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ABSTRACT

Maximum annual 24-hour rainfall maps and Intensity-Duration-Frequency (I-D-F) curves
for return periods of 2, 5, 10, 25, 50 and 100 years were developed using hourly precipitation
data. Data from 92 rain gauges for the period of 1948 to 1987 were compiled and combined
into 26 synthesized stations. Five probability distributions and three parameter estimation
techniques were tested. The best combination for Louisiana rainfall data was found to be Log-
Pearson Type 3 distribution (LPEAR3) with parameter estimation by the method of moments.
A first-order error analysis was performed on the parameters of the Soil Conservation Service
(SCS) runoff model and LPEAR3 distribution. Computed runoff was found to be equally
sensitive to both SCS parameters, rainfall input and the curve number. Computed quantiles from
LPEAR3 distribution were found to be most sensitive to the mean of data and relatively
insensitive to the skew coefficient. It is anticipated that the rainfall maps and I-D-F curves
developed in this study will result in more reliable design and consequently, in savings in both

construction and maintenance and highway drainage structures.



INTRODUCTION

Rainfall is the principal input to the hydrologic cycle, and its magnitude is a fundamental
requirement of many hydrologic studies. Temporal and spatial characteristics of rainfall are
needed to estimate runoff when rainfall-runoff models such as the Soil Conservation Service
(SCS) method, rational method and others are used. Of practical necessity, rainfall is measured
at a number of sample points. The amounts recorded at these points are then used to develop

rainfall depths or intensity maps.

The most widely used source of rainfall of various durations and return periods is the
U.S. Weather Bureau Technical Paper 40 (TP-40)(]), published in 1961. This rainfall atlas is
based on the data prior to 1961, which makes it more than a quarter of a century old. Since
then, over 30 years of additional data has become available but has not been used to update this
widely used paper. Due to the relatively short period of records and the small number of rain
gauges available at the time of preparation of TP-40, the desired accuracy and resolution was
not obtained. Also the TP-40 maps consist of widespread contours and lack the details needed
for more accurate design of drainage structures in a particular watershed, because these maps
were developed for the entire country, not any particular state. The figure and equation numbers

used in this summary are the same as in the final report.

BACKGROUND

The first extended rainfall frequency study in the United States was made by Yarnell (2)
in the early 1930s and was presented in the form of maps for several combinations of return
periods and durations for the continental United States. The U.S. Weather Bureau updated this
work and published it as TP-40 () in 1961 with the use of additional rainfall data. This rainfall
atlas contains 50 maps of the United States with contour lines of rainfall amounts for durations
varying from 30 minutes to 24 hours and return periods from two to 100 years. A supplement
to TP-40, HYDRO-35(3), was published by the National Oceanic and Atmospheric
Administration (NOAA) of the National Weather Service (NWS) in 1977. This publication
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provides rainfall contour maps for 5- to 60-minute durations and 2-, 10- and 100-year return
periods for the Eastern and Central United States. This set of maps is a useful addition to TP-40
for estimating design storms of short durations or developing intensity-duration-frequency (I-D-
F) charts. A literature survey relative to this topic revealed that a more detailed study to
develop I-D-F charts was undertaken by Pennsylvania State University for the Pennsylvania
Department of Transportation (4). A similar study was undertaken for the Arizona Department
of Transportation (5). However, results of these studies are only applicable to those two states.
The only published report with regard to precipitation in Louisiana was found to be Louisiana
Rainfall (6), published by the Louisiana Department of Public Works in 1952. No reference on

recent attempts to update Louisiana Rainfall or TP-40 for Louisiana was found.

OBJECTIVES OF RESEARCH

Objectives of this research were to develop maximum annual 24-hour rainfall maps and
I-D-F curves for return periods of 2, 5, 10, 25, 50 and 100 years. Such rainfall information is
used extensively for the design of highway drainage structures when a rainfall-runoff model is
employed. Design rainfall is currently obtained from TP-40 (Z), which is somewhat outdated.
Another objective of this study was to assess the effect of errors in rainfall values and in model

parameters on computed model output.

ANALYSIS OF RAINFALL DATA

Records were available for 92 rainfall observation stations in Louisiana for the period
1948-1987. Some of the stations had about 40 years of hourly rainfall records and some had
shorter records, but almost every station had periods of missing records. The observation
stations located in the same climatological region can be expected to have similar rainfall
patterns. Therefore, the recorded rainfall values from nearby stations may be extrapolated from
one station to anoter to fill data gaps. Before filling the data gaps, records must be analyzed to

make sure that extrapolations are appropriate. The analyses of rainfall data involved the



following steps:
1. Data acquisition. Hourly precipitation data (TD-3240) was obtained from the
National Climatic Data Center (NCDC) of the National Weather Service (NWS), U.S.

Department of Commerce. TD-3240 contains records of 92 rain gauges in Louisiana.

2. Compilation and completeness of data. Extensive efforts were made for detailed

examination of the raw data. The collected data was a combination of original observations of
hourly and accumulated precipitation. The original data was labeled with measurement flags of
A for accumulated values, M for missing values, and D for deleted values. A, M, and D values
should come in pairs, with the first date indicating the beginning and the second date the end of
the period. However, some of these records were found not to come in pairs. Therefore, a
computer program (RAINAMD) was developed to check for flagged unpaired records.
Erroneous records were then deleted from the data set. A computer program (RAINST) was
also developed to compute rainfall values for designated stations within a designated time period.
If rainfall values were missing, deleted or accumulated over several hours, an attempt was made
to calculate those values using data from other selected stations. In order to provide a long
period of records for a reliable statistical analysis records at stations located within a 10-mile
radius were combined when a single station with a long record was not present. This grouping
of rain gauges provided 26 synthesized (representative) stations. The 26 synthesized stations are
shown in Figure 2.1. The stations that comprised a synthesized station were called primary
stations, The stations that were not primary stations to a synthesized station were called

secondary stations.

3. Tests for homogeneity of data. The appropriateness of the data synthesis was checked
by the correlation plottings of monthly rainfall between the rain gauges to make sure that the
homogeneity property was not severely violated. Correlation plots consisted of plots between
primary and primary, primary and secondary, primary and synthesized, and synthesized and
synthesized stations. Once the homogeneity test was performed, the station with the longest

record length and the least number of missing data was selected as the "basic" station to form
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the synthesized station record. Rainfall values from other stations within the primary group
were used to fill data gaps. Normally, more than one station was used. If missing records of
the synthesized station could not be filled completely from primary stations, the missing data
were filled using values from nearby secondary stations which demonstrated a strong correlation
with the "basic" station. Inverse distance squared method was used to fill in the missing data

from the nearby secondary stations.

4. Testing the completion of data. In order to check the overall process of data
completion, accumulated recorded and synthesized rainfall values were compared for the entire
period of records at all stations. Mass curves were also developed to see if the cumulative

rainfall values from 26 synthesized stations were resonably close to those recorded .

5. Computation of annual maximum rainfall depths for selected durations. With 26

complete data sets representing the 26 synthesized stations, the annual maximum 24-hour rainfall
depth series at each synthesized station was calculated using the computer program
RAINFALL.FORTRAN. This was done by inserting zero values for non-rainfall hours to make
the rainfall data continuous, then scanning the continuous data and finding the maximum 24-hour
annual rainfall depth. The annual maximum rainfall depths for the durations of 1, 3, 6, 12, 36,
48, 60, 72, and 96 hours were also calculated for all of the 26 stations, which were used for

developing the I-D-F curves,

SELECTION OF DISTRIBUTION AND PARAMETER ESTIMATION METHOD

The objective of rainfall frequency analysis is to estimate the quantiles of extreme rainfall
or rainfall intensity for a given duration and return period. Then the flood quantiles of a stream

can be obtained by using a selected rainfall-runoff model.

The quantile estimates at any site are subject to considerable inherent variability (7). The
major factors that affect the extent of variability are: (a) the sample size of an observation

station; (b) the recurrence interval of estimate; (c) the population distribution selected; and
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(d) the parameter estimation method used. Because there exist vast possible hydrogeological
variations in time and space, the population distribution may have a remarkably wide range of
forms for various sites. The choice of a probability distribution from many candidate probability

distributions is compounded by the limited amount of available data.

Several studies have been reported in the literature to compare the performance of various
distributions with various parameter estimation methods. Kuczera (8) compared six distributions
using different parameter estimation methods, i.e., (a) normal distribution with maximum
likelihood estimation (MLE); (b) two-parameter log-normal (LNQO2) distribution with MLE,
and method of moments (MOM); (c) log-Pearson type 3 (LPEAR3) with the indirect method
of moment (MMI) estimation, the method recommended by U.S. Water Resources Council
(USWRC) (9); (d) extreme value type 1 (EV1) distribution with MLE, probability weighted
moments (PWM) and MOM; (e) log-EV1 distribution with MOM; and (f) Wakeby
distribution (WAK) with PWM. Wallis and Wood (10} compared the performance of the general
extreme value (GEV) distribution with PWM, the WAK distribution with PWM, and the
LPEAR3 with MMI. Arora and Singh (7, 11) compared EV1 with MOM, MLE, PWM, mixed
moments (MIX), maximum entropy method (ENT), least squares and incomplete means by
Monte Carlo simulation, and LPEAR3 with MOM, MMI, MIX, MLE, and ENT. However,
there is no general consensus on either the performance of specific distribution or a specific
parameter estimation method. For example, Arora and Singh (7) concluded, based on their
Monte Carlo simulation results, that the LPEAR3 with MMI performed poorly and suggested
a revision of the recommendation by USWRC (9) of using LPEAR3-MMI; while others found
LPEAR3-MMI gave relatively better quantile predictions (9, 12).

A quantitative approach for selection of an appropriate distribution and parameter
estimation method is to test some of the most frequently used distributions in applied hydrology
along with the most robust parameter estimation methods. Using certain Statistics criteria such
as mean square error and bias, one can compare the performances of different combinations of

the distributions and estimation methods and select the best combination.



In this study, five popular distributions and three parameter estimation methods widely
used in applied hydrology were considered for a comparative analysis. The five probability
distributions are:

1. 2-parameter log-normal (LNO2)

2. 3-parameter log-normal (L.LNO3)

3. Pearson type 3 (PEAR3)

4, log-Pearson type 3 (LPEAR3)

5. Extreme-value type 1 (GUMBEL)

The three parameter estimation methods are:

1. Method of moments (MOM)

2. Maximum-likelihood estimate (MLE)

3. Principle of Maximum entropy (POME)

A comprehensive FORTRAN computer program, FREQENT.PROG, was developed to perform
the following tasks:

1. To estimate the parameters of the five distributions by three estimation methods, using the

annual maximum rainfall series of each of the 26 synthesized stations.

2. To compute the relative mean square error for all combinations of distributions and

estimation methods at each station.

3. To compute the average MSE for all combinations of distribution and methods over 26

stations using the annual maximum rainfall series.

4. To compute the relative bias for all combinations of distributions and estimation methods at

each station.

5. To compute the average BIAS for all combinations of distributions and methods over the 26

stations using the annual maximum rainfall series.
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6. To generate rainfall quantiles for each of the 26 stations corresponding to 11 durations (1,
3, 6, 12, 24, 36, 48, 60, 72, 84 and 96 hours) with six return periods (2, 5, 10, 25, 50 and 100

years). The 24-hour quantiles were used to develop the isohyetal maps.

7. To generate rainfall-intensity quantiles for 26 stations corresponding to 11 durations (1, 3,
6, 12, 24, 36, 48, 60, 72, 84 and 96 hours) and six return periods (2, 5, 10, 25, 50 and 100

years) for development of I-D-F curves.

Note that the mean square error (MSE) computed in all tables are standardized values. The

MSE at each station for a selected rainfall duration is defined as

MSE = * Z [MJ ’ (3.71)
i=1 *

where x.(i) and x,(i) are the computed and observed rainfall values at the i-th plotting position,
and X is the sample mean at the same station. Similarly, the standardized bias (BIAS) at a station

for a selected rainfall duration is defined as

BIAS = 1 [M} (3.72)

Computed results showed that the best combinations for each station are LPEAR3-
MOM(19), EVI-MLE(2), LPEAR3-POME(2), PEAR3-MOM(1), LNO3-MOM(1) and LPEAR3-
MLE(1), where the number in the parenthesis is the number of times that the combination gives
the smallest MSE. Thus, LPEAR3-MOM is the preferred combinations for 19 out of 26
stations. However, LNO3-MLE yields the smallest BIAS values for 25 stations with one station
having the smallest BIAS by LPEAR3-MOM. Therefore, LNO3-MLE may be selected as the
best combination of distribution and method if the BIAS is used as the performance index. In

practice , however, MSE is usually considered to be a more important performance index than



BIAS while the corresponding BIAS is not excessively large. Since the LPEAR3-MOM has the
smallest average MSE with the corresponding BIAS comparable to other methods, LPEAR3-
MOM is selected as the most appropriate combination of distribution and estimation method for

the Louisiana rainfall data.

DEVELOPMENT OF THE 24-HOUR ISOHYETAL MAPS

Rainfall quantiles for the 26 stations for 11 durations (1 through 96 hours) were computed
using LPEAR3 distribution with the MOM estimation method. Since the observed data sets may
contain various errors and may have various lengths of missing records, the estimated quantiles
would inevitably contain errors and uncertainties. It was observed that the computed quantiles
often changed abruptly from one station to another. Therefore, proper care must be taken for

drawing the isohyetal maps. Several rules were devised to make these drawings meaningful.

First, the means of the quantile values were computed from each one-degree quadrangle
of latitude and Iongitude to filter out possible random errors. The "initial" 24-hour isohyetal
curves for various return periods were drawn based on these average values. However, many
other types of errors exist which may render the "initial" isohyetal curves unacceptable. Asa
result, these curves have no distinct pattern and sometimes even intersect each other. To

improve the "initial" curves, the following rules were applied:

1. If a station quantile in a one-degree quadrangle deviates from its mean by three standard

deviations, that quantile is eliminated from the computed data set.

2. If only one or two stations exist in a one-degree quadrangle, adjacent station values are

used to compute the mean value.

3. If a station is located between two adjacent one-degree quadrangles, the quantile at that

station is used in computations by both one-degree quadrangle.



4. At the corner quadrangles where the trend of the isohyetal lines is unclear, nearby

individual station values are given higher importance than average values.

3. When the isohyetal curves changes drastically in a smail local area, the curve is modified
based on the nearby curve pattern, geographical and climatological conditions, or the
reliability of the nearby station data. This is necessary to provide smooth transitions for

the isohyetal curves.

The final 24-hour isohyetal curves for the return periods T = 2, 5, 10, 25, 50, and 100 years,

were drawn based on the above rules and are shown in Figures 4.1 through 4.6.

A comparison was made between the newly-developed ischyetal maps ("newmap") and
TP-40 for the return periods of 2, 5, 10, 25, 50 and 100 years. The performance indice MSE
and BIAS defined by Equations (3.71) and (3.72) were used for the comparison. MSE and
BIAS were computed using values from each map at the corresponding stations. In general, for
return periods of less than or equal to 25 years, the newly-developed isohyetal maps are superior
to the TP-40 maps in terms of both MSE and BIAS. For return periods of 50 and 100 years,
the newly-developed maps are significantly superior to the TP-40 maps in terms of MSE, but

have slightly larger BIAS.

On the average, for all of the 26 synthesized stations corresponding to six return periods,
the new maps reduced the MSE by 58 percent and the BIAS by 80 percent, as compared to the
TP-40 maps. Thus, the new isohyetal maps greatly improved the accuracy of the old maps

based on the available observed station data.

DEVELOPMENT OF I-D-F CURVES

At each synthesized station, the 1-, 3-, 6-, 12-, 24, 36-, 48-, 60-, 72-, 84- and 96-hour
quantiles for six return periods (T = 2, 5, 10, 25, 50 and 100 years) were calculated by the
computer programs RAINFALL.FORTRAN and FREQENT.PROG. The corresponding rainfall-
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intensity quantiles for the above 11 durations and six return periods were also generated using
the LPEAR3 distribution in conjunction with the method of moments for parameter estimation
for all 26 stations. With these computed rainfall-intensity quantiles for the five durations at each
station for each return period, one can fit a model using a non-linear least squares method. The
SAS (2I) non-linear regression routine was used to fit a model to the computed quantiles.

Several models were tested and the following three-parameter non-linear model was selected.

I=a(D+ b) 5.1)

where a, b and ¢ are three constant parameters, I is the rainfall intensity (inches/hour) for a
given return period and D is the rainfall duration (hours). The parameters at each station and
for different return periods for all 26 stations were computed and are listed in Tables 5.1
through 5.6. These parameters changed a great deal from station to station within a given return
period. This variation of parameters got larger for higher return periods. Thus, the I-D-F curves
or regression models developed for each single station only represent the estimate of the intensity
quantile for a given duration and return period for the immediate vicinity of that station rather
than the region. For design purposes, station parameters may be used with Equation (5.1) to

estimate rainfall intensities when study sites are near the station.

ERROR ANALYSIS

Error analysis deals with effects of errors resulting from various sources on model output
(22). Four sources of errors were listed by Neumann and Goldstein (23): (a) mathematical
models are approximate or idealized representations of physical systems; (b) model parameters
are estimated from experimental or historical data and are subject to data and estimation errors;
(c) model solutions may involve truncation errors; and (d) numerical computation involves
round off errors. In addition, (e) a model may directly contain an input component which is
subject to reading errors, data operation errors, as well as instrumental errors. Of these sources,

errors from source (2), (b) and (e) are most significant.
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In frequency analysis, two types of mathematical models have to be developed. First,
a proper frequency distribution has to be selected for the purpose of frequency analysis; and
second, a proper rainfall-runoff model has to be selected for the study of the rainfall-runoff
relationship for a given probability. Once the models are selected, parameters in these models
are calibrated using the observed data. The model selection, calibration and prediction for
rainfall-frequency analysis have been discussed. However, there are uncertainties or errors
involved in these selected models that must be recognized. Moreover, error from estimated
parameters and error from input component should be analyzed before any application.
Sensitivity analyses are usually used for this purpose. The first-order analysis of uncertainty can
be employed to quantify the expected variability arising from uncertainty in parameters and input

components,

In this study, we follow the procedure of first-order analysis outlined by Singh and Yu
(24). Errors in rainfall values may arise due to improper description or measurement of rainfall,
whereas errors in parameters may be due to lumping spatial variability of the parameters and
inadequate characterization of the land use and soil-vegetation complex. When using the SCS
model errors in runoff volume were assessed by varying the rainfall and keeping the parameter
associated with the land use, the curve number (CN), fixed. Then the effect of the CN on
runoff volume and subsequently on the peak rate of runoff was analyzed by varying the CN and
keeping the rainfall input fixed. The same methodology was also applied to parameters of the
selected frequency distribution, namely, the LP3 distribution. These analyses demonstrate the
sensitivity of runoff to different model parameters and model input component. By this type of
sensitivity analysis one can clearly know which parameter or component needs to be evaluated

more accurately than others.

Based on the estimated parameters from the annual maximum 24-hour rainfall at Station
1 for a return period of 50 years, it was found that the output error is most sensitive to errors
in parameter §, less sensitive to parameter S,, and least sensitive to parameter G,. This is a
possitive outcome since the accuracy of estimating these three parameters rank in reverse order

of the sensitivity analysis. That is why the moment-based methods of parameter estimation often
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yields better results. An error analysis was also made to assess the effect on computed runoff
values due to errors in parameters and rainfall input for the SCS rainfall-runoff model.
Computed results showed that the SCS rainfall-runoff model is equally sensitive to both

parameters CN and rainfall input component P.

SIGNIFICANCE OF RESEARCH

There are many instances in highway design when runoff for drainage structures must
be estimated for gauged as well as ungauged sites. The accuracy of available methodologies
highly depends on reliable inputs of rainfall values. Therefore, existing outdated rainfall
information needs to be updated frequently. Results of this research work are expected to
enhance the accuracy of the existing rainfall information for Louisiana through the use of longer
records of rainfall data and a larger number of rain gauges. These maps will be used for:

(a) more reliable design of highway drainage structures; (b) highway planning; (c) damage
assessment; and (d) effect of land-use change. It is anticipated that the findings of this study
will permit more reliable design of highway drainage structures, resulting in savings in both

construction and maintenance.

IMPLEMENTATION

The new 24-hour rainfall frequency maps and Intensity-Duration-Frequency (I-D-F)
curves developed in this study have been derived using records of 92 rain gauges in Louisiana
for the period from 1948 to 1987. The new rainfall maps and I-D-F- curves, which will
provide LaDOTD with the most up-to-date information on rainfall in Louisiana, will replace the

ones currently used by the design personnel of LaDOTD.
There appears to be no costs associated with the implementation of the new rainfall maps

and I-D-F curves; therefore, they can be immediately implemented in the LaDOTD Hydraulics

Manual.
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TABLE 5.1
PARAMETERS FOR THE I-D-F GRAPHS WITH RETURN PERIOD OF 2 YEARS

STATION NO. a b c
1 2.885 0.628 -0.847
2 2.387 0.260 -0.771
3 2.698 0.693 -0.866
4 2.768 0.683 -0.841
5 2.878 0.652 -0.872
6 2.833 0.507 -0.826
7 2.366 0.464 -0.763
8 2.659 0.597 -0.793
9 2.588 0.288 -0.793
10 2.747 0.456 -0.806
11 2.754 0.420 -0.805
12 2.245 0.397 -0.794
13 2.154 0.163 -0.756
14 3.197 0.867 -0.889
15 3.707 1.447 -0.918
16 2.387 0.615 -0.815
17 1.995 0.152 -0.788
18 2.838 0.954 -0.883
19 2.181 0.525 -0.810
20 2.090 0.496 -0.847
21 1.640 0.104 -0.770
22 1.948 0.439 -0.787
23 1.700 0.225 -0.762
24 2.108 0.385 -0.801
25 1.948 0.346 -0.789
26 1.765 0.395 -0.719
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TABLE 5.2
PARAMETERS FOR THE I-D-F GRAPHS WITH RETURN PERIODS of 5 YEARS

STATION NO. a b c
1 3.859 0.782 -0.828
2 3.354 0.367 -0.790
3 3.001 0.413 -0.793
4 3.484 0.754 -0.808
5 3.438 0.604 -0.817
6 3.495 0.549 -0.794
7 2.682 0.211 -0.724
8 3.432 0.638 -0.771
9 3.351 0.337 -0.791
10 3.761 0.727 -0.990
11 4.121 0.691 -0.818
12 2.709 0.390 -0.751
13 3.841 0.735 -0.836
14 3.481 0.571 -0.816
15 3.794 0.941 -0.841
16 3.437 0.631 -0.805
17 2.145 0.004 -0.736
17 4.490 1.28% -0.923
19 2.998 0.643 -0.831
20 2,913 0.719 -0.837
21 2.104 0.135 -0.763
22 3.161 0.663 -0.831
23 2.415 0.425 -0.783
24 2.753 0.502 -0.778
25 2.651 0.477 -0.779
26 2.754 0.682 -0.778
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TABLE 5.3
PARAMETERS FOR THE I-D-F GRAPHS WITH RETURN PERIOD OF 10 YEARS

STATION NO. a b c
1 4.535 0.857 -0.814
2 4.495 0.586 -0.836
3 3.029 0.133 -0.732
4 3.918 0.785 -0.783
5 3.827 0.619 -0.784
6 3.934 0.593 -0.777
7 2.864 0.053 -0.702
8 3.942 0.681 -0.758
9 4.081 0.463 -0.804
10 4.422 0.903 -0.775
11 5.404 1.001 -0.842
12 2.956 0.362 -0.719
13 6.066 1.393 -0.916
14 3.505 0.353 -0.756
15 3.621 0.506 -0.787
16 4.139 0.580 -0.789
17 2.321 -0.014 -0.720
18 5.507 1.377 -0.936
19 3.646 0.749 -0.851
20 3.717 1.005 -0.846
21 2.595 0.297 -0.779
22 4.766 0.917 -0.892
23 3.281 0.761 -0.831
24 3.404 0.677 -0.782
25 3.261 0.653 -0.770
26 3.624 0.652 -0.828
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TABLE 5.4
PARAMETERS FOR THE I-D-F GRAPHS WITH RETURN PERIOD OF 25 YEARS

STATION NO. a b c
1 5.472 0.946 -0.799
2 7.036 1.033 -0.928
3 3.049 -0.191 -0.658
4 4.458 0.824 -0.753
5 4.362 0.683 -0.746
6 4.463 0.648 -0.757
7 3.095 -0.117 -0.681
8 4.63% 0.768 -0.746
9 5.361 0.714 -0.835
10 5.314 1.156 -0.757
11 7.728 1.547 -0.887
12 3.219 0.312 -0.678
13 12.843 2.789 -1.069
14 3.468 0.089 -0.678
15 3.491 0.074 -0.737
16 5.056 0.489 -0.765
17 2.591 0.002 -0.711
18 6.562 1.374 -0.940
19 4.555 0.883 -0.877
20 5.279 1.580 -0.874
21 3.514 0.647 -0.816
22 8.712 1.351 -1.000
23 5.377 1.485 -0.930
24 4.555 0.991 -0.801
25 4.379 1.047 -0.770
26 5.022 0.494 -0.899
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TABLE 5.5
PARAMETERS FOR THE I-D-F GRAPHS WITH RETURN PERIOD OF 50 YEARS

STATION NO. a b c
1 6.211 1.003 -0.789
2 10.504 1.510 -1.021
3 3.086 -0.389 -0.607
4 4.869 0.859 -0.731
5 4.783 0.756 -0.720
6 4.865 0.697 -0.745
7 3.267 -0.224 -0.668
8 5.191 0.849 -0.738
9 6.664 0.963 -0.865
10 6.050 1.381 -0.746
11 10.331 2.097 -0.931
12 3.414 0.282 -0.651
13 e
14 3.439 -0.086 -0.623
15 3.452 -0.164 -0.709
16 5.777 0.414 -0.746
17 2.827 0.037 -0.709
18 7.219 1.328 -0.938
19 5.322 0.988 -0.897
20 7.285 2.258 -0.914
21 4.5%6 1.053 -0.860
22 14.552 1.764 -1.103
23 8.657 2.326 -1.038
24 5.859 1.339 -0.829
25 5.723 1.556 -0.785
26 6.410 0.369 -0.959
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TABLE 5.6
PARAMETERS FOR THE I-D-F GRAPHS WITH RETURN PERIOD OF 100 YEARS

STATION NO. a b c
1 7.041 1.070 -0.782
2 16.942 2.144 -1.140
3 3.148 -0.548 -0.562
4 5.293 0.901 -0.712
5 5.231 0.850 -0.696
6 5.276 0.752 -0.734
7 3.443 -0.315 -0.657
8 5.803 0.953 -0.734
G 8.370 1.264 -0.899
10 6.864 1.642 -0.736
11 14,247 2.801 -0.987
12 3.601 0.252 -0.626
L e
14 3.418 -0.242 -0.571
15 3.458 -0.343 -0.689
16 6.506 0.331 -0.726
17 3.090 0.087 -0.709
18 7.741 1.251 -0.933
19 6.186 1.100 -0.919
20 10.995 3.299 -0.981
21 6.332 1.635 -0.918
22 26.003 2,273 -1.229
23 15.874 3.533 -1.181
24 7.760 1.796 -0.868
25 8.300 2.485 -0.831
26 8.252 0.264 -1.027
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Monthly Rainfall at Station 0549 (Inches)

Figure 2.8 CORRELATION PLOT FOR
STATIONS 7364 AND 0549 (1951 THRU 1955)
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Monthly Rainfall at Station 1601 (Inches)

Figure 2.9 CORRELATION PLOT FOR
STATIONS 7174 AND 1601 (1956 THRU 1959)
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Figure 2.10 CORRELATION PLOT FOR
STATIONS 9357 AND 4739 (1975 THRU 1979)
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Figure 2.11 CORRELATION PLOT FOR
STATIONS 7738 AND 8440 (1980 THRU 1984)
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Figure 2.12 CORRELATION PLOT FOR
STATIONS 4816 AND 7924 (1955 THRU 1959)

Synthesized Station 19

I ! I |

! l

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Monthly Rainfall at Station 4816 (Inches)

34



Monthly Rainfall at Station 1411 (Inches)

Figure 2.13 CORRELATION PLOT FOR
STATIONS 8065 AND 1411 (1975 THRU 1979)
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Figure 2.14 CORRELATION PLOT FOR
STATIONS 3345 AND 6659 (1951-1955)
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Figure 2156 CORRELATION PLOT FOR
STATIONS 6394 AND 6659 (1951-1955)
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Figure 216 CORRELATION PLOT FOR
STATION 6978 AND 4100 (1961-1965)
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Monthly Rainfall at Station 5935 (Inches)

Figure 2.17 CORRELATION PLOT FOR
STATIONS 9803 AND 5935 (1975-1979)
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Figure 2.18 CORRELATION PLOT FOR
STATIONS 8683 AND 8440 (1980-1984)
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Figure 2.19 CORRELATION PLOT FOR
STATIONS 6660 AND 0001 (1954 THRU 1987)
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Figure 2.20 CORRELATION PLOT FOR
STATIONS 0005 and 0549,0553 (1948-1987)
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Annual Rainfall at Station 5266 (Inches)
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Figure 2.21 CORRELATION PLOT FOR
STATIONS 0012 and 5266 (1948 THRU 1987)
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Figure 2.22 CORRELATION PLOT FOR
STATIONS 0019 and 8440,4816 (1948-1987)
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Figure 2.23 CORRELATION PLOT FOR
STATIONS 0022 and 0761,8669 (1948-1983)
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Figure 2.24 CORRELATION PLOT FOR
STATIONS 0002 AND 0006 (1948 THRU 1987)
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Annual Rainfall at Station 0008 (Inches)

Figure 2.25 CORRELATION PLOT FOR
STATIONS 0012 AND 0008 (1948 THRU 1987)
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re 2.26 CORRELATION PLOT FOR

STATIONS 0015 and 0014 (1948 THRU 1984)
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Annual Rainfall at Station 0012 (Inches)

Figure 2.27 CORRELATION PLOT FOR
STATIONS 0017 and 0019 (1955 THRU 1984)
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Annual Rainfall at Station 0025 (Inches)

Figure 2.28 CORRELATION PLOT FOR
STATIONS 0024 and 0025 (1948 THRU 1987)
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CHAPTER 3
IDENTIFICATION AND SELECTION OF THE PROBABILITY DISTRIBUTION
3.1 INTRODUCTION

The objective of rainfall frequency analysis is to estimate the magnitude of extreme rainfall or
the rainfall intensity for a given duration and return period. Then the flood quantiles of a stream

can be obtained by using a rainfall-runoff model.

The quantile estimates at any site are subject to considerable inherent variability (7). The major
factors that affect the extent of variability are: 1. the sample size of an observation station:

2. the recurrence interval of estimate; 3. the population distribution selected; and 4. the
parameter estimation method used. Because vast possible hydrogeological variations in time and
space exist, the population distribution may have a remarkably wide range of forms for various
sites. The choice of a probability distribution from many candidate probability distributions is

compounded by the limited amount of available data.

Several studies have been reported in the literature to compare the performance of various
distributions with various parameter estimation methods. Kuczera (8) compared six distributions
using different parameter estimation methods, i.e., 1. normal distribution with maximum
likelihood estimation (MLE); 2. two-parameter log-normal (LNO2) distribution with MLE, and
method of moments (MOM); 3. log-Pearson type 3 (LPEAR3) with the indirect method of
moment (MMI) estimation (method recommended by U.S. Water Resources Council (USWRC)
(9); 4. extreme value type 1 (EV1) distribution with MLE, probability weighted moments
(PWM) and MOM; 5. log-EV1 distribution with MOM; and 6. Wakeby distribution (WAK)
with PWM. Wallis and Wood (I0) compared the performance of the general extreme value
(GEV) distribution with PWM, the WAK distribution with PWM, and the LPEAR3 with MMI.
Arora and Singh (7, 1I) compared EV1 with MOM, MLE, PWM, mixed moments (MIX),
maximum entropy method (ENT), least squares and incomplete means by Monte Carlo
simulation, and LPEAR3 with MOM, MMI, MIX, MLE, and ENT. However, there is no
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general consensus on either the performance of a specific distribution or a specific parameter
estimation method. Sometimes, contradictory conclusions may be drawn from individual studies.
For example, Arora and Singh (7) concluded, based on their Monte Carlo simulation results, that
the LPEAR3 with MMI performed poorly and suggested a revision of the recommendation by
USWRC (9) of using LPEAR3-MMI; while others found LPEAR3-MMI gave consistent and
efficient estimates (9, 12).

In this study, we used a series of computations and plots to identify and then select the best
population distribution for the Louisiana rainfall data and the best parameter estimation method

for the selected distribution.
3.2 IDENTIFICATION OF PROBABILITY DISTRIBUTION

3.2.1 PLOTTING POSITION METHOD

The first step to identify whether a distribution is appropriate for the region under study is to
draw the plotting positions and the corresponding quantiles on a probability paper or on a paper
specific to a distribution such as Gumbel (EV1). This is done by ranking the annual maximum
rainfall observations at each synthesized station in a descending order, X, > X, = X, ....>

X,, and computing the empirical probability for the i-th observation as

p() = — (1)
where n is the number of observations at the synthesized station. Then, the plotting positions
with corresponding X; values are drawn on the appropriate probability paper. If all the points
on a log-log plotting position graph approximately form a straight line, the underlying
distribution is likely to be a normal distribution. Similarly, if all plotting points fall
approximately on a line on the EV1 probability paper, the underlying distribution is EV1.

The 24-hour annual maximum rainfall series for stations 1, 6, 10, and 19 were drawn on both
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the log-log and the EV1 probability papers, as shown in Figures 3.1 through 3.8. These figures
show that some station data fitted the normal distribution well (stations 1, 6, 10) and some were

fitted equally well by both distributions (station 19).

Therefore, it was difficult to quantitatively determine from these plots the distribution best
representing the underlying population distribution. Thus, we had to search for a better way to

identify the best representative distribution for the Louisiana rainfall data.

3.2.2 HISTOGRAM METHOD

Another method to identify the underlying population distribution is the use of histograms. The

number of intervals for drawing a histogram can be empirically calculated as

M = INT[1 + 3.3 LOG, ()] (3.2)

where n is the number of observations and the value of M calculated from Equation 3.2 should
be rounded off to the nearest integer of a real value. If M < 5, use M = 5; and if M > 10,

use M=10. For a 40-year record series, M is calculated to have a value of 6.

The computed annual maximum 24-hour rainfall series histograms for stations 1, 6, 10, and 19

are plotted in Figures 3.9 through 3.12.

It is interpreted from Figures 3.9 through 3.12 that data from stations 1 and 6 may be
exponentially distributed, while data from stations 10 and 19 may have some type a of skewed
distribution. Again, it is not clear what distribution is more appropriate. Therefore, a more

quantitative procedure to determine the underlying population distribution is needed.
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3.3 SELECTION OF DISTRIBUTIONS AND PARAMETER ESTIMATION METHODS

A more quantitative approach for selection of an appropriate distribution and parameter
estimation method is to test some of the most frequently used distributions in applied hydrology
along with the most robust parameter estimation methods. Using certain goodness-test statistics
criteria such as mean square error and bias, one can compare the performances of different

combinations of the distributions and estimation methods and select the best combination.

In this study, five popular distributions and three parameter estimation methods widely used in

applied hydrology were considered for a comparative analysis.

The five probability distributions are:

2-parameter log-normal (LNO2)
3-parameter log-normal (LNQO3)
Pearson type 3 (PEAR3)
log-Pearson type 3 (LPEAR3)
Extreme-value type 1 (GUMBEL)

U

The three parameter estimation methods are:
1. Method of moments (MOM)
2. Maximum-likelihood estimate (MLE)
3. Principle of Maximum entropy (POME)

These five distributions and three estimation methods have been discussed in detail in the

literature. Therefore, only a brief summary is given here.

3.3.1 TWO-PARAMETER LOG NORMAL DISTRIBUTION (LNO2)

The probability density function of this distribution is
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2
f(x]— 1 EXP{ _ (LN(X) ~ IJ’Y) ]

xoy«J (2 ) 203

y=LN(x) (3.3)

where x is the rainfall depth variate, y = LN(x) is the natural log-transformed variable, u, and
o, are the mean and the standard deviation of y. In another form, Equation (3.3) can be

expressed as

2
Ry)=—L—mxp- U8} N (34)

O’yd (2 7) 20%

f(y) is bell-shaped and symmetrical about its mean pu, with skew coefficient G, = 0. The

cumulative distribution function is defined as

v 2
F(y) = J el EXP - _(_.3_’.,_:_..,.”.11,,_] dy,  y=LN(x) (3.5)

2
—oody"l (2 7) 20y

The parameters of this distribution, u, and ¢, are are estimated by the following methods:

1. Method of moments (1.3)

] (3.6)

51 (3.7)



~ A

where g, and ¢, are the mean and standard deviation of x, defined as

@.8)
i=1

A 1 a2
» _J (n-nz(xf ol

(3.9)
=1

maximum rainfall value.

where n is the number of observations at each synthesized station and x; is the i-th annual
2. MLE (13)

{3.10)
i=1

~ _ | 1 AR
6 J (n_”Z(LN(xi) ay)

(3.11)
3. POME (I4): The same as MLE.
For a given exceedance probability p(x),
p) =1-F(x) = J f{x) dx (3.12)
X
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The cumulative probability, F, can be calculated as
F =1-p(x) (3.13)
The return period, T, for a given exceedance probability is calculated as 1/F for F<0.5 and as

1/(B-1) for F>0.5.

The quantile for a given return period T can be computed as

X, = EXP(L, +1t5,) (3.14)

where t 18 the standard normal deviate and is calculated by the following approximation (13) with

a maximum possible error of 4.5 x 10®. For F < 0.5,

cﬂ+c1w+c2w2

t=-w+
1+d1w+d2w°- +d3w3

(3.15)

where

W= l LN(—F12) (3.16)

and for F > 0.5, use F = p(x) in equation (3.16) and take the negative of the value computed

by equation (3.15). The coefficients in equation (3.15) are given as
C, = 2.515517;, d, = 1.432788

C, = 0.802853; d, = 0.189269
C, = 0.010328; d, = 0.001308
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3.3.2 THREE-PARAMETER LOG-NORMAL DISTRIBUTION (LNO3)
The probability density function of the LNO3 distribution is

)= 1 Exp[ - ENC-2) “ ) ) gcacx yeING  (317)

(x-a) o"y\] (2 «) 203

where a is the lower bound of the distribution, and u, and o, are the mean and standard

deviation of the natural logrithms of (x-a).

The parameters of this distribution, a, u, and o, are estimated by the following methods:

1. MOM (13)
n
By= % ) ¥, (3.18)
1=1
~ N ~ 12
Oy —J - (v - fy) (3.19)
(n"’“l) i=1

where u, and o, are the mean and standard deviation of x as defined by Equations (3.8) and
(3.9).

5= iy - 22 (3.20)
where
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- Gx + [G;zc+4)

2

W =

and G, being the coefficient of skewness of the variable x, is computed as

2. MLE (13)

(3.21)

(3.22)

{3.23)

(3.24)

(3.25)

The above equations are solved simultaneously by assuming initial values for "a" in Equations

(3.23) and (3.24).



3. POME (14)

B, = %Z LN(x, - &) (3.26)

~ 1 ALA
3, =JEZ[LN(xi-a)-uy]2 (3.27)

=]

%Z It - 206, [2(0y) +(5)°) =0, y,=IN(x,-4) (3.28)

Il
=1

A

The above equations are solved simultaneously by assuming initial values for "a" in Equations

(3.26) and (3.27).

By definition, the quantile for a given return period T is computed as
X, = 4+ EXP @, +13,) (3.29)

where t is calculated, for a given cumulative probability F, from Equation (3.15) along with

Equation (3.16).

3.3.3 PEARSON TYPE 3 DISTRIBUTION (PEAR3)
The probability density function of this distribution is

1 (xcy*lpyp X2} ogesx (3.30)
aT'(b)

f(x) = =

where a, b and c are the scale, shape and location parameters, respectively. The parameter ¢

is the lower bound of the distribution, and b>0.
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The three parameters in the PEAR3 distribution, a, b and

methods:

1. MOM (I13)

aAA

¢ are estimated by the following

(3.31)

(3.32)

(3.33)

where G, is the skew coefficient of x. Equation (3.31) is the revised form in this study because

the parameter "a" could have a negative value if the coefficient of skew was negative.

However, Kite (13) considered "a” to be always positive which implies that the sample skew is

also assumed to be always positive.

2. MLE (13)

where

and

2

o
Il

(3.34)

(3.35)



E 1
S2 == oy (3.36)
: X.=~C

~ S, S
b= —1-2 (3.37)
S1 82 - 1P
S, - ny(b) - nLN(E) =0 (3.38)
where

n
Sy = Y IN(x; - &) (3.39)

i=1

and ¥(b) is the diagamma function. Condie and Nix (I5) gave an approximate solution as

p) SO Nyt 11t g
I'(b) 2(b+2) 12(b+2° 12002 252(p+2° P+1 D

Matalas and Wallis (16) found that MLE may not always be applicable to PEAR3. They pointed

out that

(8) if sample skew is very small, a solution may not be possible to obtain;

(b) if 0<b<1, solution is also not possible;

(¢} if b>1, solution is possible only if the sample skew coefficient is less than 2; and

(d) if skew is negative, the PEAR3 has an upper bound and may not be suitable for at-site
frequency analysis. In conclusion, MLE cannot be employed for automatic parameter

estimation programs.
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3. POME (I4)

The parameters a, b, and ¢ are estimated by numerical iteration using the following three

equations:
fi, =8 +ab (3.41)
GF=@b (3.42)
1
n (B) + nLN (@) -ZLN (x -€)=0 (3.43)

ES

where u, and o, are estimated from Equations (3.8) and (3.9) and ¥(b) is approximated from
Equation (3.40).

The quantile for a given return period T can be calculated as

X =ﬁ'x 4. Kcrx (3.44)

where K is the frequency factor and can be computed (Z3) as

&,

K=t+(@1)-2 +3 1. 6t)(—) (- 1)(G" > z(-c}‘— ¥

y (3.45)

o

ol
3
where t is the standard normal deviate and can be computed from Equations (3.15) and (3.16).

3.3.4 LOG-PEARSON TYPE 3 DISTRIBUTION (LPEAR3)
The probability density function of this distribution is

-1 LN{x) -~ -1 LN{x) -~y
f(x) xaI‘(B)( o) EXP[—5—1] (3.46)
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where «, £, and v are the scale, shape and location parameters, respectively. If the sample
skew is negative, then o must be negative and the distribution has an upper bound. Reich (17)
has shown by examples that the actual observed events can exceed the theoretical upper bound.
Hence, he suggested that samples that have a negative sample skew are not suitable for
employing LPEAR3 distribution. Kite (I3) argued that for flood frequency analysis, a suitable
parameter set should be § >1 and o > 0. The properties of LPEAR3 have been discussed in
detail by Bobee (I8) and Rao (I9). The three parameters in the LPEAR3 distribution are
estimated by the following methods:

1. MOM (9)
6% (3.47)
2
B = ,\4 - (3.48)
(Gy)
§=p, -8 (3.49)

~ A

where p,, 0,, and G, are the estimated mean, standard deviation and skew coefficient of the
natural logrithm of x, y = LN(x).
Bobee and Robitaille (20) have shown that the skew G, should be corrected for bias by

1

n{n-1

G, = (1+85/m)G — (3.50)

2. MLE (13)

The following equations are solved simultaneously.
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2

n S2
where
n
S1 = (LN(xi) - 5)
i=1
n
o)
i=1 LN(x;) - 4
f - 81 82
S1 82 e
and

ny @) + nLN(&‘)-ZLN(xi -9
i=1

where ¥(b) is the diagamma function and can be calculated by Equation (3.40).

3. POME (I49)

The following equations are solved simultaneously.
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(3.52)

(3.53)

(3.54)

(3.55)

(3.56)



. o
F=02f (3.57)
94
n
n¢@)+nLN(&‘)-ZLN(xi—'?)=O (3.58)
i=1
The quantile for a given return period T can be computed as
X, = EXP(;L’L‘y + Kc’r‘y) (3.59)
where X is the frequency factor and is calculated (13) by
% 4 2 %o  Ga 1%
K=t+(12-1)—é— +3 (F-et)(—é-) -(12-1)(?) i) +5lg) (3.60)

where G, is the skew coefficient of LN(x) and t is the standard normal deviate and is computed

from Equations (3.15) and (3.16).

3.3.5 GUMBEL DISTRIBUTION (EV1)
The probability density function of this distribution is

fx)=ae® (x-B) - e-*(x-F) , x>0 (3.61)

The cumulative distribution function is
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X
F(x) = J flx)dx=e"® (- B) x20 (3.62)
-co

The two parameters of the distribution, « an 8 are estimated by the following methods:

1. MOM
- (3.63)
V68,
B =i~ 0.5;721 (3.64)
2. MLE
The following equations are solved simultaneously.
n
Y EXP(- ax;)
- i=1
& =—0 - (3.85)
Px ) EXP(- ax;)- ) xEXP(- &x,)
i=1 i=1

The above equation is solved by numerical iteration for «, then « is substituted in the following

equation to solve for 8.
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B=LIN] 2 ] (3.66)

3. POME

0.57721 + LN[————]

ZEXP(— c’z‘xi)
i=1

~

o

=3
]

(3.67)

~ -~

The above equation is solved by numerical iteration for «, then « is substituted in the following

equation to solve for 8.

LN (3.68)

The quantile for a given return period T can be calculated as

X =f, + K&, (3.69)

where the frequency factor K can be computed (13) by

K = - {0.45 + 0.7797 LN(- LN(1 % )) (3.70)
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3.4 SELECTION OF THE PROBABILITY DISTRIBUTION AND PARAMETER
ESTIMATION METHOD

A comprehensive FORTRAN computer program (FREQENT.PROG) was developed to complete

the following tasks:

1. To estimate the parameters of the five distributions by three estimation methods, using the

annual maximum rainfall series of each of the 26 synthesized stations.

2. To compute the relative mean square error for all combinations of distributions and
estimation methods at each station. Table 3.1 shows the relative MSE at 26 stations for all

combinations of distributions and estimation methods for 24-hour maximum rainfall series.

3. To compute the average MSE for all combinations of distribution and methods over 26
stations using the annual maximum rainfall series. Table 3.2 shows the average MSE values

over 26 stations for 24-hour maximum rainfall series.

4. To compute the relative bias for all combinations of distributions and estimation methods at
each station. Table 3.3 shows the relative bias at 26 stations for all combinations of distributions

and estimation methods for 24-hour maximum rainfall series.

5. To compute the average BIAS for all combinations of distributions and methods over the 26
stations using the annual maximum rainfall series. Table 3.4 shows the average bias values

over 26 stations for 24-hour maximum rainfall series.

6. To generate rainfall quantiles for each of the 26 stations corresponding to eleven durations
(1, 3, 6, 12, 24, 36, 48, 60, 72, 84 and 96 hours) with six return periods (2, 5, 10, 25, 50 and
100 years). These results were used to develop the isohyetal maps (to be discussed in Chapter
4).

7. To generate rainfall-intensity quantiles for 26 stations corresponding to eleven durations (1,
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3, 6, 12, 24, 36, 48, 60, 72, 84 and 96 hours) and six return periods (2, 5, 10, 25, 50 and 100
years) for I-D-F analysis (to be discussed in Chapter 5).

Note that the mean square error (MSE) computed in all tables are standardized values. The

MSE at each station for a selected rainfall duration is defined as

MSE = & Z [w} ’ (3.71)
i=1 *

where x.(i} and x(i) are the i-th computed and observed rainfall values, ranked in an ascending
order, respectively, and X is the observed mean at the same station.

Similarly, the standardized bias (BIAS) at a station for a selected rainfall duration is defined as
n - -
BIAS = L Z [M} (3.72)

where x.(i) is the i-th computed rainfall value, x,(i) is the i-th observed rainfall value, and X is
the observed mean at the same station. Table 3.1 gives the standardized MSE for combinations
of distributions and parameter estimation methods using 24-hour annual maximum series at all
26 stations. From Table 3.1, one can see that for some stations, the MSE from each
combination is nearly the same (stations 2, 7 and 17). However, for some other stations the
results are different (stations 10, 20 and 25). The best combinations for each station are
LPEAR3-MOM(19), EV1-MLE(2), LPEAR3-POME(2), PEAR3-MOM(1), LNO3-MOM(1) and
LPEAR3-MLE(1), where the number in the parenthesis is the number of times that the
combination gives the smallest MSE. Thus, LPEAR3-MOM is the preferred combinations for
19 out of 26 stations. Table 3.2 gives the average values of MSE for the 26 stations. This table
shows that LPEAR3-MOM is the preferred combination. The second best choice is PEAR3-
MOM.
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Table 3.3 gives the BIAS values for combinations of distributions and the estimation methods
for 24-hour annual maximum series at all 26 stations. This table shows that LNO3-MLE yields
the smallest BIAS values for 25 stations with one station having the smallest BIAS by LPEAR3-
MOM. Table 3.4 shows that LNO3-MLE still gives the least average BIAS for the 26 stations.

Results of Tables 3.1 through 3.4 indicate that LPEAR3 distribution with the method of moment
recommended by USWRC (9) is the best choice for the rainfall data from the 26 stations if MSE
is used as the performance index. On the other hand, LNO3-MLE may be selected if the BIAS
is used as the performance index. In practice , however, MSE is considered to be a more

important performance index than BIAS when the corresponding BIAS is not excessively large.
In conclusion, since the LPEAR3-MOM has the smallest average MSE with the corresponding

BIAS comparable to other methods, LPEAR3-MOM is selected as the most appropriate

combination of distribution and estimation method for the Louisiana rainfall data.
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TABLE 3.1

RELATIVE MSE OVER 26 STATIONS FOR FIVE DISTRIBUTIONS AND THREE
METHODS USING ANNUAL MAXIMUM 24-HOUR RAINFALIL SERIES

STA. NO. _ METHOD ILNO2 LNO3 PEAR3 LPEAR3 GUMBEL
MOM 0.00534  0.00521  0.00450 0.00374 0.00555
1 MLE 0.00716  0.01279  0.01467 0.00670 0.01009
POME 0.00716  0.01454  0.01468 0.00587 0.00760
MOM 0.00366  0.00320  0.00309 0.00297 0.00354
2 MLE 0.00319  0.00433  0.00508 0.00342 0.00332
POME 0.00318  0.00496  0.00496 0.00370 0.00318
MOM 0.01151 0.01042  0.00952 0.00882 0.01184
3 MLE 0.01526  0.02089  0.02270 0.01447 0.01829
POME 0.01526  0.02252  0.02273 0.01353 0.01537
MOM 0.00530 0.00536  0.00487 0.00434 0.00522
4 MLE 0.00617  0.01048 0.01215 0.00569 0.00822
POME 0.00617  0.01193  0.01201 0.00519 0.00642
MOM 0.00874  0.00785  0.00689 0.00584 0.00946
5 MLE 0.01232  0.01955 0.02174 0.01148 0.01615
POME 0.01232  0.02162 0.02181 0.01061 0.01288
MOM 0.00542  0.00523  0.00493 0.00481 0.00515
6 MLE 0.00566  0.00875  0.01000 0.00501 0.00656
POME 0.00566  0.00974  0.00978 0.00501 0.00572
MOM 0.00146  0.00124 0.00119 0.00104 0.00144
7 MLE 0.00118  0.00199  0.00252 0.00106 0.00088
POME 0.00118 0.00129 0.00236 0.00112 0.00098
MOM 0.00561  0.00535 0.00510 0.00470 0.00536
8 MLE 0.00603  0.00964 0.01092 0.00465 0.00686
POME 0.00603  0.01083 0.01078 0.00455 0.00605
MOM 0.00441  0.00400 0.00360 0.00311 0.00419
9 MLE 0.00579  0.00904 0.01033 0.00535 0.00685
POME 0.00579  0.01023  0.01029 0.00488 0.00540
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TABLE 3.1 (CONT’D.)

RELATIVE MSE OVER 26 STATIONS FOR FIVE DISTRIBUTIONS AND THREE
METHODS USING ANNUAL MAXIMUM 24-HOUR RAINFALL SERIES

STA. NO. METHOD LNO2 LNO3 PEAR3 LPEAR3 GUMBEL
MOM 0.00874  0.00844  0.00772 0.00656 0.00922
10 MLE 0.01072  0.01855 0.02104 0.00702 0.01449
POME 0.01072  0.02065  0.02082 0.00899 0.01204
MOM 0.01014  0.00999  0.00950 0.00871 0.01032
11 MLE 0.01099  0.01898  0.02128 0.00882 0.01408
POME 0.01099  0.02103  0.02111 0.00786 0.01249
MOM 0.01427 0.01108¢ 0.01113 0.01075 0.01408
12 MLE 0.01784  0.02359  0.02502 0.01446 0.01781
POME 0.01784  0.02496  0.02549 0.01218 0.01688
MOM 0.00719  0.00610 0.00596 0.00548 0.00686
13 MLE 0.00903  0.01409  0.01554 0.00636 0.00935
POME 0.00902 0.01535 0.01548 0.00777 0.00858
MOM 0.06289  0.05298  0.05722 0.05388 0.06815
14 MLE 0.07293  0.08230  0.08704 0.06683 0.07452
POME 0.07293  0.08677  0.08%46 0.07058 0.07262
MOM 0.00449  0.00417  0.00408 0.00379 0.00409
15 MLE 0.00404  0.00627 0.00718 0.00349 0.00388
POME 0.00404  0.00691  0.00693 0.00350 0.00387
MOM 0.01490  0.01519  0.01287 0.01266 0.01812
16 MLE 0.02168 0.03361 0.03743 0.02153 0.03261
POME 0.02167 0.03663  0.03780 0.01911 0.02440
MOM 0.00181  0.00163  0.00158 0.00147 0.00174
17 MLE 0.00186  0.00240  0.00280 0.00155 0.00143
POME 0.00186  0.00172  0.00254 0.00147 0.00147
MOM 0.00543  0.00520  0.00485 0.00647 0.00510
18 MLE 0.00453  0.01231  0.01392 0.00278 0.00641
POME 0.00453  0.01372  0.01383 0.00272 0.00608
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TABLE 3.1 (CONT’D.)

RELATIVE MSE OVER 26 STATIONS FOR FIVE DISTRIBUTIONS AND THREE
METHODS USING ANNUAL MAXIMUM 24-HOUR RAINFALL SERIES

STA. NO. _ METHOD LNO2 LNO3 PEAR3 LPEAR3 GUMBEL
MOM 0.00232  0.00210 0.00199 0.00183 0.00226
19 MLE 0.00210  0.00337  0.00400 0.00204 0.00209
POME 0.00210  0.00391  0.00387 0.00217 0.00198
MOM 0.00955 0.00855  0.00736 0.00669 0.01018
20 MLE 0.01350 0.02015 0.02186 0.01363 0.01833
POME 0.01390  0.02188  0.02210 0.01207 0.01418
MOM 0.00490  0.00476  0.00461 0.00466 0.00474
21 MLE 0.00526  0.00666  0.00730 0.00480 0.00525
POME 0.00526  0.00718  0.00718 0.00484 0.00493
MOM 0.01206  0.00991  0.00846 0.00670 0.01360
22 MLE 0.01847  0.02685 0.02926 0.01772 0.02363
POME 0.01847  0.02899  0.02964 0.01611 0.01912
MOM 0.00460  0.00445  0.00425 0.00416 0.00435
23 MLE 0.00481  0.00697 0.00773 0.00426 0.00487
POME 0.00481 0.00761  0.00764 0.00431 0.00456
MOM 0.00608  0.00524  0.00446 0.00326 0.00643
24 MLE 0.00906 0.01583 0.01776 0.00799 0.01185
POME 0.00906 0.01739  0.01730 0.00749 0.00936
MOM 0.03687 0.02757  0.02803 0.02490 0.04031
25 MLE 0.04876  0.05630  0.05893 0.04902 0.05293
POME 0.04875  0.05939 0.06130 0.04647 0.04778
MOM 0.00262 0.00156  0.00155 0.00147 0.00292
26 MLE 0.00204  0.00171  0.00195 0.00262 0.00221
POME 0.00203  0.00171  0.00174 0.00271 0.00227
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TABLE 3.2

AVERAGE RELATIVE MSE FOR 26 STATIONS FOR 24-HOUR ANNUAL
MAXIMUM RAINFALL SERIES

MOM

MLE

POME

MAX
AVG
MIN

MAX
AVG
MIN

MAX
AVG
MIN

LNO2 LNO3 PEAR3 LPEAR3
0.06289  0.05298 0.05722 0.05388
0.01001 0.00872  0.00843 0.00780
0.00146 0.00124 0.00119.  0.00104
0.07293  0.08230  0.08704 0.06683
0.01234 0.01721  0.01885 0.01126
0.00118 0.00171  0.00195 0.00106
0.07293  0.08677 0.08946 0.07058
0.01234 0.01859 0.01900 0.01095
0.00118 0.00129 0.00174 0.00112
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GUMBEL

0.06815
0.01055
0.00144

0.07452
0.01434
0.00088

0.07262
0.01255
0.00098



TABLE 3.3

RELATIVE BIAS FOR EACH STATION USING
ANNUAL MAXIMUM 24-HOUR RAINFALL SERIES

STA. NO. METHQD ILNO2 LNO3 PEAR3 LPEAR3 GUMBEL
MOM -0.00928 -0.00837 -0.00927  -0.01355 -0.01069
1 MLE -0.01126  0.00039  0.00278  -0.01321 -0.02276
POME -0.01129  0.00304 0.00397  -0.01029 -0.01002
MOM -0.00619 -0.00218 -0.00234  -0.00505 -0.00904
2 MLE -0.00624  0.00006 0.00209  -0.00701 -0.01107
POME -0.00623  0.00237 0.00332  -0.00720 -0.00924
MOM -0.01066 -0.01310 -0.01476  -0.01806 -0.01195
3 MLE -0.01287  0.00005  0.00220  -0.01604 -0.02386
POME -0.01286  0.00283  0.00368  -0.01188 -0.01073
MOM -0.00864 -0.00646 -0.00704  -0.01161 -0.01045
4 MLE -0.01014  0.00033  0.00266  -0.01212 -0.02071
POME -0.01013  0.00301  0.00376  -0.00922 -0.01000
MOM -0.01010 -0.01167 -0.01319  -0.01592 -0.01109
5 MLE -0.01261  0.00063  0.00312  -0.01520 -0.02449
POME -0.01260  0.00345 0.00420  -0.01158 -0.01005
MOM -0.00781 -0.00564 -0.00614  -0.00887 -0.00993
6 MLE -0.00866  0.00036 0.00254  -0.01041 -0.01605
POME -0.00866  0.00278 0.00364  -0.00783 -0.00970
MOM -0.00411 -0.00179 -0.00192  -0.00276 -0.00772
7 MLE -0.00402  0.00011  0.00193  -0.00457 -0.00616
POME -0.00401 -0.00342 0.00285  -0.00491 -0.00802
MOM -0.00788 -0.00722 -0.00796  -0.00897 -0.00997
8 MLE -0.00871  0.00033 0.00242  -0.01056 -0.01574
POME -0.00870  0.00303 0.00374  -0.01053 -0.00969
MOM -0.00644 -0.00716 -0.00792  -0.01067 -0.00918
9 MLE -0.00780  0.00039  0.00233  -0.00991 -0.01806
POME -0.00780  0.00281  0.00346  -0.00718 -0.00870
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TABLE 3.3 (CONT’D.)

RELATIVE BIAS FOR EACH STATION USING
ANNUAL MAXIMUM 24-HOUR RAINFALL SERIES

STA. NO. METHOD LNO2 LNO3 PEAR3 LPEAR3 GUMBEL
MOM -0.01148 -0.01094 -0.01223  -0.01430  -0.01182
10 MLE -0.01338  0.00015 0.00322  -0.01566  -0.02264
POME -0.01338  0.00340 0.00426  -0.01212  -0.01096
MOM -0.01122  -0.01011 -0.01127  -0.01158  -0.01161
11 MLE -0.01227  0.00028 0.00338  -0.01297  -0.01958
POME -0.01227  0.00648  0.00428  -0.01269  -0.01089
MOM -0.00766 -0.01415 -0.01611  -0.01262  -0.00986
12 MLE -0.00919  0.00078 0.00242  -0.01143  -0.01425
POME -0.00918  0.00293  0.00378  -0.01125  -0.00873
MOM -0.00761 -0.01065 -0.01207 -0.01001  -0.00983
13 MLE -0.00868  0.00057 0.00277  -0.01047  -0.01419
POME -0.00867  0.00295 0.00376  -0.00793  -0.00918
MOM -0.01355 -0.02654 -0.01056  -0.02271  -0.01264
14 MLE -0.01613  0.00057 0.00415  -0.01938  -0.01811
POME -0.01612  0.000413 0.00499  -0.01520  -0.00960
MOM -0.00732 -0.00525 -0.00565  -0.00563  -0.00999
15 MLE -0.00724 -0.00021  0.00201  -0.00782  -0.01026
POME -0.00724  0.00219 0.00326  -0.00818  -0.01010
MOM -0.01481 -0.01313 -0.01479  -0.02425  -0.01316
16 MLE -0.01997  0.00044  0.00359  -0.02310  -0.03728
POME -0.01996  0.00346  0.00475  -0.01841  -0.01157
MOM -0.00373 -0.00302 -0.00318  -0.00432  -0.00805
17 MLE -0.0038% -0.00034 0.00151  -0.00582  -0.00763
POME -0.00380 -0.00476  0.00206  -0.00651  -0.00825
MOM -0.01062 -0.00934 -0.01031  -0.00638  -0.01162
18 MLE -0.00970  0.00022  0.00235  -0.00829  -0.01349
POME -0.00970  0.00299  0.00397  -0.00917  -0.01127
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TABLE 3.3 (CONT’D.)

RELATIVE BIAS FOR EACH STATION USING
ANNUAL MAXIMUM 24-HOUR RAINFALIL SERIES

STA. NO. _METHOD LNO2 LNO3 PEAR3 LPEAR3 GUMBEL
MOM -0.00513 -0.00246 -0.00264  -0.00478  -0.00840
19 MLE -0.00532  0.00043  0.00210 -0.00649  -0.01007
POME -0.00532  0.00239 0.00310  -0.00680  -0.00856
MOM -0.01078 -0.01243 -0.01396  -0.01968  -0.01190
20 MLE -0.01349  0.00040  0.00201  -0.01594  -0.02740
POME -0.01349  0.00308 0.00377  -0.01249  -0.01064
MOM -0.00472  -0.00420 -0.00454  -0.00669  -0.00819
21 MLE -0.00534  0.00062 0.00213  -0.00770  -0.01167
POME -0.00534 0.00235 0.00297  -0.00495  -0.00808
MOM -0.01200 -0.01567 -0.01787  -0.02101  -0.01237
22 MLE -0.01500 0.00025 0.00268  -0.01804  -0.02739
POME -0.01500  0.00310  0.00416  -0.013%0  -0.01078
MOM -0.00588 -0.00465 -0.00504  -0.00664  -0.00885
23 MLE -0.00641  0.00068  0.00202  -0.00779  -0.01192
POME -0.00640 0.00265 0.00329  -0.00585  -0.00875
MOM -0.00932 -0.01072 -0.01207 -0.01413  -0.01070
24 MLE -0.01138  0.00065 0.00289  -0.01386  -0.02167
POME -0.01138  0.00316 0.00405  -0.01042  -0.00981
MOM -0.001100 -0.02246 -0.01821  -0.02674  -0.01150
25 MLE -0.01466  0.00090  0.00310  -0.01712  -0.02635
POME -0.01465  0.00357 0.00447 -0.01394  -0.00876
MOM -0.00440  0.00071 0.00069  -0.00003  -0.00798
26 MLE -0.00352 -0.00160 0.00196  -0.00307  -0.00230
POME -0.00351 -0.00061  0.00275  -0.00375  -0.00866
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TABLE 3.4

AVERAGE RELATIVE BIAS FOR 26 STATIONS FOR 24-HOUR ANNUAL

MOM

MLE

POME

MAX
AVG
MIN

MAX
AVG
MIN

MAX
AVG
MIN

MAXIMUM RAINFALL SERIES

LNO2 LNO3 PEAR3 LPEAR3 GUMBEL,
-0.00373 0.00071  0.00069 -0.00003 -0.00772
-0.00855  -0.00918 -0.00924 -0.01181 -0.01033
-0.01481  -0.02654 -0.01821 -0.02674 -0.01316
-0.00352 0.00090  0.00415 -0.00307 -0.00230
-0.00992 0.00029  0.00255 -0.01169 -0.01750
-0.01997  -0.00160 0.00151 -0.02310 -0.03728
-0.00351 0.00413  0.00499 -0.00375 -0.00802
-0.00992 0.00232  0.00370 -0.00978 -0.00964
-0.01996  -0.00476  0.00206 -0.01841 -0.01157
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CHAPTER 4

DEVELOPMENT OF THE 24-HOUR ISOHYETAL MAPS

4.1 INTRODUCTION

One of the objectives of this project was to develop 24-hour isohyetal maps for Louisiana for
various return periods. These isohyetal maps are useful for hydrologic design, urban
development, soil conservation, highway development, etc. The estimated 24-hour rainfall
quantiles were obtained at all 26 stations using LPEAR3 distribution in conjunction with the
WRC-recommended estimation method (MOM).

4,2 DEVELOPMENT OF ISOHYETAL MAPS

Rainfall quantiles for the 26 stations for 11 durations (1 through 96 hours) were computed using
LPEAR3 distribution with the MOM estimation method. These values are represented in Tables
4.1 through 4.11. Since the observed data sets may contain various errors (which will be
discussed in Chapter 6), and may have various lengths of missing records, the estimated
quantiles would inevitably contain errors and uncertainties. It was observed that the computed
quantiles often changed abruptly from one station to another. Therefore, proper care must be
taken for drawing the isohyetal maps. Several rules were devised to make these drawings

meaningful.

First, the means of the quantile values were computed from each one-degree quadrangle of
latitude and longitude, as shown in Table 4.12, to filter out possible random errors. The
"initial” 24-hour isohyetal curves for various return periods were drawn based on these mean
values. However, many other types of errors exist which may render the “initial" isohyetal
curves unacceptable. As a result, these curves have no distinct pattern and sometimes even

intersect each other. To improve the "initial” curves, the following rules were applied:

1. If a station quantile in a one-degree quadrangle deviates from its mean by three standard

deviations, that quantile was eliminated from the computed data set.
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2. If only one or two stations existed in a one-degree quadrangle, adjacent station values

were used to compute the mean value.

3. If a station is located between two adjacent one-degree quadrangles, the quantile at that

station was used in computations by both one-degree quadrangles.

4. At the corner quadrangles where the trend of the isohyetal lines were unclear, nearby

individual station values were given higher importance than average values.

5. When the isohyetal curves changed drastically in a small local area, the curve was
modified based on the nearby curve pattern, geographical and climatological conditions,
or the reliability of the nearby station data. This was necessary to provide smooth
transitions for the isohyetal curves. The final 24-hour isohyetal curves for the return
periods T = 2, 5, 10, 25, 50, and 100 years, were drawn based on the above rules, and

are shown in Figures 4.1 through 4.6.

4.3 COMPARISON OF THE NEW MAPS AND TP-40

A comparison was made between the newly-developed isohyetal maps (“newmap") and TP-40
for the return periods of 2, 5, 10, 25, 50 and 100 years. The average MSE and BIAS defined
by Equations (3.71) and (3.72) were used for the comparison. MSE and BIAS were computed
using values from each map at the corresponding stations. Tables 4.13 through 4,18 give the
results of the comparison between the TP-40 and the "newmap." The "observed" values are the
predicted quantiles from the observed data using LPEAR3-MOM. In general, for return periods
of less than or equal to 25 years, the newly-developed isohyetal maps are superior to the TP-40
maps in terms of both MSE and BIAS. For return periods of 50 and 100 years, the newly-
developed maps are significantly superior to the TP-40 maps in terms of MSE, but have slightly
larger BIAS.

On the average, for all of the 26 synthesized stations corresponding to six return periods, the

new maps reduced the MSE by 58 percent and the BIAS by 80 percent, as compared to the TP-
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40 maps. Thus, the new isohyetal maps greatly improved the accuracy of the old maps based

on the available observed station data.
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TABLE 4.1
ANNUAL MAXIMUM 1-HOUR RAINFALL QUANTILES (INCHES)

STATION RETURN PERIODS (YEAR)

NUMBER — _ 2 _5 10 25 30 _100
1 1.91 2.3% 2.74 3.22 3.60 4.01
2 2.00 2.62 3.06 3.64 4.09 4.57
3 1.71 2.28 2.7 3.51 4.16 4.92
4 1.79 2.21 2.49 2.84 3.10 3.36
5 1.86 2.34 2.62 2.96 3.19 3.41
6 2.02 2.47 2.74 3.06 3.28 3.50
7 1.77 2.33 2.76 3.37 3.87 4.42
3 1.83 2.35 2.66 3.04 3.31 3.56
9 2.12 2.66 3.00 3.41 3.71 3.99

10 2.03 2.44 2.69 2.97 3.17 3.36
i1 2.08 2.68 3.01 3.37 3.59 3.80
12 1.72 2.12 2.37 2.68 2.92 3.14
13 1.92 2.42 2.72 3.08 3.33 3.57
14 1.83 2.41 2.79 3.27 3.64 4.01
15 1.63 2.17 2.62 3.31 3.92 4.62
16 1.62 2.32 2.89 3.73 4.46 5.2%
17 1.79 2.14 2.35 2.5% 2.76 2.92
18 1.57 2.09 2.45 2.91 3.27 3.64
19 1.55 1.98 2.26 2.61 2.87 3.12
20 1.49 1.85 2.07 2.31 2.48 2.64
21 1.52 1.91 2.12 2.34 2.48 2.60
22 1.46 2.07 2.67 3.70 4.73 6.04
23 1.46 1.83 2.05 2.30 2.48 2.64
24 1.62 2.01 2.28 2.63 2.91 3.19
25 1.54 1.96 2.22 2.53 2.76 2.97
26 1.39 1.84 2.39 3.50 4.74 6.49
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TABLE 4.2
ANNUAL MAXIMUM 3-HOUR RAINFALL QUANTILES (INCHES)

STATION RETURN PERIODS (YEAR)

NUMBER  _ 2 - _10 25 30 100
1 2.92 3.83 4.47 5.31 5.97 6.64
2 2.86 3.86 4.68 5.92 7.00 3.24
3 2.61 3.37 3.89 4.57 5.09 5.63
4 2.78 3.57 4.11 4.81 5.34 5.88
5 2.80 3.61 4.18 4.92 5.49 6.09
6 3.03 3.84 4.35 4.98 5.44 5.89
7 2.7 3.47 3.92 4.48 4.89 5.30
8 2.88 3.78 4.36 5.08 5.61 6.14
9 3.02 3.91 4.59 5.55 6.34 7.21

10 3.03 3.98 4.60 5.39 5.97 6.55
11 3.10 4.29 5.10 6.13 6.92 7.72
12 2.56 3.21 3.61 4.10 4.46 4.80
13 2.71 3.85 4.74 6.02 7.10 8.30
14 2.90 3.71 4.21 4.82 5.26 5.68
15 2.83 3.60 4.06 4.61 5.00 5.37
16 2.49 3.61 4.49 5.77 6.86 3.06
17 2.41 2.82 3.11 3.4% 3.79 4.10
18 2.55 3.54 4.17 4.91 5.44 5.95
19 233 3.06 3.56 4.20 4.69 5.19
20 2.17 2.88 3.40 4.10 4.67 5.28
21 2.04 2.62 3.04 3.63 4.10 4.61
22 2.21 3.23 4.26 6.09 7.96 10.38
23 2.09 2.76 3.29 4.05 4.70 5.42
24 2.38 3.09 3.63 4.39 5.02 5.72
25 2.25 2.97 3.53 4,31 4.96 5.67
26 2.18 2.97 3.70 4.89 6.01 7.37
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TABLE 4.3
ANNUAL MAXIMUM 6-HOUR RAINFALL QUANTILES (INCHES)

STATION RETURN PERIODS (YEAR)

NUMBER 2 _5 _10 _25 _50 100
1 3.44 4.79 5.84 7.37 8.65 10.08
2 3.52 4.65 5.47 6.59 7.49 8.44
3 3.12 4.22 4.99 6.02 6.82 7.66
4 3.34 4.49 5.31 6.43 7.33 8.27
5 3.29 4.41 5.21 6.31 7.19 8.12
6 3.58 4.73 5.51 6.52 7.29 8.08
7 3.35 4.24 4.87 5.68 6.32 6.98
3 3.59 4.79 5.64 6.77 7.65 8.57
9 3.58 4.55 5.21 6.07 6.74 7.43

10 3.67 5.02 5.98 7.27 8.29 9.36
I1 3.58 5.09 6.17 7.62 8.76 9.94
12 3.05 4.13 4.89 5.93 6.75 7.61
13 3.23 4.58 5.65 7.21 8.56 10.06
14 3.40 4.43 5.15 6.11 6.86 7.46
15 3.50 4.43 4.90 5.39 5.69 5.95
16 3.15 4.59 5.71 7.33 8.69 10.20
17 2.92 3.60 4.04 4.59 5.00 5.41
18 3.03 4.26 5.06 6.07 6.81 7.55
19 2.95 3.76 4.27 4.90 5.35 5.80
20 2.58 3.62 4.43 5.60 6.59 7.68
21 2.48 3.24 3.80 4.59 5.25 5.95
22 2.70 3.91 5.03 6.94 8.78 11.08
23 2.52 3.36 3.97 4.81 5.49 6.21
24 2.83 3.89 4.74 6.02 7.11 8.36
25 2.74 3.84 4.77 6.21 7.49 8.98
26 2.83 3.81 4.57 5.64 6.52 7.49
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TABLE 4.4
ANNUAL MAXIMUM 12-HOUR RAINFALL QUANTILES (INCHES)

STATION RETURN PERIODS (YEAR)
NUMBER  _2 5 10 25 50 _100
1 3.98 5.65 6.93 8.78 10.34 12.05
2 4.21 5.53 6.43 7.57 8.44 9.33
3 3.59 4.89 5.84 7.16 8.22 9.35
4 3.91 5.35 6.48 8.11 9.49 11.01
5 3.70 5.24 6.48 8.31 9.89 11.66
6 4.25 5.57 6.49 7.73 8.69 9.70
7 4.14 5.28 6.00 6.90 7.55 8.20
8 4.40 6.00 7.36 9.13 10.59 12.16
9 4.34 5.54 6.39 7.52 8.4 9.36
10 4.31 6.04 7.34 9.19 10.71 12.37
11 4.44 6.19 7.30 8.65 9.61 10.55
12 3.66 5.08 6.18 7.76 9.09 10.55
13 4.05 5.69 6.95 8.75 10.26 11.91
14 3.96 5.35 6.40 7.88 9.10 10.42
15 4.09 5.34 6.04 6.81 7.32 7.77
16 3.64 5.45 6.96 9.30 11.39 13.82
17 3.36 4.15 4.66 5.30 5.78 6.26
8 3.47 4.83 5.69 6.73 7.48 8.20
19 3.4 4.42 5.05 5.80 6.35 6.87
20 2.97 4.20 5.17 6.59 7.81 9.17
21 2.91 3.77 4.42 5.36 6.13 6.98
2 3.30 4.59 5.70 7.46 9.06 10.94
23 3.11 412 4.80 5.69 6.37 7.06
24 3.50 4.85 5.88 7.32 8.51 9.80
25 3.18 4.45 5.63 7.61 9.50 11.83
26 367 - 473 5.36 6.11 6.63 7.13
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TABLE 4.5
ANNUAL MAXIMUM 24-HOUR RAINFALL QUANTILES (INCHES)

STATION RETURN PERIODS (YEAR)

NUMBER 2 _5 _10 _25 _ 50 _100
1 4.59 6.44 7.83 9.80 11.44 13.21
2 4.84 6.47 7.54 8.87 9.85 10.83
3 4.07 5.66 6.92 8.75 10.31 12.05
4 4.54 6.29 7.58 9.35 10.78 12.30
5 4.32 6.09 7.46 9.46 11.15 13.03
6 4.86 6.66 7.93 9.61 10.92 12.28
7 5.14 6.57 7.46 8.54 9.30 10.05
8 4.95 6.79 8.08 9.80 11.14 12.53
9 4.92 6.59 7.81 9.50 10.87 12.34

10 4.96 7.11 8.73 10.99 12.85 14.85
11 5.01 7.28 8.86 10.97 12.64 14.39
12 4.26 5.72 6.82 8.37 9.63 11.00
13 4.64 6.29 7.47 9.06 10.32 11.64
14 4.46 6.24 7.71 9.98 11.98 14.29
15 4.51 6.05 7.05 8.29 9.20 10.10
16 4.04 6.03 7.72 10.36 12.75 15.55
17 3.85 4.76 5.34 6.06 6.58 7.10
18 3.98 5.56 6.55 7.76 8.62 9.45
19 3.81 4.99 5.75 6.72 7.43 8.15
20 3.29 4.60 5.67 7.26 8.64 10.20
21 3.37 4.37 5.04 5.93 6.61 7.31
2 3.75 5.30 6.58 8.50 10.19 12.11
23 3.57 4.73 5.51 6.53 7.30 8.09
24 3.88 5.42 6.58 8.24 9.62 11.13
25 3.76 5.12 6.37 8.41 10.33 12.65
26 4.18 5.34 6.00 6.73 7.22 7.66
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TABLE 4.6
ANNUAL MAXIMUM 36-HOUR RAINFALL QUANTILES (INCHES)

STATION RETURN PERIODS (YEAR)

NUMBER _2 3 10 25 _ 30 100
1 5.08 6.95 8.27 10.05 11.45 12.92
2 5.23 7.01 8.19 9.68 10.78 11.89
3 4.25 6.06 7.70 10.35 12.84 15.85
4 4.91 6.82 8.27 10.33 12.04 13.90
5 4.60 6.47 8.01 10.35 12.40 14.76
6 5.33 7.36 8.74 10.50 11.84 13.19
7 5.59 7.31 8.37 9.64 10.53 11.39
8 5.33 7.32 8.66 10.40 11.73 13.08
9 5.39 7.29 8.65 10.49 11.95 13.49
10 5.51 7.87 9.67 12.23 14.36 16.69
11 5.64 8.05 9.72 11.90 13.56 15.27
12 4.74 6.28 7.34 8.74 9.82 10.94
13 4.99 6.74 7.94 9.51 10.72 11.96
14 4.77 6.62 8.17 10.55 12.67 15.12
15 4.87 6.57 7.65 8.97 9.92 10.84
16 4.46 6.60 8.32 10.89 13.11 15.62
17 4.12 5.30 6.14 7.26 8.15 9.08
18 4.38 5.97 6.89 7.90 8.57 9.17
19 4.05 5.27 6.10 7.16 7.97 8.78
20 3.53 4.96 6.06 7.64 8.97 10.43
21 3.65 4.81 5.61 6.65 7.46 8.29
22 4.04 5.76 7.18 9.33 11.22 13.39
23 3.87 5.06 5.84 6.81 7.54 8.25
24 4.16 5.68 6.78 8.27 9.45 10.70
25 4.09 5.62 6.91 8.90 10.67 12.73
26 4.49 5.72 6.39 7.10 7.56 7.96
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TABLE 4.7
ANNUAL MAXIMUM 48-HOUR RAINFALL QUANTILES (INCHES)

STATION RETURN PERIODS (YEAR)

NUMBER 2 _S5 _ 10 _25 _ 50 100
1 5.46 7.34 8.58 10.15 11.31 12.47
2 5.58 7.55 8.84 10.47 11.69 12.90
3 4.48 6.43 8.18 11.01 13.66 16.85
4 5.02 6.93 8.42 10.56 12.37 14.37
5 4.78 6.63 8.16 10.46 12.48 14.79
6 5.52 7.60 8.95 10.63 11.87 13.09
7 5.75 7.51 8.60 9.91 10.83 11.73
8 5.78 7.84 9.12 10.65 11.74 12,78
9 5.56 7.52 8.97 10.98 12.62 14.39

10 5.80 8.37 10.31 13.07 15.36 17.84
11 5.86 8.36 10.07 12.30 14.00 15.74
12 4.98 6.56 7.63 9.02 10.07 11.15
13 5.27 7.11 8.45 10.27 11.73 13.28
14 4.96 6.91 8.49 10.89 12.98 15.36
15 5.04 6.88 8.05 9.50 10.55 11.57
16 4.79 7.00 8.70 11.12 13.15 15.37
17 4.42 5.65 6.49 7.57 3.40 9.25
18 4.68 6.26 7.08 7.92 8.43 8.87
19 4.30 5.52. 6.31 7.29 8.02 8.75
20 3.78 5.26 6.36 7.87 9.10 10.42
21 3.86 5.03 5.81 6.83 7.59 8.38
22 4.32 6.12 7.52 9.56 11.28 13.19
23 4.13 5.42 6.25 7.28 3.03 8.77
24 4.36 5.87 6.92 8.30 9.38 10.49
25 4.35 6.04 7.39 9.37 11.06 12.97
26 4.80 6.23 7.05 7.94 8.54 9.08
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TABLE 4.8
ANNUAL MAXIMUM 60-HOUR RAINFALL QUANTILES (INCHES)

STATION RETURN PERIODS (YEAR)

NUMBER  _ 2 _3 10 _25 —30 _100
1 5.74 7.65 8.88 10.39 11.50 12.59
2 5.75 7.78 9.13 10.82 12.08 13.34
3 4.73 6.74 8.48 11.24 13.76 16.74
4 5.14 7.15 8.72 10.98 12.89 15.00
5 4.99 6.86 8.34 10.51 12.37 14.45
6 5.70 7.86 0.24 10.92 12.13 13.32
7 5.92 7.69 8.81 10.17 11.16 12.13
8 6.14 8.40 9.77 11.36 12.47 13.51
9 5.83 7.79 9.21 11.14 12.70 14.35

10 6.11 8.75 10.72 13.47 15.71 18.12
11 6.03 8.63 10.44 12.83 14.69 16.60
12 5.15 6.93 8.24 10.05 11.51 13.08
13 5.59 7.42 8.69 10.33 11.60 12.90
14 5.23 7.34 0.04 11.60 13.82 16.34
15 5.36 7.28 8.45 9.80 10.74 11.62
16 4.92 7.09 8.87 11.56 13.92 16.62
17 4.55 5.89 6.79 7.96 8.85 9.75
18 4.94 6.42 7.11 7.74 8.08 8.34
19 4.45 5.67 6.43 7.34 8.01 8.65
20 3.99 5.62 6.81 8.43 9.72 11.10
21 4.06 5.24 6.06 7.15 7.99 8.87
22 4.55 6.32 7.74 9.85 11.66 13.71
23 4.36 5.70 6.56 7.63 8.42 9.21
24 4.5% 6.11 7.10 3.34 9.24 10.14
25 4.47 6.30 7.77 9.97 11.88 14.04
26 4.98 6.49 7.36 8.33 8.98 9.57
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TABLE 4.9
ANNUAL MAXIMUM 72-HOUR RAINFALL QUANTILES (INCHES)

STATION RETURN PERIODS (YEAR)

NUMBER 2 _5 1o - _25 _ 50 100
1 5.96 7.94 9.23 10.82 11.98 13.14
2 5.9% 8.19 9.65 11.48 12.85 14.22
3 4.89 6.92 8.65 11.33 13.76 16.59
4 5.33 7.38 8.96 11.22 13.12 15.20
5 5.13 7.00 8.46 10.56 12.34 14.30
6 5.91 8.08 9.41 10.99 12.09 13.13
7 6.02 1.75 8.89 10.31 11.38 12.45
8 6.33 8.62 5.99 11.56 12.64 13.65
9 6.00 7.96 9.36 11.24 12.72 14.28

10 6.34 9.12 11.25 14.25 16.74 19.46
11 6.26 8.96 10.78 13.13 14.89 16.68
12 5.42 7.29 8.63 10.43 11.86 13.36
13 5.70 7.59 8.93 10.74 12.17 13.67
14 5.52 7.68 9.40 11.96 14.15 16.62
15 5.55 7.67 9.03 10.69 11.90 13.08
16 5.19 7.45 9.23 11.84 14.05 16.52
17 4.78 6.25 7.25 8.57 9.59 10.64
18 5.33 6.62 7.09 7.44 7.60 7.70
19 4.65 5.88 6.62 7.49 8.09 8.76
20 4.28 5.87 6.98 8.46 9.61 10.80
21 4.36 5.54 6.30 7.25 7.95 8.64
22 4.77 6.61 8.03 10.08 11.79 13.68
23 4.54 5.96 6.87 7.98 8.79 9.59
24 4.72 6.22 7.27 8.65 9.73 10.84
25 4.60 6.48 7.97 10.17 12.05 14.16
26 5.17 6.75 7.72 8.88 9.70 10.49
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TABLE 4.10
ANNUAL MAXIMUM 84-HOUR RAINFALL QUANTILES (INCHES)

STATION RETURN PERIODS (YEAR)

NUMBER 2 _5 _10 25 __50 _100
1 6.10 8.10 9.44 11.15 12.44 13.75
2 6.17 8.37 9.83 11.69 13.09 14.49
3 5.17 7.30 9.03 11.63 13.90 16.48
4 5.53 7.62 5.19 11.38 13.18 15.13
5 5.27 7.16 8.59 10.62 12.30 14.13
6 6.10 8.29 9.60 11.11 12.14 13.10
7 6.10 7.88 0.08 10.62 11.79 12.99
8 6.50 8.78 10.13 11.68 12.74 13.72
9 6.30 8.28 9.61 11.32 12.61 13.93

10 6.65 9.4% 11.56 14.38 16.64 19.03
11 6.36 9.12 11.03 13.50 15.39 17.32
12 5.61 7.44 8.78 10.62 12.10 13.69
13 5.83 7.80 9.29 11.40 13.13 15.01
14 5.69 7.89 9.62 12.11 14.22 16.56
15 5.68 7.96 9.48 11.41 12.85 14.30
16 5.39 7.62 9.35 11.84 13.93 16.24
17 5.04 6.42 7.32 8.47 9.32 10.18
18 5.63 6.79 7.14 7.35 7.43 7.47
19 4.84 6.09 6.84 7.73 8.35 8.94
20 4.49 6.09 7.17 8.58 9.66 10.76
21 4.55 5.82 6.64 7.65 8.40 9.14
22 4.99 6.84 8.24 10.21 11.83 13.59
23 4.65 6.07 6.97 8.08 8.87 9.66
24 5.00 6.47 7.44 8.67 9.59 10.51
25 4.95 6.91 8.36 10.37 12.00 13.74
26 5.52 7.08 7.95 8.91 9.55 10.12
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TABLE 4.11
ANNUAL MAXIMUM 96-HOUR RAINFALL QUANTILES (INCHES)

STATION RETURN PERIODS (YEAR)

NUMBER 2 -3 _ 10 25 _50 _100
1 6.14 8.24 9.73 11.74 13.33 15.00
2 6.40 3.63 10.08 11.87 13.19 14.49
3 5.46 7.69 9.47 12.10 14.35 16.88
4 5.76 7.85 9.35 11.38 12.99 14.70
5 5.46 7.37 8.77 10.71 12.28 13.96
6 6.20 8.52 9.96 11.69 12.92 14.09
7 6.26 8.21 0.56 11.34 12.71 14.13
8 6.64 8.99 10.46 12.24 13.52 14.75
9 6.51 8.55 9.90 11.60 12.88 14.15

10 6.77 9.69 11.88 14.97 17.52 20.27
11 6.63 9.48 11.38 13.79 15.58 17.38
12 5.83 7.79 9.22 11.20 12.79 14.50
13 6.11 8.13 9.63 11.72 13.42 15.24
14 5.92 8.28 10.06 12.58 14.66 16.92
15 5.77 8.06 9.60 11.57 13.05 14.55
16 5.51 7.75 9.45 11.86 13.86 16.05
17 5.27 6.68 7.55 8.61 9.37 10.10
18 5.76 6.97 7.33 7.55 7.62 7.66
19 4.93 6.19 6.94 7.82 8.44 9.03
20 4.61 6.24 7.38 8.88 10.05 11.26
21 4.66 5.93 6.76 7.80 8.57 9.34
22 5.08 6.92 8.30 10.23 11.80 13.50
23 4.78 6.18 7.03 3.02 8.72 9.39
24 5.14 6.61 7.56 8.74 9.61 10.47
25 5.18 7.27 8.82 10.98 12.73 14.61
26 5.70 7.30 8.16 9.00 9.63 10.20
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QUADRANGLE FOR 2 THROUGH 100 YEAR RETURN PERIODS

TABLE 4.12

MEANS OF 24-HOUR RAINFALL QUANTILES AT EACH

STATIONS  2-YR
20,21,19,17 3.58
22,23,24 3.73
26,25,24 3.94
18,16,12 4.09
15,13,16,8  4.54
25,15,14,7  4.47
8,9,11 4.97
7,4,5,9 4.73
43,1 4.40)
11,10,9 4.99
9,10,6 4.91
1,6,2 4.76

5-YR
4.68
5.15
5.2%
5.77
6.34
6.00
6.95
6.39
6.13
6.99
6.79
6.52

10-YR

5.45
6.22
6.32
7.03
7.58
7.16
8.25
7.58
7.44
8.47
8.16
7.77
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25-YR

6.49
7.76
7.79
8.14
9.38
8.81
10.09
9.21
9.30
10.49
10.03
9.43

50-YR

7.32
9.04
9.06
9.40
10.85
10.20
11.55
10.53
10.84
12.12
11.55
10.74




Station TP-40
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(inches)

5.75
6.20
5.25
5.00
5.25
5.50
5.10
5.00
5.40
5.70
5.50
4.95
4.90
4.80
4.80
4.80
4.75
4.75
4.60
4.50
4.65
4.60
4.70
4.65
4.70
4.50

newmap observed

TABLE 4.13
COMPARISON OF THE TWO MAPS FOR T=2 YEARS

(inches) (inches)
4.75 4.59
4.90 4.84
4.70 4.07
4.50 4.54
4,70 4.32
4.90 4.86
4.60 5.14
4.70 4,95
4.82 4.92
5.10 4.96
4,90 5.09 .
4.50 4.26
4.50 4.64
4.40 4.46
4.30 4,51
4.25 4.04
4.00 3.85
3.80 3.98
3.65 3.81
3.30 3.29
3.65 3.37
3.60 3.75
3.80 3.57
3.90 3.88
4.20 3.76
3.80 4,18
AVERAGE:
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TP40 newmap
BIAS MSE BIAS MSE
0.270 0.073 0.037 0.001
0.317 0.100 0.014 0.000
0.275 0.076 0.147 0.022
0.107 0.012 -0.009 0.000
0.217 0.047 0.088 0.008
0.149 0.022 0.009 0.000

-0.009 0.000 -0.126 0.016
0.012 0.000 -0.058 0.003
0.112 0.012 -0.023 0.000
0.172 0.030 0.033 0.001
0.096 0.009 -0.044 0.002
0.161 0.026 0.056 0.003
0.061 0.004 -0.033 0.001
0.079 0.006 -0.014 0.000
0.063 0.005 -0.049 0.002
0.177 0.031 0.049 0.002
0.210 0.044 0.035 0.001
0.179 0.032 -0.042 0.002
0.184 0.034 -0.037 0.001
0.282 0.079 0.002 0.000
0.298 0.089 0.065 0.004
0.198 0.039 -0.035 0.001
0.263 0.069 0.054 0.003
0.179 0.032 0.005 0.000
0.219 0.048 0.102 0.010
0.074 0.006 -0.088 0.008
0.167 0.035 0.005 0.004



Station TP-40
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(inches)

7.60
8.25
7.25
6.80
7.10
7.60
6.75
6.20
7.25
7.40
7.25
6.70
6.40
6.25
6.20
6.30
6.25
6.30
6.15
5.80
5.90
5.80
5.90
5.90
5.90
5.70

newmap observed

TABLE 4.14
COMPARISON OF THE TWO MAPS FOR T=5 YEARS

(inches) (inches)
6.65 6.44
6.85 6.47
6.60 5.66
6.30 6.29
6.55 6.09
6.85 6.66
6.40 6.57
6.55 6.97
6.80 6.59
7.20 7.11
7.00 7.28
6.15 5.72
6.25 6.29
6.10 6.24
5.90 6.05
5.75 6.03 .
5.40 4.76
5.30 5.56
4.90 4,99
4.60 4.60
4.90 4.37
4.90 5.30
5.25 4.73
5.40 5.42
5.50 5.12
5.10 5.34
AVERAGE:

TP40 newmap
BIAS MSE BIAS MSE
0.198 0.039 0.036 0.001
0.303 0.092 0.065 0.004
0.271 0.073 0.160 0.026
0.087 0.008 0.002 0.000
0.172 0.030 0.078 0.006
0.160 0.026 0.032 0.001
0.031 0.001 -0.029 0.001

-0.131 0.017 -0.072 0.005
0.112 0.013 0.036 0.001
0.049 0.002 0.015 0.000

-0.005 0.000 -0.048 0.002
0.167 0.028 0.073 0.005
0.019 0.000 -0.007 0.000
0.002 0.000 -0.024 0.001
0.026 0.001 -0.026 0.001
0.046 0.002 -0.048 0.002

. 0.254 0.064 0.109 0.012
0.126 0.016 -0.044 0.002
0.198 0.039 -0.015 0.000
0.204 0.042 0.000 0.000
0.261 0.068 0.090 0.008
0.085 0.007 -0.068 0.005
0.199 0.040 0.089 0.008
0.082 0.007 -0.003 0.000
0.133 0.018 0.065 0.004
0.061 0.004 -0.041 0.002
0.120 0.024 0.016 0.004
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Station TP-40
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(inches)

9.00
9.75
8.50
7.90
8.35
9.00
7.75
7.80
8.45
8.80
8.60
7.85
7.50
7.20
7.20
7.50
7.30
7.40
7.10
6.90
7.00
6.80
6.90
6.90
6.90
6.70

newmap observed

(inches)  (inches)

7.70 7.83
8.10 7.54
7.60 6.92
7.40 7.58
7.60 7.46
8.00 7.93
7.50 7.46
7.75 8.08
8.00 7.81
8.50 8.73
8.20 8.86
7.40 6.82
7.50 7.47
7.20 7.71
7.00 7.05
7.00 7.72
6.40 5.34
6.35 6.55
5.90 5.75
5.60 5.67
5.80 5.04
5.80 6.58
6.20 5.51
6.25 6.38
6.50 6.37
6.00 6.00
AVERAGE:

TABLE 4.15
COMPARISON OF THE TWO MAPS FOR T=10 YEARS
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TP40 newmap
BIAS MSE BIAS MSE
0.167 0.028 -0.018 0.000
0.315 0.099 0.080 0.006
0.225 0.051 0.097 0.009
0.046 0.002 -0.026 0.001
0.127 0.016 0.020 0.000
0.153 0.023 0.010 0.000
0.041 0.002 0.006 0.000

-0.040 0.002 -0.047 0.002
0.091 0.008 0.027 0.001
0.010 0.000 -0.033 0.001
-0.037 0.001 -0.094 0.009
0.147 0.022 0.083 0.007
0.004 0.000 0.004 0.000
-0.073  0.005 -0.073 0.005
0.021 0.000 -0.007 0.000
-0.031 0.001 -(.103 0.010
0.279 0.078 0.151 0.023
0.121 0.015 -0.028 0.001
0.192 0.037 0.021 0.000
0.175 0.031 -0.010 0.000
0.279 0.078 0.108 0.012
0.031 0.001 -0.111 0.012
0.198 0.039 0.098 0.010
0.046 0.002 -0.011 0.000
0.076 0.006 0.018 0.000
0.100 0.010 0.000 0.000
0.102 0.021 0.006 0.004



Station TP-40
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(inches)

10.40
11.20
10.10
9.00
9.70
10.60
5.00
9.10
10.10
10.40
10.25
9.30
8.80
8.50
8.40
8.75
8.60
8.70
8.40
8.00
8.15
7.90
7.90
8.00
8.00
7.70

TABLE 4.16
COMPARISON OF THE TWO MAPS FOR T=25 YEARS

newmap observed

(inches) (inches)
8.80 9.80
10.30 8.87
9.60 8.75
9.10 9.35
9.60 9.46
10.20 9.61
9.20 8.54
9.50 9.80
10.10 9.50
10.60 10.99
10.70 10.97
9.00 8.37
9.10 9.06
8.75 9.98
8.50 8.29
8.40 10.36
7.90 6.06
7.80 7.76
7.00 6.72
6.60 7.26
6.90 5.93
6.90 8.50
7.50 6.53
7.70 8.24
8.10 8.41
7.25 6.73
AVERAGE.:
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TP40 newmap
BIAS MSE BIAS MSE
0.070 0.005 0.000 0.000
0.271 0.073 0.166 0.028
0.157 0.025 0.099 0.010

-0.041 0.002 -0.029 0.001
0.028 0.001 0.016 0.000
0.115 - 0.013 0.068 0.005
0.053 0.003 0.077 0.006
-0.081 0.007 -0.035 0.001
0.070 0.005 0.070 0.005
-0.068 0.005 -0.045 0.002
-0.084 0.007 -0.031 0.001
0.108 0.012 0.073 0.005
-0.030 0.001 0.005 0.000
-0.172 0.030 -0.143 0.020
0.013 0.000 0.024 0.001
-0.187 0.035 -0.228 0.052
0.295 0.087 0.214 0.046
0.109 0.012 0.005 0.000
0.195 0.038 0.032 0.001
0.086 0.007 -0.077 0.006
0.258 0.066 0.113 0.013
-0.070 0.005 -0.186 0.034
0.159 0.025 0.113 0.013
-0.028 0.001 -0.063 0.004
-0.048 0.002 -0.036 0.001
0.113 0.013 0.060 0.004
0.050 0.018 0.010 0.010



Station TP-40
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(inches)

11.50
12.80
11.00
10.00
10.70
11.90
9.90
10.00
11.10
12.00
11.25
10.20
9.60
9.25
9.20
9.65
9.50
9.80
9.30
8.80
8.90
8.70
8.80
8.80
8.75
8.50

TABLE 4.17
COMPARISON OF THE TWO MAPS FOR T=50 YEARS

newmap observed

(inches)  (inches)
11.50 11.44
12.00 0.85
11.40 10.31
10.95 10.78
11.30 11.15
11.90 10.92
11.05 9.30
11.20 11.14
11.75 10.87
12.25 12.85
12.00 12.64
10.45 9.63
10.90 10.32
10.50 10.98
10.05 9.20
9.80 12.75
8.90 6.58
3.90 8.62
8.10 7.43
7.70 8.64
8.00 6.61
8.00 10.19
8.80 7.30
8.90 9.62
9.50 10.33
8.50 7.22
AVERAGE:
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TP40 newmap
BIAS MSE BIAS MSE
0.006 0.000 0.006 0.000
0.299 0.089 0.218 0.048
0.070 - 0.005 0.110 0.012

-0.079 0.006 0.017 0.000
-0.046 0.002 0.015 0.000
0.099 0.010 0.099 0.010
0.061 0.004 0.177 0.031
-0.116 0.013 0.006 0.000
0.023 0.000 0.089 0.008
-0.086 0.007 -0.061 0.004
-0.141 0.020 -0.065 0.004
0.058 0.003 0.083 0.007
-0.073 0.005 0.059 0.004
-0.175 0.031 -0.049 0.002
0.000 0.000 0.086 0.007
-0.314 0.099 -0.299 0.089
0.296 0.088 0.235 0.055
0.120 0.014 0.028 0.001
0.190 0.036 0.068 0.005
0.016 0.000 -0.095 0.009
0.232 0.054 0.141 0.020
-0.151 0.023 -0.222 0.049
0.152 0.023 0.152 0.023
-0.083 0.007 -0.073 0.005
-0.160 0.026 -0.084 0.007
0.130 0.017 0.130 0.017
0.013 0.022 0.030 0.016



COMPARISON OF THE TWO MAPS FOR T=100 YEARS

Station TP-40
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(inches)

13.00
14.50
12.30
11.30
12.20
13.30
11.20
11.40
12.50
13.30
12.70
11.50
10.85
10.50
10.40
10.80
10.60
10.90
10.50
10.00
10.10

9.80

9.90

9.80

9.90

9.60

TABLE 4.18

newmap observed

(inches)  (inches)
13.40 13.21
14.20 10.83
13.10 12.05
12.40 12,30
13.05 13.03
13.90 12,28
12.50 10.05
12.40 12.53
13.50 12.34
14.00 14.85
13.50 15.39
11.70 11.00
11.80 11.64
11.60 14.29
11.10 10.10
11.00 15.55
10.25 7.10
10.10 9.45
9.50 8.15
8.90 10.20
9.50 7.31
2.50 12.11
10.15 8.09
10.30 11.13
10.85 12.65
10.10 7.66
AVERAGE:
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TP40 newmap
BIAS MSE BIAS MSE
-0.018 0.000 0.017 0.000
0.323 0.104 0.297 0.088
0.022 0.000 0.092 0.008
-0.088 0.008 0.009 0.000
-0.073 0.005 0.002 0.000
0.090 0.008 0.143 0.020
0.101 0.010 0.216 0.046
-0.100 0.010 -0.011 0.000
0.014 0.000 0.102 0.010
-0.136 0.019 -0.075 0.006
-0.237 0.056 -0.166 0.028
0.044 0.002 0.062 0.004
-0.070 0.005 0.014 0.000
-0.334 0.111 -0.237 0.056
0.026 0.001 0.088 0.008
-0.418 0.175 -0.400 0.160
0.308 0.095 0.277 0.077
0.128 0.016 0.057 0.003
0.207 0.043 0.119 0.014
-0.018 0.000 -0.114 0.013
0.246 0.061 0.194 0.038
-0.203 0.041 -0.230 0.053
0.159 0.025 0.181 0.033
-0.117 0.014 -0.073 0.005
-(.242 0.059 -0.158 0.025
0.171 0.029 0.215 0.046
-0.008 0.034 0.024 0.029
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CHAPTER 35
DEVELOPMENT OF I-D-F CURVES

5.1 INTRODUCTION

The rainfall I-D-F curves are essential tools for design and evaluation of hydraulic structures
where a rainfall-runoff model is used. For any rainfall duration and return period (or
probability), one can obtain the corresponding rainfall intensity (inches/hour) from the I-D-F
curves. The I-D-F curves or models were developed for all 26 stations from the rainfall-
intensity quantiles generated using LPEAR3 distribution and the WRC-recommended moment

method of parameter estimation.

5.2 DEVELOPMENT OF I-D-F CURVES

At each synthesized station, the 1-, 3-, 6-, 12-, 24-, 36-, 48-, 60-, 72-, 84- and 96-hour
quantiles for six return periods (T = 2, 5, 10, 25, 50 and 100 years) were calculated by the
computer programs discussed in Chapter 2. The corresponding rainfall-intensity quantiles for
the above eleven durations and six return periods were also generated using the LPEAR3
distribution in conjunction with the WRC-recommended moment method of parameter
estimation. With these computed intensity quantiles for the five durations at each station for
each return period, one can fit a model using a non-linear least squares method. The SAS (21)
non-linear regression routine was used to fit a model to the computed quantiles. Several models

were tested and the following three-parameter non-linear model was selected.
I=a(D+b° (5.1

where a, b and ¢ are three constant parameters, I is the rainfall intensity (LT™) for a given return

period and D is the rainfall duration (T).

Figures 5.1 and 5.2 show the fitting of three@arameter I-D-F model to the computed values
obtained from LPEAR3-MOM and the corresponding for stations number 1 and 24, respectively.

The parameters at each station and for different return periods for all 26 stations are given in
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Tables 5.1 through 5.6. The parameters changed a great deal from station to station within a
given return period. This variation of parameters got larger for higher return periods. This is
because errors in the observations increase as the return period is increased. Thus, the I-D-F
curves or regression models developed for each single station only represent the estimate of the
intensity quantile for a given duration and return period for the immediate vicinity of that station
rather than the region. For design purposes, parameters for the station closest to the site should

be used with Equation (5.1) to estimate rainfall intensities.

128



e

¢

(4noH) uclieing

0¢c 8l o] 142 cl Ol

I I ] I I I

mEe —

|l UOIIBIS 10} S8AIND 4-g-|

1'G 9inbi4

(dInoH/sayou|) Aiisuajuj

129



e

¢é

(4noH) uolieing

0c 8l 9l 145 ¢l oL

]

£
£

¥Z UONBIS 10} SaAIND 4-0-|

2'G 94nbi-

g

QY

w

(4noH/sayou|) Arlsuajuj

130



TABLE 5.1
PARAMETERS FOR THE I-D-F GRAPHS WITH RETURN PERIOD OF 2 YEARS

STATION NO. a b c
1 2.885 0.628 -0.847
2 2.387 0.260 -0.771
3 2.698 0.693 -0.866
4 2.768 0.683 -0.841
5 2.878 0.652 -0.872
6 2.833 0.507 -0.826
7 2.366 0.464 -0.763
8 2.659 0.597 -0.793
9 2.588 0.288 -0.793
10 2.747 0.456 -0.806
11 2.754 0.420 -0.805
12 2.245 0.397 -0.794
13 2.154 0.163 -0.756
14 3.197 0.867 -0.889
15 3.707 1.447 -0.918
16 2.387 0.615 -0.815
17 1.995 0.152 -0.788
18 2.838 0.954 -0.883
19 2.181 0.525 -0.810
20 2.090 0.496 -0.847
21 1.640 0.104 -0.770
22 1.948 0.439 -0.787
23 1.700 0.225 -0.762
24 2.108 0.385 -0.801
25 1.948 0.346 -0.789
26 1.765 0.395 -0.719
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TABLE 5.2
PARAMETERS FOR THE I-D-F GRAPHS WITH RETURN PERIODS of 5 YEARS

STATION NO. a b c
1 3.859 0.782 -0.828
2 3.354 0.367 -0.790
3 3.001 0.413 -0.793
4 3.484 0.754 -0.808
5 3.438 0.604 -0.817
6 3.495 0.549 -0.794
7 2.682 0.211 -0.724
8 3.432 0.638 -0.771
9 3.351 0.337 -0.791
10 3.761 0.727 -0.990
11 4.121 0.691 -0.818
12 2.709 0.390 -0.751
13 3.841 0.735 -0.836
14 3.481 0.571 -0.816
15 3.794 0.941 -0.841
16 3.437 0.631 -0.805
17 2.145 0.004 -0.736
17 4.450 1.289 -0.923
19 2.998 0.643 -0.831
20 2.913 0.719 -0.837
21 2.104 0.135 -0.763
22 3.161 0.663 -0.831
23 2.415 0.425 -0.783
24 2.753 0.502 -0.778
25 2.651 0.477 -0.779
26 2.754 0.682 -0.778
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TABLE 5.3
PARAMETERS FOR THE I-D-F GRAPHS WITH RETURN PERIOD OF 10 YEARS

STATION NO. a b c
1 4.535 0.857 -0.814
2 4,495 0.586 -0.836
3 3.029 0.133 -0.732
4 3.918 0.785 -0.783
5 3.827 0.619 -0.784
6 3.934 0.593 -0.777
7 2.864 0.053 -0.702
8 3.942 0.681 -0.758
9 4,081 0.463 -0.804
10 4.422 0.903 -0.775
11 5.404 1.001 -0.842
12 2.956 0.362 -0.719
13 6.066 1.393 -0.916
14 3.505 _ 0.353 -0.756
15 3.621 0.506 -0.787
16 4.139 0.580 -0.789
17 2.321 -0.014 -0.720
18 5.507 1.377 -0.936
19 3.646 0.749 -0.851
20 3.717 1.005 -0.846
21 2.595 0.297 -0.779
22 4.766 0.917 -0.892
23 3,281 0.761 -0.831
24 3.404 0.677 -0.782
25 3.261 0.653 -0.770
26 3.624 0.652 -0.828
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TABLE 5.4
PARAMETERS FOR THE 1I-D-F GRAPHS WITH RETURN PERIOD OF 25 YEARS

STATION NO. a b c
1 5.472 0.946 -0.799
2 7.036 1.033 -0.928
3 3.049 -0.191 -0.658
4 4.458 0.824 -0.753
5 4.362 0.683 -0.746
6 4.463 0.648 -0.757
7 3.095 -0.117 -0.681
8 4.639 0.768 -0.746
9 5.361 0.714 -0.835
10 5.314 1.156 -0.757
11 7.728 1.547 -0.887
12 3.219 0.312 -0.678
13 12.843 2.789 -1.069
14 3.468 0.089 -0.678
15 3.491 0.074 -0.737
16 5.056 0.489 -0.765
17 2.591 0.002 -0.711
18 6.562 1.374 -0.940
19 4.555 0.883 -0.877
20 5.279 1.580 -0.874
21 3.514 0.647 -0.816
22 8.712 1.351 -1.000
23 5.377 1.485 -0.930
24 4.555 0.991 -0.801
25 4.379 1.047 -0.770
26 5.022 0.494 -0.899
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TABLE 5.5
PARAMETERS FOR THE I-D-F GRAPHS WITH RETURN PERIOD OF 50 YEARS

STATION NO. a b c
1 6.211 1.003 -0.789
2 10.504 1.510 -1.021
3 3.086 -0.389 -0.607
4 4.869 0.859 -0.731
5 4.783 0.756 -0.720
6 4.865 0.697 -0.745
7 3.267 -0.224 -0.668
8 5.191 0.349 -0.738
9 6.664 0.963 -0.865
10 6.050 1.381 -0.746
11 10.331 2.097 -0.931
12 3.414 0.282 -0.651
I3 e e e
14 3.439 -0.086 -0.623
15 3.452 -0.164 -0.709
16 5.777 0.414 -0.746
17 2.827 0.037 -0.709
18 7.219 1.328 -0.938
19 5.322 0.988 -0.897
20 7.285 2.258 -0.914
21 4.596 1.053 -0.860
22 14.552 1.764 -1.103
23 8.657 2.326 -1.038
24 5.859 1.339 -0.829
25 5.723 1.556 -0.785
26 6.410 0.369 -0.959
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TABLE 5.6
PARAMETERS FOR THE I-D-F GRAPHS WITH RETURN PERIOD OF 100 YEARS

STATION NQ. a b c
1 7.041 1.070 -0.782
2 16.942 2.144 -1.140
3 3.148 -0.5438 -0.562
4 5.293 0.901 -0.712
5 5.231 0.850 -0.696
6 5.276 0.752 -0.734
7 3.443 -0.315 -0.657
8 5.803 0.953 -0.734
9 8.370 1.264 -0.899
10 6.864 1.642 -0.736
11 14.247 2.801 -0.987
12 3.601 0.252 -0.626
L et —
14 3.418 -0.242 -0.571
15 3.458 -0.343 -0.689
16 6.506 0.331 -0.726
17 3.090 0.087 -0.709
18 7.741 1.251 -0.933
19 6.186 1.100 -0.919
20 10.995 3.299 -0.981
21 6.332 1.635 -0.918
22 26.003 2.273 -1,229
23 15.874 3.533 -1.181
24 7.760 1.796 -0.868
25 8.300 2.485 -0.831
26 8.252 0.264 -1.027
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CHAPTER 6
ERROR ANALYSIS

6.1 INTRODUCTION

Error analysis deals with effects of errors resulting from various sources on model output (22).
Four sources of errors were listed by Neumann and Goldstein {23): 1. Mathematical models
are approximate or idealized representations of physical systems; 2. model parameters are
estimated from experimental or historical data and are subject to data and estimation errors;

3. model solutions may involve truncation errors; and 4. numerical computation involves
round off errors. In addition, 5. a model may directly contain an input component which is
subject to reading errors, data operation errors, as well as instrumental errors. Of these sources,

errors from source 1, 2 and 5 are most significant.

In frequency analysis, two types of mathematical models have to be developed. First, a proper
frequency distribution has to be selected for the purpose of frequency analysis; and second, a
proper rainfall-runoff model has to be selected for the study of the rainfall-runoff relationship
for a given probability. Once the models are selected, parameters in these models have to be
calibrated with observed data. The model selection, calibration and prediction for rainfall-
frequency analysis have been discussed in the previous chapters. However, there are
uncertainties or errors involved in these selected models that must be recognized. Moreover,
the error from estimated parameters and the error from input component should be analyzed
before any application. Sensitivity analyses are usually used for this purpose. The first-order
analysis of uncertainty can also be employed to quantify the expected variability arising from

uncertainty in parameters and input component.
In this study, we follow the procedure of first-order analysis outlined by Singh and Yu (24).

The analysis shows the sensitivity of the output to the error of each parameter as well as the

input.
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6.2 GENERALIZED FIRST-ORDER ANALYSIS OF UNCERTAINTY
To generalize the procedure of first-order analysis of uncertainty for a given model, let a,, a,,
...8, be the model parameters involved, C,, C,, ...C, be the input components of the model,

and y be the model output. The model may be expressed generally as

y = fa, 2, .2, G, Gy, .. Cp)
= f(Xls XZ’ . Xn: Xn+l’ ver Xn+m.) = f(X) (61)

where, X, i=1, 2, ... n+m are generalized variables, i.e., X;=a,,...
Xost = Cyy oo Xoym = C,,. Using the Taylor series expansion, the output variable is written

as

m+n m#n m+n

y=f(>‘<1,72,...,xm)+za (%) + ZZaxax (%) (%) + .. (6.2)
i=1 =t =1

where all derivatives are evaluated at the mean values of the parameters and input variables, i.e.,
the predicted quantiles. For first-order analysis, neglecting the second- and higher-order

derivatives reduces Equation (6.2) to

nm+Nn

Y= (8 Ry B )+ ) 2F ) 6

i=1

The mean output value can be obtained by taking expectation on both sides of Equation (6.3)

as

E(y) = (R, %X, ) 6.4)

The error in the output can be expressed as
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m+n

y-Ey) = Z% (X -X,) (6.5)

i=1

The variance of the output y, V(y), is

m+n

Vo) =Ely-EQF =E()

i=1

af —
gz(xi'x-)]z

nm+Hn m+n

=Z Z aa; aa; EL6q %) 6%
=1 j=1 I

mtn m+n

Z Z ;j 8‘9): COV(x, ) 6.6)

=1 j=1

where COV(x;, x;) is the covariance between x; and x;.

ir N
Equation (6.6) can be simplified using the properties of variance and covariance as

n+m n+rm i~

v - Z(af Fre)ez) ) 0o, ) ©7)

=1

If all the parameters and input variables are mutually independent, then COV(x;,x;) will vanish

and Equation (6.7) can be simplified as

n+m

vey) = Z (o1 V) 69

139



Let S, be the standard deviation S, = (V(y))°?, then

n+m

- [Z o Vo1 ©69)

It is useful to express the standard deviation by a relative quantity called the coefficient of

variation defined as

Y A )[Z o % Gt (6.10)

where C,(y) and C,(x;) are the coefficients of variation of y and x,, respectively. In order to
evaluate the sensitivity of the output to error in each parameter or error in each input variable,
we assume that one parameter or one input variable is subject to error at a time, and all other

parameters and input variables are error-free. Hence, Equation (6.10) may be written as

Culy) = 1 (P % cx) . =12, (men) (6.11)

f(ipiga “°=im+n) axi

Equation (6.11) shows how the relative error in output is sensitive to the relative error in
parameter or input variable x;. In fact, the relation between the relative error of output and the
relative error of variable x; is linear. The degree of sensitivity depends on the estimated values
of parameters or input variables x;, i=1, 2, .. n+m, and the derivative with respect to that

variable under consideration.
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6.3 FIRST-ORDER ANALYSIS OF UNCERTAINTY FOR LOG-PEARSON TYPE 3
DISTRIBUTION

Analysis of the uncertainty involved in a predicted quantile using the LPEAR3 distribution can

be carried out by using equations derived in section 6.2. Let x be the observed rainfall value

(inches) for a given duration D(hr), the probability density function of the LPEAR3 distribution

18

__ 1 LIN (¢} -y -1 LN{ -
f(x) xai‘(B)( 097 P 1pxp N7 (6.12)

where «, 8 and  are three parameters.

Let F be the nonexceedance probability or cumulative probability
X
F@) = J f(x) dx 6.13)

The return period for a given exceedance probability can be calculated as

T = (6.14)

The corresponding quantile for a given T can be computed as

X, =EXPy+K§) (6.15)

where y is estimated mean of the log-transformed rainfall values x,
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S, is the estimated standard deviation of the log-transformed rainfall values x,

n
=J %Z(LN(XI) VY
=

and K is the frequency factor, and can be approximated (13) as

2 3 4
K=to(?- 1) Z o 260 - - (S ()t LSy

<)

(

[SVE

where G, is the estimated coefficient of skewness which can be computed as

(m) -2)832 N (x.)- 3y

and t is the standard normal deviate. For F < 0.5, t can be calculated as follows:

co+c1w+c:2w‘2
1+d1w+d2w2+d3w3

t=w-

where
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(6.17)

(6.18)

(6.19)

(6.20)

6.21)




and C, = 2.515517 d, = 1.432788
C, = 0.802853 d, = 0.189269
C, = 0.010328 d, = 0.001308

When F(t) > 0.5, replace F with (1-F) in Equation (6.21) and change the sign of the value t
calculated by Equation (6.20).

Notice that the statistical parameters, ,u,y=E()_(), 0,=E(S,) and v, = E(G,) have a one-to-one

relationship with the distribution parameters «, 8 and v as

4
B =— (6.22)
&
o = Lj’ (6.23)
28,
N o= (6.24)
G
or
By =7 +ap (6.25)
o, = J a2 (6.26)
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_ 2a
G& = |0t| (6.27)

Thus, it is possible to write the probability distribution in terms of the parameter set y, g}, and
G,.
Usually, the set of parameters )7, S, and G, are estimated from observed data, and the

distribution parameters are calculated by Equations (6.22) through (6.24). Therefore, the

first-order analysis of uncertainty is based on the set of estimated parameter set (S(_, Sy, G,).

Using the procedure described in the Section 6.2 for the first-order uncertainty analysis, the

standard deviation of quantile x is computed by

L FOSG)  9105.6) 10.5,.6)
- S T LR b e 75 8, G,(8)F + aq{ G G,@Q)F (6.28)

where S is the standard deviation of quantile x caused by the errors in the three estimated
parameters. In order to analyze the sensitivity of the output error S to the change of each

parameter error, we assume that only one estimated parameter contains error at a time and then
compute its marginal influence on the output. Thus, the standard deviation caused only by

parameter y is

S(y) = Sy Y Y @ I (6.29)

y

Similarly, for only parameter S,:
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o1v.§,. &)

S(§) = asy $ G Sy) (6.30)
and for only parameter G,:
8(G,) = [( 32 il G G Gg,)) 1" (6.31)

The partial derivatives with respect to each parameter can be carried out by using Equations
(6.15) and (6.18):

af

2o EXP(Y +KS,) (6.32)
ay
a = K EXP(V +KS,) (6.33)
= §, EXP(V +KSy)— § EXP(Y +KS,) [— +f-ﬂ(q,/6)
G\, G, (6.34)

- Elq, 67 + 2, /6 + 3 (6, /61" )

where t can be computed from Equation (6.20).

Based on the estimated parameters from the annual maximum 24-hr rainfall at station 1 for a

return period of 50 years by using method of moments, the coefficient of variance for the 50-
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year quantile was calculated when the coefficient of variance of each parameter, changed from

-1 to +1. The estimated parameters were § = 1.558, S, = 0.3772, G, = 0.5366, and estimated
quantile X5, = 11.44 inches. Computed results are plotted and shown in Figure 6.1. Output
responses to different estimated parameter values are shown in Figures 6.2 through 6.4. It is
seen from these figures that the output error is most sensitive to errors in parameter y and
secondarily sensitive to parameter S,, but less sensitive to parameter G,. Fortunately, the ranks
of accuracy in estimating these three parameters are in reverse order of the sensitivity analysis,
That is why the moment method of parameter estimation based on the log-transformed data often

yields better results.

6.4 FIRST-ORDER ANALYSIS OF UNCERTAINTY FOR RAINFALL-RUNOFF MODELS
Many models have been developed to represent surface runoff as a function of rainfall. One of

the most simple yet popular models is the SCS model (25):

[P-02(22-10)f

P+0.8(%9-10)*

(6.35)
200 . 2
(P 'a + 2)
= 800
p+5% g
CN

where P is the rainfall input (inches), Q is the surface runoff depth (inches), and CN is a
dimensionless parameter with a value varying from 55 to 98.
Using the equations derived in Section 6.2 for the first-order uncertainty analysis, one can

express the variance of Q in terms of the error in the input variable P and parameter CN,

v@ - EENf vy + PRIy o) (6.36)
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From Equation (6.35)

2P 42 P-4
af(P,CN) _ N = 7 (6.37)
oF p+80 g P02 g
TN TN
and
400 (P - 22 + 2) P42
3f(P.CN) _ ON ), 80, TN g (6.38)
aCN = 800 =2 = | 800
Ny (P+—-8 ([CN) P+=—-8
TN CN

The coefficient of variation for the runoff can be expressed as a function of the coefficient of
variation in input variable P and model parameter CN,

G, @ =—"— (ZCNp ¢, ) + @TECN)

— 2 .05
— S O G, (CN)F ] (6.39)
(P, CN)

If the standard error of the output is caused only by the input error in P, then Equation (6.39)
may be written as

s, (P) =J [ﬂ(_g’l:,@)? G, PF (6.40)

Similarly, if the standard error of Q is caused only by the error in parameter estimation,
Equation (6.39) becomes
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_ | (81P,CN) =
$,(CN) _J [_gT:N”) N G (NI (6.41)

Since CV(P) and CV(CN) represent the relative error of input P and of parameter CN, it is clear
that the magnitude of the standard error in output Q linearly depends on the relative error in the
input variable and the parameter. The relative importance of the input and the parameter to the
contribution of the standard error in output depends on the estimated value CN, observed value

P, and their derivatives.

The relative error of output Q in response to the relative error in input P and relative error in
parameter CN are calculated over four sets of P and CN values. These results are plotted on
Figures 6.5 through 6.7. These plots show that the output is almost equally sensitive to both
the input component P and the parameter CN. Therefore, both P and CN must be obtained with

great accuracy.
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