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Abstract: Synthetic unit hydrograph equations for rainfall run-off characteristics analysis and estimation of design tlood
have long and quite frequently been presented, using the Snyder and SCS synthetic unit hydrograph. The major inputs to
the Snyder and SCS synthetic unit hydrograph are lag time and peak cocfficient. In this study, the methods for estimat-
ing lag time and peak cocfficient for small watersheds proposed by Zhao and McEnroe(1999) were applied to the Kum
river basin in Korea,

We investigated lag times of relatively small watersheds in the Kum river basin in Korea. For this investigation the
recent rainfall and stream flow data for 10 relatively small watersheds with drainage areas ranging from 134 to 902
square kilometers were gathered and used. 250 flood flow events were identified along the way, and the lag time for
the flood events was determined by using the rainfall and stream flow data.

Lag time is closely related with the basin characteristics of a given drainage area such as channel length, channel slope,
and drainage area. A regression analysis was conducted to relate Jag time to the watershed characteristics. The resulting

regression model 18 as shown below:

T, = 00044 —=e} 2282

)

e
In the model, Tlag is the lag time in hours, Lc is the length of the main river in kilometers and Se is the equivalent
channel slope of the main channel. The coefficient of determination (r°) expressed in the regression equation is 0.846.
The peak coefficient is not correlated significantly with any of the watershed characteristics. We recommend a peak

coefficient of 0.60 as input to the Snyder unit-hydrograph model for the ungauged Kum river watersheds
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1. INTRODUCTION

The rainfalls in the Kum river basin, the tar-
get area of this study, are usually local down-
pours caused by typhoons, which cause concen-
trated damage to specific areas along the water-
shed. Such torrential rainfalls at the basin have
not only caused damage to the main channel of
the basin but have also resulted in great loss of
human life and property in the smaller channels
around the basin. Therefore, it seems necessary
to estimate the discharge of the area via unit
hydrograph to determine the hydrograph and
design flood when designing any hydraulic
structures for the Kum river basin area. How-
ever, setting up the unit hydrograph for the Kum
river basin can be a complicated task, taking
into consideration that we have little hydrologic
records to figure out the rainfall-runoft process
of the area.

Moreover, the discharges measured for hy-
draulic structure construction at those ungauged
basins of the river cannot be expected to be
highly accurate. Synthetic unit hydrograph is a
method used to establish discharges at ungauged
basins, in which the parameters are induced
from the same basins for unit hydrograph esti-
mation using the correlation between the physi-
cal characteristics and rainfall-runoff process of
the basin to estimate the discharge. Thus, to es-
timate the discharge for those ungauged basins,
the parameters used for unit hydrograph estima-
tion such as lag time and peak coefficient is re-
quired.

Zhao and McEnroe (1999)
the key input to Snyder-type synthetic unit-hy-

concluded that

drogragh model are the lag time and the peak
coefficient. They computed lag times and peak
coefficient for more than 200 flood events at
nineteen stream-gauging station in Kansas and
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and they related the average lag times to water-
shed characteristics by regression analysis. The
results of their study show that the two most
significant explanatory variables are the length
and average slope of the stream and the recom-
mended regression equation for lag time has a
standard error of estimated 20%.

In this study we collected the last three years’
rainfall and river stage records (1997-1999) at
the major gauging stations along the Kum river
basin, and computed the lag time and peak coef-
ficient from hydrograph to establish a series of
equations, then related them with the physical
characteristics of the gauged basins in order to
achieve our goal - to be able to establish the
synthetic unit hydrograph parameters with the
physical characteristics of the basin.
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Fig. 1. The Kum River Basin and Gauging Stations

In order to establish lag time (which is re-
quired to determine the synthetic unit hydro-
graph on the basis of the Snyder and SCS meth-
ods) and peak coefficient (a significant input to
the Snyder type of synthetic unit hydrograph)
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graph) using the physical characteristics of the
basin, the correlation between those paramcters
(lag time and peak coefficient, and the physical
characteristics of the topographical components)
at the gauging stations has been analy'zed to de-
termine discharge for the construction of hy-
draulic structures in the basin. The Kum river
basin and the gauging stations may be specified
as in Fig 1.

2. LAG TIMES AND PEAK COEFFI-
CIENTS FOR GAGED WATER-
SHEDS

In this study, three simple rainfall events were
selected from each rainfall gauge and the lag
times were determined from the hydrograph on
the basis of the rainfalls. The analysis was per-
formed under the supposition that the rainfall
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and discharge in an hour has an equal distribu-
tion rate, so although shorter time intervals for
each gauged datum will provide better efficiency
the gauging interval at the Kum river basin was
fixed to an hour.

Lag time can be defined in a couple of ways.
In this study, lag time has been defined as the
time interval of peak flow in the center of a
rainfall hyctograph.

To ecstimate lag time, the rainfall data from
cach rainfall gauge has been collected to com-
pute the basin mean precipitation. Also, the
hourly water levels and the rating curves at each
stage gauging stations are collected for total
runoff hydrograph at cach subbasin. Lag time
can be calculated from this hydrograph, and we
applied this method to each of the rainfall events

for the respective basins to acquire an arithmetic

Table 1. Lag Times for Each Rainfall in the Respective Areas

Stage gauging station Date Lag time (T,,,). hr | Mcan Lag time (Ty,,), hr

97.05.07 13.75

Song-chon 97.11.28 12.55 13.44
99. 05. 03 14.02
97.05. 07 19.28

Cheong-Sung 97.11.28 13.15 14.85
98. 05. 11 12.12
98. 07. 31 441

Cheong-Ju 99.06. 16 6.67 5.60
99. 09. 23 5.73
98. 04. 05 9.53

Ok-san 98. 05. 11 10.86 10.09
98. 07. 31 10.05
97.11. 12 5.88

Woo-sung 99. 06. 16 7.88 6.87
99.07. 09 6.84
97.11.12 11.97

Ku-ryong 98. 05. 11 15.90 12.62
98. 00. 16 9.98
99. 06. 25 7.64

Non-san 99. 06. 23 8.65 8.06
99.10. 10 7.89
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mean.

From the result, we found the Hoe-deok,
Buk-il, and Woo-gon gauging stations had un-
stable results because the discharge of Hoe-deok
gauging station is changing according to the
operation of rubber dam which is located S00m
above. Also in case of Buk-il it was unable to
separate the single rainfall event because of its
large basin area. So we had to exclude those
results from this study to remove unstable fac-
tors in reliability. Again, among the runoff hy-
drographs for the remaining 7 gauging stations,
3 hydrographs for simple rainfall events were
selected. The resulting lag times for each station
are shown below in Table 1.

The arithmetic mean calculated on the basis
of the lag times (ti,,) for each subbasins showed
that the mean lag time of the station was from
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6.87hr to 14.85hr, and the specific factors in
each of the basins seemed to cause the differ-
ences.

In a unit hydrograph model, peak coefficient
(Cp) determine the shape of the unit hydrograph.
There are many formulas suggested to get the
peak coefficient. However, since the value of C1
may vary in the formula, we modified the origi-
nal formula in the process. Peak coefficient Cp
is a dimensionless variable defined in formula
la and 1b.

= (12
tlag
Cl ) tlag
Cp=— (1b)
Ci

qp, In the formula represents peak discharge

Table 2. Peak Coefficient for Each Rainfall in the Respective Areas

Stage gauging station Date Peak coefficient (Cp) Mean Peak coefficient (Cp)

97.05.07 0.80

Song-cheon 97.11.28 0.70 0.78
99.05. 03 0.83
97.05. 07 0.70

Cheong-sung 97.11.28 0.46 0.56
98. 05. 11 0.52
98. 07. 31 0.72

Cheong-ju 99. 06. 16 0.75 0.75
99.09. 23 0.78
98.04.05 0.49

Ok-san 98.05. 11 0.31 0.36
98.07. 31 0.30
97.11. 12 0.30

Woo-sung 99. 06. 16 0.35 0.31
99.07.09 0.28
97.11. 12 0.73

Ku-ryong 98. 05. 11 0.68 0.66
98. 06. 16 0.58
99. 06. 25 1.07

Non-san 99. 06. 23 0.43 0.80
99.10. 10 0.89
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for unit basin area (cms/kmz), C1is2.75, and ty,
represents lag time (hr)(Larry W. Mays, 1996).
In Snyder’s unit hydrograph. peak discharge was
directly proportional to peak coefficient.

Through this we arrived at the peak dis-
charges in hydrograph for each selected rainfall
events. Then we calculated the peak coefticients
for each rainfall and induced the arithmetic
mean applying the previously determined time
lag (t,,,) and basin arca to the formula la and Ib.
The results of this process are as shown in Table
2.

The analysis on the peak coefficient (C,)
showed that the mean peak coefficient of the
Kum river basin ranges from 0.31 to 0.80.
Woo-sung and Ok-san had especially low pcak
coefficients compared to other arcas. This may
be becausc those two symmetric areas in the
basin have different rainfall-runoff process from

the other locations.

3. CORRELATION ANALYSIS

Lag time has much to do with the physical
and climatologically characteristics of the basins.
In this study, we employed SAS ver. 6.2 to fig-
urc out which of the physical characteristics of
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the basin has a close relationship with lag time.
The physical characteristics of each basin and
their peak coefticient values were used as inde-
pendent variables in this correlation analysis.
Also, we estimated correlation coefficients be-
tween those physical characteristics to figure out
the relationship between these physical charac-
teristics and lag time.

To figure out the relationship between the lag
time estimated in this study and the selected
representative topographical characteristics [i.e.,
basin area (A), basin length (L), channel length
(L.), length along the mainstrcam from outlet to
the point closest to the basin centroid (L), ba-
sin shape factor (K;), channel slope (Sc),
cquivalent gradient (S,), and basin slope (B,)],
we performed a correlation analysis taking cach
of those components as independent variables.
Also, we determined correlation coefficients in
order to explain the relationship through corre-
lation analysis. The correlation cocfficients for
each subbasins were as shown below in Table 3.

The corrclation analysis result showed that
lag time (T1,,) has a positive correlation with the
basin area, basin length, length along the main-

stream from outlet to the point closcst to the

Table 3. Correlation Coefficient Between Lag time and Topographical Characteristics

Tia A L Le Lca K¢ Sc Se Bs
L 1.000
A 0.594 1.000
L 0.820 | 0.844 [ 1.000
Le 0.820 | 0.841 | 0.999 | 1.000
Lea 0.529 | -0.095 | 0.355 | 0.358 1.000
Ky -0.461 0.221 -0.332 | -0.337 } -0.763 1.000
Sc 0.585 0.388 0.454 0.456 0.241 -0.113 1.000
Se -0.353 | 0.387 | 0.054 | 0.051 | -0.845 §{ 0.534 | -0.309 | 1.000
Bs -0.324 | -0.372 | -0.114 | -0.109 | 0.367 | -0.440 | -0.535 | -0.100 | 1.000
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basin centroid, and channel slope, and a nega-
tive correlation with the basin shape factor,
equivalent gradient, and basin slope. In general,
channel slope has a negative correlation with lag
time. Therefore, the result of our analysis where
the channel slope had a positive correlation with
lag time means that the channel slope (S.) de-
fined in this study may not be expressing well
enough the specific features of the basin.

Basin length (L) and channel length (L,) are
the two factors carrying the strongest correlation
with lag time. In the result, the correlation coef-
ficient of 0.820 reconfirms surely that basin
length and channel length have a very strong
positive correlation, in which the lag time in-
creases where basin length or channel length
extends.

In this study, however, we assumed that lag
time has a stronger correlation with channel
length (L) than with basin length (L), taking
into consideration that there may be many vari-
ables in the runoff process of the places where
the channel starts from the watershed of a spe-
cific basin area.

Both the channel length and channel slope are
important variables in explaining lag time. In the
Snyder-type formula, the most commonly used
method to estimate lag time, lag time is calcu-
lated with only channel length (L.) and length
along the mainstream from the outlet to the
point closest to the basin centroid (L.,). To make
up for this certain instability in the existing
Snyder-type formula, we performed a correla-
tion analysis inducing the following correlation
for the purpose of obtaining lag time from the
channel length (L.) and length of the main
stream (L,).

The rational formula used for the calculation
of peak flood caused by a certain fixed intensity
is shown below in Formula 2. In the formula,
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the rainfall intensity (I) comes from the rainfall
of the relative basin, and the time of concentra-
tion (t.) is calculated by the empirical formula
for the time of concentration. General empirical
formula commonly used in this process is as
shown below in Formula 3.

Q =0.2778CIA )

In the formula above, “Q” is the peak dis-
charge (cms) at the basin gateway, “I” is the
rainfall intensity (mm/hr) with 1-hour duration,
and “A” is the basin area.

b
tC:axL—_ (3)
SL

In Formula 3, “a”, “b”, and “c” are specific
coefficients for the formula, “L” meaning chan-
nel length (L), and “S” stands for the mean
slope of the basin where the deviation in level to
the height of the farthest point (H) along the
mainstream is divided by the channel length
(H/L,).

Shown below is a Manning’s formula for
mean velocity, which is used to express stream

velocity.
y=Lxp?xg" @
n

In the formula above, “n” stands for rough-
ness coefficient, “R” is used to express hydrau-
lic radius, and “S” is channel slope.

In the formulas above (Formula 2, 3, and 4.),
time of concentration (t.) is proportional to
channel length (L.), and time of concentration
(t.) is inversely proportional to the square of
channel slope (S).

When time of concentration (t.) and lag time



Water Engineering Research, Vol. 2, No. 4, 2001

is in direct proportion, the lag time has thc cor-
rclation of “Tlage L./ JS. ” with equivalent
gradient (S,) which expresses rather accurately
the channel slope.

We added “‘Lc/\/i . the correlation between
channel length and channel slope, to the lag time
(Tl,) estimated in this study and the physical
characteristics of the target area to arrive at the
correlation coefficient. Table 4 Shows the re-
sulting correlation coefficient values.

According to the result, the correlation coef-
ficient for the correlation between channel
length and channel slope was 0.917. which
means lag time has a strong relationship with the
correlation between channel length and channcl
slope, which in turn means the lag time will
increase as the correlation between channel

length and channet slope becomes stronger.
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The correlation between lag time and those
physical characteristics of the target area shown
above showed that the correlation coefficient of
the correlation between channel length and
channel slope (L./ VS.. 0.917) was even stron-
ger than that of the correlation between lag time
and channel length (0.820), which was the
highest numeric in the former caiculation where
the correlation was induced using only lag time
and physical characteristics of the target area
themselves. This proved that lag time has a
stronger correlation with the correlation between
channel length and channel slope (Tlzoc
L./ \/E) rather than with its more simple and
direct relationship with channel length (L.).

In this study, in order to see if peak coeffi-
cient has any correlation with lag time (Tl,,)
and/or other physical characteristics of the

Table 4. The Correlation Coefficient for the Correlation Between Channel Length and Channel

Slope.
Tiag Le/+ Se A L Lc Lca Ky Sc Se Bs
The 1.000 0917 0.594 | 0.820 [ 0.820 | 0.529 | -0.461 | 0.585 | -0.353 | -0.324
LC/\/§ 0917 1.000 0.528 | 0.855 | 0.856 [ 0.739 | -0.602 | 0.396 | -0.465 | -0.073
Table 5. The Correlation of Peak Coefficient with Lag Time (T},,) and/or Other
Physical Characteristics of the Gauged Basin
C, Ty A L Le Lca Ky Sc Se Bs
G 1.000
Ty 0.098 | 1.000
A 0.275 | 0.594 | 1.000
L 0.291 | 0.820 | 0.844 | 1.000
Le 0.291 | 0.820 | 0.841 | 0.999 [ 1.000
Leca -0.484 1 0.529 | -0.095 | 0.355 | 0.358 | 1.000
Ky -0.128 | -0.401 | 0.221 | -0.332 { -0.337 | -0.763 | 1.000
Se -0.045 | 0.585 | 0.388 | 0454 | 0456 | 0.241 | -0.113 | 1.000
Se 0.693 | -0.353 § 0.387 | 0.054 | 0.051 | -0.845 } 0.534 | -0.309 |} 1.000
Bs -0.113 | -0.324 | -0.372 | -0.114 | -0.109 | 0.367 | -0.440 | -0.535 | -0.100 | 1.000
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gauged basin, we performed a correlation analy-
sis between the peak coefficient for each area
and lag time (Tl,,) and/or other physical charac-
teristics formerly defined within this study as
shown below in Table 5.

According to the result, peak coefficient was
positively proportional to lag time, basin area
(A), basin length (L), channel length (L), and
equivalent gradient (S.), but length along the
mainstream from the outlet to the point closest
to the basin centroid (L.,), channel slope (S.)
and basin slope(B;) were negatively proportional
to the peak coefficient. However, the value for
correlation of the peak coefficient with lag time
and/or physical components of the basin was
rather minor, which proved that there is only a

weak correlation between them.

4. REGRESSION ANALYSIS

On the basis of the correlation between lag
time (T1,,) and physical and topographical com-
ponents and/or channel length and channel slope
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slope (Lo/ VSe } which have formerly been estab-

lished in this study, we developed a formula for
lag time estimation via a regression between the
lag time and physical components which can be
applied to the ungauged basin of the Kum river
basin.

The selection of an independent variable is
the most important issue in model development;
the existence of more than three independent
variables may make the regression analysis an
extremely complicated task. Moreover, in cases
where those independent variables have a spe-
cific correlation between themselves, the model
will ultimately be quite unstable. That is to say,
a random and casual regression analysis will
mean almost nothing in most cases.

To develop a unique formula for our regres-
sion analysis, we used the statistics and analysis
software, SAS, just like we did for our correla-
tion analysis.

For this regression analysis, we set the lag
time (Tl,,) in the former process as a dependent

Table 6. The Result of Regression Analysis via Stepwise Method

The SAS System 07:40 Monday, April 17, 2000 12
Stepwise Procedure for Dependent Variable LOG(T...)
Step 1 Variable LOG(Lc/v §.) Entered R—-square = 0.84558575 c(p) =
DF Sum of Squares Mean Square F Prob>F
Regression 1 0.12973690 0.12973690 27.38 0.0034
Error 5 0.02369154 0.00473831
Total 6 0.15342843
Parameter Standard Type II
Variable Estimate Error Sum of Squares F Prob>F
INTERCEP -2.35611930 0.63908956 0.06440125 13.59 0.0142
LOG (L.¢:/v S ) 1.22817225 0,23471408 0.12973690 27.38 0.0034
Bounds on condition number: 1, 1
All variables left in the model are significant at the 0.1500 level.
No other variable met the 0,1500 significance level for entry into the model.
Summary of Stepwise Procedure for Dependent Variable LOG(T...)
Variable Number Partial Model
Step  Entered Removed In R#xZ Rxx2 cip) F  Prob>F
1 LOG(Lc/y 5.0 1 0.8456 0.8456 27.3804 0.0034
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variable. Then we set the physical characteris-
tics of the basin [iLc., basin area (A), basin
tength (L), channel length (L), length along the
mainstream from the outlet to the point closest
to the basin centroid (L.,), basin shape factor
{K), channel slope (8.), equivalent gradient {S,),
and basin slope (B,) and the correlation between
channel length and channel slope (L/+/50)] as
independent variables respectively, In order to
climinate errors in the regression analysis and
increase the reliability of our model, we contin-
ued regression analyses repeatedly using the
stepwisc method until an appropriate model was
produced to define a lag time formula.

Since the rainfall-runoff, prior to the regres-
sion analysis, does not take place algebraically
but exponentially, we performed our regression
analysis-applying Log transformation to each
variable in order to define a lag time formula in
an exponential function, The result of stepwise
analysis was as shown above in Table 6.

The result of regression analysis via stepwi
method shown above in Table 6, satisfied th
significant level of 0.15 in Step 1, and the coef-
ficient of determination (r') was defined as
0.846. The formula for lag time calculation
through this regression analysis was defined as
shown below in Formula 5a. In this study, we
expressed it in the form of an exponential equa-
tion, which is expressed in Formula Sb.

g
¢

LogT,, =~2.35611930 +1.228 l?ZZS(Log(—\/%L»))

(5a)

T = 0.0044 (28 y1-2282 5b)

VSe

The coefficient of determination (%) ex-
pressed m the regression equation was 0.846,
which was quite a high degree. But the number
of data which was used in this regression analy-
sis i8 not encugh to guarantee the reliability of
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Fig. 2. The Comparison of the Lag Times obtained from the Observed Records and

the Lag Times Estimated by the Developed Model
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the regression equation.

Then, to figure out the correlation between
the induced formulas and lag time, we set two
physical components of each subbasins selected
for this study and estimated directly from the
gauged basins- channel length and channel
slope- as input variables to estimate lag time.
Fig. 2 shows the comparison of the lag times
obtained from the observed records and the lag
times estimated by the developed model.

5. ANALYSIS OF PEAK COEFFICIENT

Earlier in this study, we concluded that peak
coefficient has little to do with lag time and the
physical/topographical characteristics of the
basin area. According to this result, we per-
formed a simple frequency analysis, presuming
that peak coefficient correlates only with the
effluence caused by rainfalls at the basin area
and nothing else.

The mean peak cocfficient of the Kum river
basin was between 0.31 and 0.80, and the mean
coefficient for each subbasin showed an average
of 0.60, a standard deviation of 0.19. Peak coef-
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ficient did not have a strong correlation with the
specific features of the basin area, and it seems
that peak coefficient can be estimated on the
basis of the runoff caused by rainfalls at each
subbasin only. The frequency distribution of
peak coefticient in relation to each gauged basin
is as shown below in Fig. 3.

6. CONCLUSION

In this study, we developed a series of formu-
las for lag time estimation on the basis of the
physical characteristics of the basin area to ob-
tain lag time, the parameter required in the esti-
mation of synthetic unit hydrograph and the
discharge estimation by via the Snyder and SCS
methods. Also we were able to developed a
unique synthetic unit hydrograph and establish a
higher discharge for the Kum river basin. In
addition, we verified our own lag time estima-
tion formulas by comparing the lag times ob-
tained from the observed records and the lag
times estimated by the developed model. The
result of this study may be summarized as fol-

lows:

L ]

Peak Coefficient(Cp)

Fig. 3. The Frequency Distribution of Peak Coefficient Along the Kum River Basin
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1. The lag time at the Kum river basin was
proved to have a close correlation with the
relationship between channel length and
channel slope (Lc/+/Se). The lag time esti-
mation formula on the basis of this result
may be shown as:

The value of coefficient of determination ()
between the two components was 0.846.

2. The analysis on the peak coefficient (C,) of
the each subbasin showed that it has nothing
to do with the physical characteristics of the
basin area. Also, we recommend a peak co-
efficient of 0.60 as input to the Snyder
unit-hydrograph model for ungaged basin of
Kum river watersheds.

3. The unstable factors of the existing Sny-
der-type formula could be improved par-
tially by estimating lag time through regres-
sion analysis on the basis of channel length
and channel slopc.

REFERENCES

Hongying Zhao, Bruce M. Mcroe. (1999). “Lag

Times for Small Watersheds in Kansas.”

229

ASCE s 1999 International Water Resource
Engineering Conference Proceeding, Seat-
tle, Washington.

Larry W. Mays. (1996). Water Resources Hand-
book. McGraw-Hill, New York, N.Y. p. 24.

Ven Te Chow (1998). Applied Hvdrology. Mc-
Graw-Hill, New York, N.Y. pp. 24.

Sangman Jeong, Department of Civil Engineer-
ing, KongJu National University, 182 Shinkwan-
dong, 314-701,
Korea,

Kongju, Chungnam, Republic of

(E-mail : smjcong(@knu.kongju.ac kr)

SeokChac Park, Department of Civil Engineer-
ing, Konglu National University, 182 Shink-
wan-dong, 314-701, Kongju, Chungnam, Republic
of Korea,

{E-mail : seanpark?2 ! hotmail.com)

Joo Heon Lee, Department of Civil Engineering,
Joongbu University, Majeon. Chubu, Keumsan,
Chungnam, 312-940, Republic of Korea,

(E-mail : leejh(wjoongbu.ac.kr)

(Received February 12, 2001; accepted Septem-
ber 21, 2001)



