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Application of hydrology to
drainage

1) Design rainfall

(1) Determination of design rainfall

A drainage project must be designed not to
cause any damage, more serious than allow-
able one, by the rainfall having the recurrence
interval of 10-50 years.

An intensive short-duration rainfall having
appropriate recurrence interval should be
adopted as design rainfall for a small water-
shed with moderate slope where drainage ca-
pacity is usually based on peak discharge. A
heavy rainfall having rather long duration
may, however, be adopted as design rainfall
for a low-lying area or a large watershed
where drainage capacity is based on total dis-
charge or runoff hydrograph. The duration
of design rainfall is usually postulated as 1
day for small-size flood-control dam, 2 days
for large-size flood-control dam, and 1-8 days
for pumping drainage in a low-lying area.

The 20-30 years’ data on rainfall having
appropriate duration are analysed statistically
to determine the design value with an as-
signed recurrence interval. Then, temporal
distribution among each unit time can be
determined using a matching factor together
with one of the historical rains which caused
serious flooding damage. The unit time is nor-
mally taken as half of the time of concentra-
tion for sloping watershed and 3-6 hrs for
low-lying paddy area.

* This article is the continuation of the paper ap-
peared in Vol. 14, No. 1 of this Journal. -

(2) Avreal rainfall

If there are rainfall data available at
several points within or around a watershed,
they are usually averaged to areal rainfall by
Thiessen method or isohyetal method.

(3) Depth-duration analysis

Any one of the well known equations, (6),
(7), (8), can be used to estimate the intensity
of rainfall over ¢ for an assigned recurrence
interval if adequate data are available.

Ye=af(f+b) oo, (6)
¥ :a}tﬂ ................................ (7)
re=afCafT4D) rerrrnrininniainnn, (8

where 7.: rainfall intensity for the duration
of £; a, b, n: const.

If data on hourly rainfall are lacking, a
practical formulation would be required for
obtaining rainfall intensity of arbitrary dura-
tion from daily rainfall, or, strictly speaking,
from maximum 24-hr rainfall which is slight-
ly larger than daily rainfall with small differ-
ence usually,

Since high peak discharge occurs from both
large and intensive rain on a rural watershed,
the average temporal distribution of the hour-
ly intensity of such rain is important in
practical use. The following equation is in
use for such purpose,

ro= &L(-zf_)“ ..................... 9)

where #,: average rainfall intensity over ¢
hr in mm/hr; R.,: maximum 24-hr rainfall
in mm; which is usually replaced by daily
rainfall after appropriate correction; n: const.
1/3-2/3 (average: 1/2).



(4) Probability analysis of rainfall by
lognormal distribution

Since the distribution of annual maximum
daily rainfall is empirically approximated by
lognormal distribution, daily rainfall of arbi-
trary recurrence interval can be calculated
using equations (11), (12), (13), (14) after
the transformation to normalization by equa-
tion (10).

x+b
y=a log el log(x+b)
=log(wo+b) 4-_}; L ———— 10)

where 7: transformed variate; «: original
variate; a, b: parameter; x,: average value of
original variate.

The procedure for calculation is as follows
(Iwai’s method)?® :

(1) Calculation af approximate value of xo:
log rcu:_l }ﬁ log s s (1)
ni=l

(2) Calculation of b:

13 -
“m _12=1 by m_'_l{)
b s Be— s
A= 2m0_(ms+ﬂ:l)

(3) Calculation of @,:
log (zo+ b)=% :E:llog(a:¢+ b) ---(13)
(4) Calculation of a:
1_/2 & xe+b\F L 1
a ‘/ﬁ'—'igi(log ¢o+b-) L

where 2, and @, are the j-th largest and
smallest value of .

Calculation of the parameters in equation
(10) by the above-mentioned procedure makes
it possible to estimate annual maximum daily

89

rainfall of the assigned recurrence interval
which determines 4 value as in Table 3.

(5) Probability analysis by extremal dis-
tribution
The extremal distribution proposed by
Gumbel® is shown in equation (15).

F(x)=exp(—e ) }

Y =a(x—x), =20ty

The parameters a and 2, are expressed as
equation (16) by definition.

My

a
a=—", To=Mgp—
a

where o,, o,: standard deviation of & and y;
m,, m,: mean of x and .

For a large sample size, m,, m, ¢, and o,
can be reasonably replaced by sample mean,
0.5772 (Euler’s constant), sample standard
deviation, and 1.28255 (=w/\/-f;) respectively.
But for a small sample size, m. and o, should
be replaced by corrected values to sample size
as proposed by Gumbel® or Kadoya?®).

The recurrence interval determines ¥ value
as in Table 4.

2) Runoff computation

(1) Outline

Rational formula is normally used to com-
pute peak discharge. Discharge hydrographs
are drawn using one of the following methods:
unit hydrograph method, runoff funection
method, storage function method, kinematic
wave method, and tank model method.

(2) Rational formula
This formulation is shown as equation (17)

Table 3. Probability of exceedance W(x) or recurrence interval T and y value

Recurrence Recurrence or
interval W(@)=1T ¥ interval W(2)=1T ¥
100 0.010 1.645 10 0.100 0.906
50 0.020 1.452 5 0.200 0.595
20 0.050 1.163

2 0.500 0.000
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Table 4. Probability of exceedance W(x) or recurrence interval T and y value

Recurrence

interval Wig)=tT y
N 100 0.010 4.60015
50 0.020 3.90194
20 0.050 2.97020

Recurrence AT
interval W(2)=1/T Y
10 0.100 2.25037
b 0,200 1.49994
2 0.500

0.36651

where @: peak discharge in md/sec; A:
catchment area in km?; 7,: effective rainfall
averaged over the time of concentration t. of
a watershed in mm/hr.

The effective rainfall 7, may be computed
by either eguation (18) or (19).

where #: rainfall having the duration of £,
and an assigned recurrence interval in mm/hr;
f: coefficient of runoff; f.: minimum constant
infiltration capacity averaged over a water-
shed.

Some typical values of coefficient of runoff
are shown in Tables 5 and 6.

Table 5. Coefficient of runoff for peak
discharge in Japan

Coeff. of runoff

Steep mountain 0.75~0.90
Tertiary mountain 0.70~0.80
Hilly land and forest 0.50~0.75
Flat upland field 0.45~0.60
Irrigated paddy field 0.70~0.80
A river in mountainous area 0.75~0.85
A small river in flat land 0.45~0.75
A large river more than half of

whose basin consists of flat land 0.50~0.75

Time of concentration is defined as the time
for rain-water to travel from the remotest
point to gauging point along the water course,
but there are some difficulties in determining
its value in actual cases.

Time of concentration {. is supposed to be
the sum of the travel time on a slope £, and
that in a water course %,.

Rziha's formula, equation (20), is often

Table 6. Coeflicient of runoff for peak
discharge and surface conditions

Surface conditions of

Coeff. of_

catchments runoff

Sandy soil derived from weathered

granite, deep top soil 0.1~0.2
Sandy soil derived from weathered

granite, thin top soil 0.5~0.7
Volcanic ash soil 0.2~0,35
Mountainous or hilly area covered

with deep top soil derived from

palaeozoic or mesozoic formations 0.5~0.7
Mountainous or hilly area covered

with thin top soil derived from

tertiary formations 0.6~0.8
Urbanized area with adequate pave-

ment 0.9~1.0

used to estimate ¢, for relatively large water-
shed where {. is supposed to approximate to

Ti=lun (sec)

Te=lfw: Chr) (20)
wr1=20(k/6)"° (m/sec)

we=T2(h/¢)"% (km/hr)

where h: the fall between gauging point and
uppermost point of water course in meter, £:
horizontal distance between gauging point and
uppermost point of water course in meter, w,:
flood spreading velocity in m/sec, w,: flood
spreading velocity in km/hr,

For a relatively small watershed, travel time
on a slope t, should be added to the value
which 1is calculated from Rziha's formula.
The estimation of ¢, can be made using either
assumed traveling velocity of 10-30 em/sec or
kinematic wave theory explained later.

An example of the time of concentration is
shown in Fig. 3.

The time of concentration calculated from
Kirpich’s formula is drawn between the lines
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of rural and urban watersheds.
A unique formula proposed by M. Kadoya
is shown in equation (21)

fo=C A% 22 035 21)

where t,: time of concentration in minute;
A: watershed area in km?; ».: intensity of
effective rainfall averaged over t.; r.=f-r,
where f is coefficient of runoff and » is the
intensity of rainfall averaged over t¢.; C:
const. corresponding to land use of watershed,
that is, C=290 for forest and upland field,
C=200 for pasture, C=60-90 for urbanized
area.

(3) Unit hydrograph method

This well known method, proposed by L. K.
Sherman in 1932, is one of the most popular
methods for the analysis of rainfall-runoff
relations. It is based on the two assumptions
that rainfall-runoff process should be linear
and time-invariant. Although rainfall-runoff
process may be essentially nonlinear, local
linear approximation may be reasonable for
many practical purposes.

A mathematical expression of this method
is shown in equation (22).

Q) = S;k(r)?’(z‘—r)dr ------------------ (22)

where h(7): unit hydrograph; r(t-r): effec-
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tive rainfall; Q(¢): runoff.
The discrete equation corresponding to the
above equation is as follows.

where U,: unit hydrograph or distribution
factors; rr_;,1 effective rainfall; ¢: the num-
ber of distribution factors corresponding to
the base length of a unit hydrograph; @Q.:
runoff. Cares must be taken in using unit
hydrograph for computing design flood as fol-
lows:

(a) If a unit hydrograph is computed from
a short-duration rainfall, uniform areal dis-
tribution of the rain should be confirmed.
(b) Since a unit hydrograph is likely to
change according to the magnitude of flood,
a set of unit hydrographs may well be pre-
pared in practice according either to the
intensity of rainfall for sloping watersheds
or to the cumulative amount of rainfall for
low-lying basins.

(¢) Unit time for computation may be
chosen as about half of lag time of peak dis-
charge. The lag time is 1-4 hrs for moun-
tainous watersheds and 4-6 hrs for low-lying
basins in Japan.

(d) Effective rainfall can be computed using
either cumulative-rainfall-vs.-cumulative-losses
relation or infiltration capacity as in equation
(24) and (25).

Ry=aR", Re=R—R;, R.= Ry
R=g?’¢, R:.=§?’m, R¢=i¥ﬂl?’es

S k=1

be(24)

ok |

Yie=a 2} i) =275ty Yer =Fr—VLk,
i=1 =1

if ri<rr:, then r=0

where R, : upper limit of losses; r,: losses
in the 4-th time interval
Sty =fot(fo—fore st
1d¢
fo=§,_ fat
Ci-1%4¢
'}’giz?‘g—fg, if r;éf;, then re=0 |

where f(¢) : infiltration rate at ¢; f.: minimum
constant infiltration rate; f,: initial infiltra-
tion rate; 4t: time increment; f;: infiltration
in the i-th time interval.
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(4) Runoff function method

This method uses a mathematical function,
equation (26), as a substitution for unit hy-
drograph.

U(t)=K—Fl(—m 010 ! B e (26)

where U(¢) : instantaneous unit hydrograph;
n, k: const.; T': gamma funection; e: the base
of natural logarithm.

(5) Storage function method

This method can be outlined as the routing
of rain water through nonlinear reservoir
with a proper time lag taken into account. It
is based on the following equation.

Si=KQr

j - dd% .................................... 270

where S;: apparent storage in watershed in
m?®, @,: discharge in m?/sec with a proper
time lag 7, Q(t)=Q(¢t+T,); I: inflow in
m#/s into the watershed K, P: const. Inflow
I can be computed using equation (28).

I=5 s Sy ifsAs

where A;: area in km? of j-th block in a
watershed; »;: average rainfall in mm/hr on
7-th block; f;: coefficient of runoff for j-th
block.

This method is based on the assumption
that apparent storage in a watershed S, can
be a single-valued funetion of lagged dis-
charge @, if proper time lag is taken into
account. The lag time T, must, accordingly,
be chosen to meet the above-mentioned con-
dition by trial-and-error method.

Actual procedures are as follows.

(a) If the time ¢, and ¢/ are chosen on
both side of peak discharge of a hydrograph
so that the discharges at ¢, and ¢, may be
equal to each other and if 7' is assumed pro-
perly, then coefficient of runoff f can be
computed using equation (29) together with
ty=t,-T, and t,=%,-T.

= [ o
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(b) Apparent storage in watershed can be
estimated using equation (30) with t=¢-T,.

St = S:g"j_gdg._ S:de .................. (30)

() Si-vs.-Q, relation should be drawn on a
graph so as to reduce it to a single-valued
functional relation with proper time lag
chosen.

(d) If f, T, K, and P are assumed, flood
discharge can be computed either numerically
or graphically using equation (27) together
with a given rainfall. Some difficulties are
pointed out about this formulation as follows.
(a) The determination of lag time is not
easy in some actual cases.

(b) Although the lag time is fixed to a value
specific to watershed characteristics in this
formulation, it should be essentially variable
according to the magnitude of flood.

(6) Kinematic wave method

In this method, a watershed is divided into
several blocks and is assumed to be an as-
sembly of several rectangular slopes and ad-
joining channels, and the movement of the
direct runoff therefrom is assumed to take
place in accordance with equation (31) and
(32) presented in m-sec units.
(1) Basic equation for the flow over a slope

h=kq?

ah dq _

ot "o e
where h: water depth; ¢: discharge per unit
width; a: distance along the slope; ¢: time;
r.: effective rainfall in mm/hr; and

a= 3:.L6 x107%; %k, p: const.

(2) Basic equation for the flow in a channel

A=KQF
aA | 9Q _
ot Tow
where A: cross-sectional area of the flowing
water in a channel; @: discharge; ¢: lateral
inflow per unit length of the chanmel; K, p:
const.



The working formulae for calculation are
shown as follows.

L) (Fedio1-ex0 ¢f= (n)%“}s‘dh_ld+f]’f—1
Gi—qi-1

Ay qi= L (83)
@) (Fe)ic1aa=0 qi=¢ia
1= .. ussdeniedieedie
ATi10= q})k_” Aty 14 (34

(3) The ¢g at ¢, which is obtained with
Y¥dx=¢, where ¢ is the slope length, is the
runoff ¢ at the time ¢ on the downstream
side of the slope.

(4) @ and ¢ are to be substituted for ¢ and
ar,. respectively, when using equation (33) for
channel flow.

The applicability of this method to sloping
urban areas in Japan proved to be excellent,
but its applicability to low-lying paddy fields
seems not so good as to urban areas.

When Manning’s formula is adopted in the
equation of motion, p and % in equation (31)

N 0.6
take the values of 0.6 and Jaind y Ye-

spectively, where § is the angle of a slope and
N is equivalent roughness of the slope. Equi-
valent roughness is analogous to Manning's
roughness for a channel but the model-build-
ing of a watershed makes its physical mean-
ing a little vague.

A proposal for the value of N was made
by M. Kadoya et al. as shown in Table 7.

Table 7. Equivalent roughness (N) for various
watershed conditions (M. Kadoya et al.)

Equivalent

Watershed conditions roughness
N(m-1/3, sec)
Forest 0.6~2.0
Pasture, golf links, and upland field 0.3~0.5
Urbanized area with adequate
pavement 0.01~0.04

Paddy field 2~3

(7) Serial storage model or tank model

When applied to flood flow analysis or syn-
thesis, this model should be used with rela-
tively short unit time.

An example of this model is shown in Fig. 4.
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Fig. 4. Tank model for flood discharge
(T. Kinosita)

Application of hydrology to
soil conservation

1)  Outline

Soil conservation project should be planned
to meet such conditions as follows.

(1) Individual works should be designed
after a close deliberation of erosive factors
and a pertinent consideration of regional
characteristics of erosion.

(2) A comprehensive plan should be worked
out on drainage canal network and cropping
system in order to maintain a high produc-
tivity of farm land.

(3) The plan should serve to improve
farm management and land-use, and is con-
formed to a regional development plan in its
purpose and dimension.

(4) A drainage canal on sloping land
should have capacity enough for peak dis-
charge from design rainfall. Furthermore,
any serious damage must not be caused even
by a heavier than the design rainfall.

(5) The recurrence interval of design peak
discharge is normally 10 years for main and
greater lateral drainage canals and 5 years
for lateral drainage canals.
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2) Runoff computation

Design peak discharge is normally com-
puted using the Rational formula as explained
in (2) Rational formula in page 89,

Care should be taken of the reduction of
time of concentration by installation of lateral
drainage canals and also by rectification of
main drainage canals.

The reduction of time of concentration for
a slope may be estimated using equation (35).

“ /el ZE)]

where f¢, t¢’: time of concentration for a
slope before and after the installation of a
lateral canal; B, B’: length of the slope be-
fore and after the installation; s, s’ gradient
of the slope before and after the installation.

1)

2)

3)

4)
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