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“An ideal solution to the problem of determining the
LTC would be to derive general equations for
computing it from the basin andfor regional
characteristics that control its magnitude.”

General Equations for the Lag Time Coefficient

by
G. L. Stevens

and
Pedro T. Templo*

Introduction

Flood hydrograph models (FHM’s) requirc the estimation of a lag time coefficient
(LTC) for the drainage area for which the hydrograph is being computed. The significance of
the LTC is derived from its relationship to the hydrograph peak, i.e., the flood hydrograph
peak is inversely proportional to the LTC from which it was derived. General formulas are
available for the computation of the lag time from the unique physiographic characteristics of
the basin, but they require the estimation of an LTC. However, there is no general formula or
objective procedure for estimating this parameter, even though it is known to vary in practice
from 0.4 to 8.0 for a range of 2000 percent as shown in reference 1. Furthermore, there is
disagreement as to whether flatter terrain means a larger coefficient than does steeper terrain.
The fundamental disagreement of authoritative sources on this matter is illustrated by the
dichotomy between the Taylor and Swartz formula and the U.S. Corps of Engineers study
shown in reference 1. Whereas, the Taylor and Swartz formula for the LTC as shown below
assigns the higher coefficient to the flatter basins, the Corps study assigns a coefficient of .35
to valley areas and 1.2 to mountainous terrain.

1/2
C, = .6/S

But even the above formula is not general and was derived as indicated in reference 1

from twenty basins in the North and Middle Atlantic States. Certainly, experience has shown

that it does not apply in most hydrologic regions. The narrow range of its application
indicates that equations for the LTC are regional and apply only in areas hydrologically
similar to those for which they are derived. Also, basin and/or regional characteristics other
than the slope of the main stream may be controlling influences for this parameter. An ideal

the LTC would be to derive general equations for

solution to the problem of determining

computing it from the basin and/or regional characteristics that control its magnitude.

t was found that the magnitude of the LTC did indeed

depend on both regional and basin characteristics other than the slope 'and that for
hydrologically similar areas, equations for computing the LTC could be denvefi from the
unique physiographic characteristics of the drainage areas. Furthermore, these studies revealed
that the constant term and coefficients of these regional LTC equations could be derived from
quantifications of the meteorologic, physiographic and antecedent condition characteristics of
the region of similarity. From the results of this study, an LTC can be objectively determined
for any drainage area in the Philippine Archipelago by starting with the controlling regional

In the course of this study i

—_—_—
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characteristics from which the parameters of the regional equation were derived by a general
equation developed in this study; and from these regional equations. the LTC of any basin in
the region of similarity can be computed. At this time. the geographic scope of this general
equation has not been determined but its arca of applicability probably includes all areas in
Southern Asia and the South Pacific with metcorologic. physiographic. and antecedent
condition characteristics comparable to those found in any of the regions in the Phiiippine
Archipelago.

Regional Equations for the Unique Basin LTC

The flood hydrograph model (FHM)- utilized in this study used the following equation
for computing the lag time of a drainage arca.

14

Hereafter, in this study, LTC will refer exclusively to the LTC of this formula. This is the
formula for lag time developed by the U. S. Corps of Engincers for Southern California as
explained in reference 1. For this equation as mentioned above. the LTC is larger for
mountainous terrain compared to valley terrain. This somewhat contradictory development is
explained as a compensation by the LTC for the over response of the remainder of the

formula to the characteristics of a basin with efficient peaking characteristics. i.c., it dampens
this over response.

The principal tasks involved in the development of a regional lag time equation are the
following:

* Determination of the intrinsic values of the dependent variable, i.c., the basin
LTC.

* Identification and measurement of the independent variables which control the
variation of the intrinsic basin LTC.

* Selection of the method for deriving the equations.

*

Application of the above method, i.c., deriving the regional LTC equations.

Determination of Intrinsic Values

The intrinsic value of the basin LTC is defined as the LTC required, everything clse
remaining fixed, for the FHM to arrive at the same peak as a peak annual flow (PAF) analysis
for the same drainage area and frequency. Since the hydrograph peak from an FHM is
inversely proportional to the time base of the hydrograph for a given volume of rainfall excess
and hydrograph shape and the time base of the flood hydrograph is directly proportional to
the unit hydrograph time base which is directly proportional to the LTC, the flood
hydrograph peak is inversely proportional to the LTC. Hence, the intrinsic LTC for the basin

is inversely proportional to the ratio of the PAF and the FHM peak for the same drainage
area and frequency.

) Then, to determine the intrinsic LTC for a given drainage area, an FHM peak for the
given basin and frequency must be computed. But this computation requires the estimation of
an LTC for the basin. Therefore, from experience gained by trial, regional LTCs were
estimated that would result in an average ratio of PAF to FHM peak of near unity for the
region from which an intrinsic LTC for each basin was thert computed. The resulting
magnitude of the variation of these intrinsic LTCs from basin to basin within the region of
hydrologic similarity clearly demonstrated that the LTC was a basin and not a regional
parameter.

Statistically, if we compute a flood hydrograph by the FHM using this estimated LTC
and then divide this LTC by the ratio of the FHM and the PAF peak for the same drainage
area and frequency, we have an unbiased estimate of the intrinsic value of the basin LTC. In
this study, the LTCs were computed in this manner for all the sample drainage areas of each
region using the results of a regional PAF frequency analysis pf each region to estimate the
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basin PAF for the same drainage arca and frequency. The frequency of the FHM flood
hydrograph peak was considered to be the same frequency as the maximum rainfall depth
duration frequency data from which it was derived using the arrangement of rainfall
increments which would produce the maximum hydrograph peak from the unit hydrograph
utilized in the hydrograph synthesis. For the method used in the PAF analysis for each region.
see Stevens and Templo in reference 4.

Since the basin PAF utilized was estimated from the regional PAF analysis using the
drainage arca only, it represents the runoff cfficiency of a basin with average physiographic
characteristics for the region. But the unique characteristics of each basin are accounted for in
the FHM model so that the basins with greater runoff efficiency result in a smaller PAF to
FHM peak ratio which means that for these basins the LTC required to match the average
PAF for that drainage area would be larger.

However. since any relationship developed from these intrinsic LTCs for estimating their
value from characteristics of the basin would be in some sense an average. the algorithm for
computing the LTCs would only partially compensate for th_c diﬂ‘en:cn.cc, i.c:, the et’ﬁcicnt
physiography would be only partially masked out and this residual efficiency in the lag time
equation would still be greater for the more efficient basins. Hence. even though the
computed values of the LTC for the cfficient basins are larger than the average regiopal LTC.
they will still result in a lag time shorter than the average for drainage areas of their size .\vhen
used in the above lag time equation. because of the effect of their efficient churactenshc; on
the remainder of the lag time formula, i.c., the computed LTC only dampens the effect of the
basin characteristics as opposed to nullifying or reversing them.

ldentification of the Basin Characteristics

Since the rainfall for the storm utilized in computing the flood hydrograph by the FHM
is assumed to be uniformly distributed over the basin. the runoff of the .rail.lfall excess is
subject to the principles of hydraulics whose precise solution. for a.basm is a relutlvgly
complex problem. However, certain relatively simple aspects of this solution are representative
of the average effect of other more numerous and harder to quantify aspects. For example,
the time required for the runoff to assemble at the hydrograph site from the upstream
drainage area into a peak flow for a given storm depends to some extent on the length and
slope of the main stream channel. Also, the time to peak is dependent on the size of the basin
and the distribution of its area in terms of its distance from the hydrograph site. The precise
degree of this dependency was determined later in the stuc!y. Hepce, for each drainage area in
this study the above characteristics were quantified by the following measurements.

The length of the mainstream channel .
The slope of this channel below the centrmc}
The length of this channel below the centroid
The drainage area of the basin

¥ ¥ ¥ ¥

These, of course, are the very characteristics utilized in the lag time formula. However,
the intent here is to compensate through the LTC the lack of precision in the representation
of the effect of these characteristics by the lag time formula for the particular regions of
hydrologic similarity covered by this study.

The Method of Derivation

Since we have determined the intrinsic LTC for each basin and measured the basin
characteristics that generally control the hydraulics of the basin, further progress depends
upon the choice of a method for establishing the relationship.

After the method to be derived has been applied, there should still remain the effect of
the efficient or inefficient characteristics on the lag time of the basin. Furthermore, this
dampening or magnifying effect should go as far as needed in moving the FHM peak toward
the PAF to establish true effect of the unique basin characteristics on the lag time as measured
by the peaking efficiency of the basin.
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In other words, if when using an average regional LTC the efficient characteristics of the
basin will produce a peak that is too large, the effect of these extreme characteristics on the
lag time formula should be dampened by increasing the LTC. However, since the use of the
intrinsic LTC would completely eliminate the effect of the efficient characteristics and would
make the results identical to those of the regional PAF analysis which did not account for
difference in the peaking characteristics of the basins, a method is sought that will optimize
both the dampening effect on the efficient characteristics and the magnifving effect on the
inefficient characteristics. S

Since the ratio of the PAF and FHM peaks for the sample basins must have an average
of approximately one over the region, the magnitudes of the residual efficiency contained in
these computed lag times must be constrained to meet this-requirement. In fact, the technique
used should derive the lag time equation parameters (LTCEP’s) so that the regional LTC
equation not only dampens the effect of efficient peaking characteristics on the remainder of
the lag time formula but also magnifics the effect of the inefficient characteristics. i.c.. the
LTC for steeper terrain must be larger than for flatter terrain. In other words. the derivation
should treat the efficient and inefficient characteristics with an even hand. i.c.. there should
be one formula for all conditions to be encountered in the region. This even-handed
requirement should result in a formula for the LTC that compensates for the inappropriate
response of the remainder of the formula to the basin characteristics. Hence. the response that

wou'ld (emain after the computed LTC has been applied would represent the true response of
the intrinsic basin lag time to these characteristics.

It is desirable that the method chosen results in a single equation for each region which
can be used to compute the LTC for a given basin from its own unique characteristics. Also,
application of this method should, if possible, produce a measure of the degree of relationship
between the dependent and independent variables. The method of regression analysis has all
these desirable features plus the guaranteed minimization of the deviations between the
measured and computed values of the dependent variable.

Application

To maximize the degree of relationship between the dependent and independent
variables, the log of the log of these variables was taken before the regression. This is justified
since the non-transformed regression is a special case of the log transformation, i.e., the
non-transformed equation without the constant term, and the least squares computation i
free to arrive at the non-transformed case if it is truly the best fit. Furthermore, by the same
reasoning the log transformation is a special case of the log-log transformation, i.e., the 10g
transformation without the constant term. Also, the non-transformed and the log
transformation were tested in every region and the log-log transformation gave the best results
not only statistically but also from a technical standpoint.

To obtain the true correlation coefficient, a secondary correlation was made. In this
study, the differences between the two correlation coefficients were negligible and the results
of the secondary correlation as shown in Table 1 can be ignored. Also, the variation of the
constant term and coefficients of the equations for the basin lag time from region to region
clearly shows that a separate equation for each of these regions of hydrologic (and political)
similarity is required. The high degree of correlation, as represented by the correlation
coefficients of these regressions which range from 73 to 96 percent, is proof not only of the
internal similarity of these regions but also of the significance of the relationship between the
LTC and the basin characteristics. Figures 2 and 3 show a comparison of the PAF and FHM
results when these equations are utilized for the sample basins of a representative region.

Formulae for the LTC Equation Parameters

Since the values of the LTC parameters have already been determined, only the
following tasks remain.

* Identification of the regional characteristics that control these variations.
* Selection of the method of relating the LTCEP to these characteristics.
* Application of that method.
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Identification of Regional Characteristics

The variation of the LTC equation parameters from region to region as shown in Figure
1 and the high correlation coefficients for these equations within their regions of similarity
confirm that these parameters are truly regional in nature. Therefore, there exist
characteristics within each region that cause this variation. It is speculated that the same
factors that cause the average PAF for the same drainage area and frequency to be larger in
one region than another cause these parameters to vary from region to region.

Rainfall is a characteristic that varies from region to region and has a controlling effect
upon the mean PAF for a given size drainage area. From the hydraulics of runoff, it is known
that more intense rainfall run off faster simply because the channels and riverlets that make
up the basin drainage network become more efficient conveyances as the depth of water in
them increases, i.e., the basins become more efficient as peak flow generators. From the
previous section it has been pointed out that this efficiency has a lot to do with the LTC
equation parameters. Therefore, since rainfall characteristics are meaningful regional
characteristics in that they vary from region to region and since they are one of the controllers
of basin peaking efficiency which in turn controls the intrinsic LTC of the basin, it is a likely
candidate as a controlling characteristic for the LTC equation parameters of the region. There
remains only the quantification of this characteristic and ths testing of its relationship to the
LTC equation parameters for the region.

Since physiographic characteristics vary from region to region and since this variation is
reflected in the mean PAF’s for equal size drainage areas, these characteristics are likely
candidates for controllers of the LTC equation parameters. The previous section stated that
basin characteristics control the intrinsic LTC and the nature of the regression technique tells
us that the LTCEP’s are controlled by the values of the LTC for the basin since the
characteristics of that basin do not change. Although basin characteristics vary widely within
the region, especially the drainage area, length of stream and length to centroid, one region
might be generally steeper than another and we know from the hydraulics of runoff that slope
is one of the controllers of peak flow. Therefore, since basin slope is one of the controllers of
the LTCEP’s and since slope is a meaningful regional characteristics, it is logically speaking, a
suitable regional characteristic for testing with regard to its relationship to these parameters.

Basin antecedent conditions affect the peaking efficiency of the basin in several ways in
that the peak produced by a given storm on a given basin is closely related to the dryness of
the basin on which it falls. Also, they are a measure of the frequency of flooding which is
important in the hardening of stream bed sediments which might otherwise go into suspension
during flood flows and increase the depth of flow in the channel and therefore its conveyance
efficiency. Also, the frequency of flushing the windblown debris from the riverlets affects the
average peaking efficiency of a basin. Therefore, since peaking efficiency is one of the
controllers of the LTC equation parameters as shown in the previous section and since
antecedent conditions are a meaningful regional characteristic, it is suitable for testing against
these parameters.

From the above reasoning the following regional characteristics were chosen as
representative of the characteristics of a region that control the LTC equation parameters for
that region.

* Meteorologic Characteristics
— Maximum 24-Hour Rainfall
— Maximum 5-Minute Rainfall
* Physiographic Conditions
— Median Slope of Mainstream of Sample Basins
— Range of Slopes of Mainstream
* Antecedent Conditions
_ Maximum Monthly Rainfall Normal
— Days of Rain during Maximum Rainfall Month
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The quantification of these values are shown in Table 2.

Selection of a Method of Relating

The method selected for relating the regional LTC equation parameters to the
characteristics of the region should be one that results in an equation for computing the
parameters from the regional characteristics and for which there are measures of the degree of
correlation between these characteristics and parameters. Since regression analysis fulfills
these conditions in the regression equation and the correlation coefficient, this method was
chosen for establishing and testing this relationship.

Application

When the LTC equation parameters (LTCEP’s) were regressed against the regional
characteristics of culvert, bridge and all drainage sites, the resulting constant terms and
coefficients are shown in Table 3 and plots of these parameters are shown in Figure 3.
Statistical measures of the degree of correspondence are shown in Table 4 and the order of
importance is shown in Table S.

From an overview of Figure 2 we see that the greatest variation between the culvert,
bridge and all sites LTCEP’s occur in the length and slope coefficients. The three types of
drainage sites track fairly well for the other LTCEP’s. The correlation coefficients for the
three types of sites vary in unison with that of the culvert sites being somewhat larger than for
the bridge sites and that of the bridge sites being larger than for all sites. The lowest
correlation coefficient was for the constant term. However, the estimate of the constant term
was best as measured by the root mean square. But, the root mean square broke down as a
measure of goodness of fit in the case of the area and centroid coefficients in all three types
of sites, because the mean of these coefficients is near zero, exaggerating the effect of the
measurement error. The standard error of the LTCEP’s at each site is of course the cause of
the variation in the correlation coefficients at the three types of sites. Since the correlation
can be defined as the improvement of a line estimate over the mean as an estimate,
deficiencies of the correlation coefficient at these sites are largely due to the relative lack of
deviation of these parameters, i.e., the relative sufficiency of the mean as an estimate of these
LTCEP’s. Even so, the correlation coefficients, which ranged from 37 to 87 percent for the
characteristic coefficients and 24 to 34 percent for the constant terms, were statistically
significant for all LTCEP’s at each of the three types of drainage sites.

With regard to the order of precedence or degree of relationship between the various
regional characteristics and the LTCEP’s, Table 5 reveals that for the constant terms the
median slope is always the most important, but for the coefficients of the characteristics, the
mean maximum 5-minute rainfall is the most important characteristic except in the case of
the length coefficient at the culvert sites where it is second yielding to the median slope. Even
so, second place is not as clearly dominated by any one of the characteristics until we group
them under the headings of maximum rainfall, slope and antecedent conditions. Under these
headings, antecedent conditions hold second place for 10 of the 15 LTCEP’s and for the bride
and all site cases, the only exception to this precedence of antecedent conditions is the length
to centroid coefficient which yields to slope. However, second place for the culvert sites is
held by antecedent conditions only for the length to centroid coefficient with maximum
rainfall and slope splitting the other four LTCEP’s for these sites.

The Meaning of this Correspondence

If the LTC equations are regional, the variation of the LTCEP’s should be caused by the
differing characteristics from region to region. If the LTCEP differences are caused by these
characteristics then the degree of variation in the LTCEP’s from region to region should
correspond to the variation in the regional characteristics, i.e., they should correlate with
them. Also, the converse of this is true, i.e., if the regional LTCEP’s correlate with the regional
characteristics, the LTC equations are regional. Therefore, from the correlation coefficient
within the region we know that the LTC is an intrinsic basin parameter which within the
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Table

4

REGIONAL LTC. EQ. PARAMETERS

VS

Regional Characteristics
Statistical Measures

Dependent
Variable .
Correlation Standard Standard Mean Roof Mean
Coefficient Error Deviation Squares
CULVERT SITES
Const 346403 .185002 202384 611752 283181
A-CF 489534 049132 059110 016848 8.298500
L-CF 686334 153107 210106 -.272563 618689
C-CF 580895 .097502 .118708 -.068271 2.146630
S-CF 870272 494489 965993 1.543910 350757
BRIDGE SITES
Const 301696 192244 202384 611752 313294
A-CF 400152 .053450 059110 016848 3.756220
L-CF .607587 .166074 210106 —-272563 729050
C-CF 629261 .093598 .118708 —-.068271 3.156130
S-CF 833702 526918 965993 1.543910 1.495390
ALL DRAINAGE SITES
Const 242024 .195049 202384 611752 316472
A-CF 374499 053662 .059110 016848 2993810
L-CF 575665 169681 210106 —-272563 694649
C-CF 573022 .097061 .118708 -.068271 3.756250
S-CF 807048 591217 965993 1.543910 439970
Table 5
ORDER OF SELECTION ORDER OF SELECTION
Mux.Ruin Stope ?:::l:::f;&l gﬁ::;j:crislicx Remarks
23 1. 5 Min, Mcdian Range MaxMO Max MO 15t 2nd  3rd
5 Vi 4 T T0 Tl
CULVERT SITES
Const 2 4 | 3 6 5 S R A
A-CF 3 1 2 4 S 6 R S A
ILCF 6 2 | 4 5 3 S R A
C-CF 3 1 5 3 2 4 R A S
Sm-CF 6 1 3 2 4 5 R S A
BRIDGE SITES
Const 6 3 1 5 2 4 S A R
ACF 6 1 3 5 2 4 R A S
LCF 3 1 5 4 2 o R A S
CCF 3 | 4 6 2 s R S A
SmCF S | 4 o 3 2 R A A
ALL DRAINAGE SITES
Const 5 4 | 3 - 6 S A R
ACF 5 1 3 4 2 o R A S
LCE 3 | 5 4 2 6 R A S
CCF 3 1 2 4 6 5 RS A
Sm-CF 6 1 5 4 3 2 R A S

* Return Period is

Sites Combines.

35 years of Culvert Sites: 50 ycars for Bridge Sites; and 25 years for all
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region of similarity can be accurately computed from the unique characteristics of the basin,
and from the correlation of the regional LTCEP’s with the characteristics of the regions, we

can conclude that the LTC equations are characteristic of the region for which they were
derived.

Computing the Basin LTC

Within the Philippine Archipelago, the LTC equations are suitable for computing the
LTC for any drainage area, within the region of similarity covered by that equation, from its
own unique physiographic characteristics. However, the application of these equations outside
the Archipelago is a matter of speculation, but it scems logical that a definite method of
determining the LTC for a basin is preferable to making the intuitive leap into the unknown.
With this in mind, for areas with comparable metcorologic, physiographic and antecedent

conditions such as Southern Asia and the South Pacific Islands, the following method of
application may prove useful.

This application begins by computing the LTCEP’s from the general equation and
comparing these parameters with those of the 13 regional LTC equations and using the
regional equation it most resembles. Another, but less precise method, would be to comparé
the regional characteristics given in Table 2 with those of the region of interest and make the
choice between the regional LTC equations on the basis of similarity of these characteristics-
However, caution should be exercised in using the equation taken directly from the computed
parameters since the equation for these LTCEP’s were derived separately and the error to be
expected from such computations may not compensate, i.e., the error in one LTCEP will not
necessarily compensate for the error in another.

Conclusions
From this study we can safely draw the following conclusions.

Basin LTC

Within regions of hydrologic similarity, the LTC is a basin parameter whose variation
from basin to basin is caused by the variation of the physiographic characteristics of the basin.
This was demonstrated by the high degree of correlation between the intrinsic LTC for the
basin and the logical choice of basin characteristics to cause such variation. Furthermore, the
differences in the intrinsic LTCs for a given region of hydrologic similarity clearly
demonstrated that the LTCs were not regional parameters. Therefore, since the LTCs were not

regional and correlated well with basin characteristics, we were forced to conclude that the
LTC is a basin parameter.

Regionality of LTCEP’s

Within the Philippine Archipelago, the LTCEP’s are regional and there is no reason to
believe that they are not regional in other geographic locations. The regionality of the
LTCEP’s was established by their variation from region to region and by their correlation with
the regional characteristics that should logically control them. The variation of these
parameters are shown by their graphs in Figure 1 and their correlation as shown by the graph
of the correlation coefficients of their regression against the characteristics of the regions.
Since the meteorologic, physiographic, and antecedent condition characteristics in the
Philippine Archipelago are not atypical, i.e., the terrain varies from mountainous to flood
plain and the maximum depth duration rainfall data vary from season to season along with the
antecedent conditions, and the principles of meteorology and hydraulics are applicable
worldwide, there is no reason to believe that the regionality of the LTCEP’s is not a
worldwide phenomenon.

Transposition of Results

Although the LTCEP’s shown in Table 6 are clearly regional, there are cenai_n
similarities between regions with comparable characteristics as shown in Table 3. This
similarity indicates that the LTCEP’s can be transposed to regions of similar characteristics
without undue loss of accuracy, certainly with greater precision and consistency than by
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intuitively estimating the LTC without the aid of these formulac. For example, the LTCEP’s
for regions I and II are within a reasonable if not precise proximity except for the
transposition of the length and centroid coefficients which are both in one sense measures of
basin shape. The results from regions VIIR and VIIY fall in the same range of values, while
those of IX and X bear a certain resemblance. Certainly, this indicates that although these
LTCEP’s are distinctly regional, they can be transposed from one region to another with
better results that an intuitive choice from authoritative sources that differ by 2000 percent.

Limitations

Although the validity of using LTCEP’s computed directly from the characteristics of
the region is still to be tested, the 13 equations presented should be transposed only to those
geographic areas with meteorologic, physiographic, and antecedent condition characteristics
similar to those found in the Philippine Archipelago. Also, it goes without saying that the
regional LTC equations should not be used for basin characteristics outside the range of values
from which they were derived, and the application of the LTCEP equations are not
recommended for regional characteristics outside the range of those for which their validity
has been demonstrated.
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