line. However,
the relationship is linear only if the logs of the mean PAF’s (Qp = MURxDA)
are taken. In that case, the equation would take the following form which
is representative of the relationship between these characteristics.

Where A is the drainage area and K and D are constants.

A Comparison of Families

While the family of curves constructed from these formulae may
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not match the family derived from a conventional basin or regional fre-
quency analysis, they nevertheless have certain advantages over them. For
example, the family derived from the formulae have removed the effect
of record bias and systematic inaccuracy of measurement to a large degree
as well as extended the available sample of records for the basin or region
by the support derived from relating them to other records. Experience
has shown that the analysis of regional as well as basin PAF records can
lead to unbelievable results because of a lack of smoothing control. This
smoothing is supplied by the restraining relationships represented by

these formulae.
Transposition of Results

There is no reason to believe that these general formulae for flood
frequency parameters cannot be utilized in other geographical locations
with regional characteristics within the range of values used to derive these
parameters, for example regions in Southern Asia and the South Pacific
Islands. However, where sufficient information is available to derive and
properly smooth the PAF frequency parameters by the direct application
of measured local data, this of course is to be preferred. Even so, it would
be interesting to test the degree of relationship that would remain after
the inclusion of parameters and characteristics from these comparable
regions from other geographic locations.
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