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ABSTRACT

The task of estimating direct runoff for a small ungauged watershed is very
often employed by using the Curve Number method which has been develaped by
the U.S. Soil Conservation Service many years ago. The evident shortcoming
of this method is its weak physical background. The presented model KINFIL
uses the advantages of this method in a form of the CN-values in which the
soil-cover complex, land use and antecedent moisture conditions are coded.
Then the Morel-Seytoux equations based on the Green and Ampt theory have
been adapted for description of an infiltration process. Runoff formation
and routing can be computed in the KINFIL model either as the lumped option
using the wunit hydrograph model or as the distributed sub-model based on a
kinematic wave theory and its numerical implementation. The kinematic wave

routing has been briefly reported here.



1 INTRODUCTION

One of the most popular methods for a design flood estimation on small
ungauged catchments is the Curve Number method (CN method) developed by the
U.5. Soil Conservation Service. The CN-method based on the soil types,
vegetation cover, land use and antecedent moisture conditions is widely used
due to its easy application,

The simplicity of the CN-method brings on the other hand some limits in its
practical use. One of them is the disregard of both intensity and duration
of rainfall which causes flood runoff. The second possible source of errors
might be the stereotyped estimation of initial water abstraction before
runoff starts. These imperfections can be removed through the substitution
of the conventional CN-method by the physically based infiltration approach.
For the solution of infiltration process, the Morel-Seytoux theory [10],
[11] based on the Green and Ampt infiltration equation introducing a ponding
time has been used. The correspondence between CN-values and the soil
parameters implemented in the infiltration equations has been found wusing
many soll and rainfall data. It has been shown [6] that the correspondence
between CN and hydraulic conductivity (Kg) and sorptivity (SP) being
originally developed by Morel-Seytoux [l0] is in a good agreement with our
results. The model has been further improved by introducing continuous
changes of OCN-values depending upon antecedent moisture conditions.
Computation of antecedent moisture conditions is simple and it needs only
daily rainfall data and those needed for the calculation of average daily
depletion. _ ‘

There are two possible options for a runoff transformation and routing:
either to use the unit hydrograph method and to convolute it with the
effective rainfall or to use a kinematic wave routing procedure for
geometrically simplified catchment topography. The second option was
prefered here.

The previous version of the model (INFIL) using the unit hydrograph method
has been implemented in several small catchments in Czechoslovakia with
satisfactory results [6], [7]. A neﬁ version KINFIL is being currently

tested with encouraging results.



2 THE CURVE NUMBER METHOD

A direct storm runoff estimation wusing the Curve Number method is an

international technique. The basic equations are:

_ (P - 1502 _ (P - 0.25)2
P-1I;+S8 P + 0.8S

Pe (1)
where P....rainfall depth (mm)

Pe...effective rainfall depth (mm)

S....catchment storage (mm)

I,...initial abstraction (mm)

Eq. (1) holds for all P > 0.25. Parameter representing the storage of an

active zone is then transformed by the relationship:

25400
N = 55 2% )
in which CN <0,100> is called the "curve number". Any catchment condition

can be defined by a value of S that can then be described by the CN-value
varying between 0 (for S = o) and 100 (for S = 0).

The CN-value is determined from a knowledge of the socil types and land use.
The first and the most important step in the determination of CN for a
catchment is the identification of the hydrologic so0il groups occurring
therein. There are four basic socil groups A, B, €, and D from high to low
infiltration rates. The description of soils including maps contains the
basic source of the U.S. Soil Conservation Service [12]. Similarly, it
contents the necessary tables for evaluation specific hydrelogic soil-cover
complexes and various kinds of land use., Hydrologic conditions refer to the
relétive quality of a land cover.

If more than one soil-cover complex is present in a catchment, a composite
curve number may be determined by weighting each CN by its respective
fraction of the total catchment area.

Another table of the source literature [11] defines separately for both
growing and dormant seasons three discrete levels of antecedent moisture
condition according to the sum of rainfall for five days previous to the

date of interest.



2.1 Advantages in application

In general, the CN-method is very easy to apply. The single parameter CN is
all that is needed to compute excess rainfall for an event of given depth
and duration. The undoubt advantage of the methed is that no runoff data are
required for its use, only readily identifiable physical characteristics of
the catchment. In turn, for watershed where some recorded runoff is
available, the method can serve for curve number determination and it brings
a feedback between those and specific soll types and land covers.

A procedure of estimation of CN-values for small catchments has been also
developed by using Landsat imagery with the combination of the conventional
CN model [14], [19].

2.2 Shortcomings of the method

The first weak points of the CN-method 1is the estimation of initial
abstraction using eqg. (1): Iy = 0.28. It 1is obvious that the value of
initial abstraction I, which should comprise interception and depression
storage (both micro and macro) will vary not only with a catchment storage
S, but also with a catchment topography and with antecedent conditions.

The next naturally occurring problem in applying this method is the effect
of catchment wetness on CK, Values of CN are expected to vary with soil and
site moisture. This is handled [12] by introducing three soil moisture
classes I, II and III which modify CN suddenly according to the depth of
antecedent S-day rainfall. Changes in CN-values should be continuous as the
changes in soil moisture are continuous too.

Another problem with the CN-method arises when the rainfall rate is variable

in time. Consldering cumulative infiltration W:

W=P - P, +Wg - I, (3)
where Pg....effective rainfall
We....cumulative infiltration at time tp (i.e. end of initial
abstraction)

Eq. (3) applies for any time after the initial abstraction has been

satisfied. Combining eq. (1) and (3) one gets:



W=FP - (P - 1507 + W, - I,, after re-arrangement:
P-1Ig+S e as & '
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Derivating eq. (4) with respect to time, for times greater than t,:

de[S(P-Ia) S2 . r

It~ b3 "1, 797 )
where r....rainfall intensity.

Equation (5) holds only after reaching the initial abstraction I, [2]. The
evident shortcoming of the CN-method is that when the rainfall rate r
increases, the infiltration rate I increases too and vice versa, Linear
relationship between r and I does not reflect the physical principle of
phenomenon.,

Nevertheless, in spite of shortcomings of the CN-method from
oversimplification of the rainfall-runoff description. hydrological practice
has shown [4], [12], [14] its satisfactory applicability. The objective of
this report is to show how to wuse hydrological information coded in
CN-values for simulation rainfall-runoff process based on physical
parameters, One reasonable way 1is the infiltration approach [10] using
correspondence between CN and infiltration parameters, as hydraulic

conductivity and sorptivity [11], [7].
3 INFILTEATION APPROACH

Computation of a direct runoff using the infiltration approach is based on
the theory of Mein and Larson [9] who extended the Green and Ampt approach
to compute the ponding time. Then the theory of Morel-Setoux [10] of
iniltration process under condition of variable rainfall has been applied.

The Green and Ampt equation is usually written as:

1-g[1+ﬁﬁ§%% 6



where Hf....effective capillary drive (wetting front suction)
85, 85....8aturated and intial moisture content
St = Hg(dg-845) ... .storage suction factor (capillary potential)
W..... cumulative Infiltration

Kg....hydraulic conductivity

Mein and Larson [9) have introduced a ponding time tp when:
t =ty grbgand I =1x
Then cumulative infiltration at ponding time:
Wp - T tp
Substituting these conditions to eq. (6):
I - Kg [1+—5—°——f(9 -8 )H]
I. tp

tp can be expressed:

tp - Hey (B85-9 )‘_ Sf (7
r
T - 1 r(rs-1)
s

where ry=r/Kg (the normalized rainfall rate with respect to the hydraulic
conductivity),
For post-ponding infiltration for the case of constant rainfall, Morel-

Seytoux has derived a general equation:

W=y + SRR [Je-tp + 22 (aR)® - |22 (aR)%] + Bg(t-tp) (8)

where t is any time after ponding to the end of rainfall, Wp is a pre-
ponding infiltration aqd it is equal to r-tp. The variable 5(4,) is equal
to IEE;_qug‘which is the Green and Ampt sorptivity and W is the cumulative
depth of infiltration at time t. Variable AR = ra/(rx-1).

Derivation of eq. (B) is based on the fact that for short times infiltration
capacity varies inversely with the square root of time, and also on the
requirement that at ponding time the rainfall rate and the infiltration rate

are the same. As the detailed derivation of eq. (6) has not been published



yet, it is given in the Annex, herein,

Similarly, for the case of variable rainfall:

W= Wp + S(Wp,8p) [Jt-tp + BR - [BR] + Kg(t-tp) (9)

where rainfall sorptivity

S(Wy, 8,) = |-2-§S-(_§-§ﬂpl

- .]; (S_f + wp)2

BR -
r
2 Kg 8¢ |52 -1
LKS 4
where rp....rainfall intensity which produced ponding. Parameter BR results

from the requirement that at ponding time, the rainfall rate rp is equal to

the infiltration rate. For the ponding time:

j-1
1 s¢g J
ty = ty.] + = [—E - = 1) (tp-ty-1)] (10)
P R A B S S
where j....subscript of time step of consideration
k....subscript over which all rainfall occurring previous to tj is

summed

Eq. (10) must be applied iteratively. The instantanecus infiltration rate

for time t>ty can be expressed by derivation of eq. (9):

1 1
1=3580p %) " e * s <o

From this analysis is evident that the infiltration approach being compared
with the CN method better respects the physical principles of rainfall-
runoff process. On the other hand, for the implementation of the
infiltration approach one has to know soll parameters: fdg, f,, Kg, Hf for an

experimental spot or as representative parameters for a catchment.

3.1 Combination of infiltration approach with the CN-method

The merit of the infiltration approach consists in its more realistic view
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on a runoff event particularly when rainfall intensity is not uniform. Since
a time dependent infiltration capacity 1is established, this defines the
maximum rate at which water can enter the scil. If the rainfall rate falls
to a value below this capacity curve, no runoff occurs. On the contrast to
it, it can be easily shown that the CN-model-dynamics will predict excess
rainfall as long as rainfall lasts. When the eq. (1) is derivated with

respect to time one can get the evident proof of it:

dPe _ _ (P-la) (P+25 - 1,) - r
dt e (P - 1, +8)2

(12)

Similar problem connected with the Initial abstraction which is always fixed
as 20% or the total catchment storage is only revised due to antecedent
moisture conditions (AMC). There are only three distinct possible wvalues of
I,, although in real conditions the value of I, could appear between those
~for AMC I and AMC III.

For  Thistorical rainfall-runoff events to be reconstructed the areal
variability of a catchment storage S [4] as well as its seasonal variability
var (S) can be considered using a water balance analysis [6]) and real

lysimeter data [7]. The seasconal storage Sy can be computed:

. 0
S = 1.3 [(sin(JD 5+1809) + 1

3 ] + 0.2 s (13)

where JD is the Julian date:
JD = 30 (MONTH - 1) + DAY (14}
Then the seasonal curve number CNg is calculated:

Ns = 5, + 254
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Figure 1 1illustrates the course of the variations of CNg for arbitrarilly

chosen value of (Ex.: CN=78).

Then a simple balance model for the calculation of the actual value of curve
number CNg has been compiled [6], [7] combining the Hawkins method [4] and
the Williams and La Seur method [18] in our modification. '

The structure of this simple balance submodel comes from the following
consideration, Substituting Sy for § and performing the division in eq. (1)

one can get:

S
- - - —*-"-‘-S‘——"'- .
Pe = P - Sg [1.2 503 Ss] (16)
It follows from eq. (16) that the highest possible difference between the
rainfall depth P and the effective rainfall depth P, is not a seasonal
storage Sg but 1.2 §; (if P + =), so RMAX = 1.2 S5;. These relationships are

given in Fig. 2.
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002 1,0 i 2,0 3,0
Fig. 2

13

The value of RMAX) at the beginning of the 5 day-period tj is:

RMAX] = 1.2 Sg1 = 1.2 [3%32% - 254] 17)

where CNg) = EE%E%Q%EZ which is the seasonal curve number at time tj. During

5> day-period before storm starts the changes of RMAXy will be caused by
daily precipitation, evapotranspiration infiltration and surface runoff, the
last only if P > 0.2 Sg. This hydrological balance at the end of 5 day-

pericd t9 can be evaluated in accordance with Fig. 3:
RMAX9 = RMAX) + 5DEP - (AP15 - Q) = 1.2 S5 (18)
where API is the 5 day antecedent precipitation index:

5
APIg = % P, . Ct-1
t=1



13

;

C....evapotranspiration constant (C«0.87,0.96>). Infiltration 1losses are
difficult to balance but for the rough estimate of them, daily depletion
values DEP usually would do. These can be balanced using yearly average of

precipitation AVP and those of runoff AVQ. Then:

5
{(Pr - 0.2 5:.1)2 ,
Qp = = , - if P > 0.2 §
T el Qe Qt Pt + 0.8 Sst t st

but Qr = 0 otherwise

The actual storage at the end of the balanced period one can get by

substituting of eq. (17) to eq. (18):

25400
CNg1

RMAXy = 1.2 [ - 254] + S5DEP - (API5 - Q) = 1.2 849 (19)

Introducing the actual value of curve number CNu:

CNp = CNgp = %2%%%52 to eq. (la) we get:
30480
A gg:io + SDEP - (APIg - Q) 0
t TIME ¢
__T_ng_ o __RMAX-A=0 3\
1,2 Aﬁ-\f MJAX‘I
T — N 12 Asy = RMAX,

! - - _
= A =5DEP-{APIg OT)
| /
’ — |
| -]
e ¥ e -

TOTAL STORAGE UNDEFINED Fig. 3
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Eq. (20) 1is a simple hydrological balance model for better estimate of the
curve number value in a concrete historical situation. The Figure 3
visualizes the concept of eq. (20). For the evaluation of CNa values only
the most commonly available data have been used. Verifying the KINFIL model
on historical data the CNa value should be put instead of CN value for any

reconstructed event. The practical experience has tested this procedure [7].

3.2 Parameter equivalence

There is a need to define an equivalence between a given (Kg, S5f)-pair and
such a curve number CN which should correspond to the pair. The criterion of
the same quantity of water being abstracted from a storm if a computation is
performed using the convential CN-method as well as the infiltration
approach [11], [7] was accepted. This can be done with fair results only for
the rainfalls of constant intensity which have been used as the basis of a

CN- (Kg, Sf) equivalence.
3.2.1 Equivalence for a single event

It follows from the previous text that for a single event the equivalence

equation, making use of eq. (4), can be written:

S(P-15)

- 2M-2al

R+ VW I, + P-1,48 (21)
where W L5 a cumulative infiltration which can be expressed by eq. (8) and R
is the surface retention of a catchment comprising both interception and
depletion storages. The second term on the right side of eq. (21) is
P-P.-I,, so that fully corresponds to eq. (4) except that retention R has

been added to both sides of eq. (21).

Solution of eq. (21) requires assumption for S to be at the field capacity
(FC) which represents "average" conditions (i.e. central value between 6 (WP
and fg). Assuming the specific rain (P,tyq) of a constant intemsity: r=F/tq,
the only unknowns in eq. (21) are I, and S. For times between O and tg,

which is time to satisfy initial abstraction holds:
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t<0,tg>: tg=I;/r, then one may define the function F:

F =R+ WP+ S(fg)-AR [J{;& - tp + %P (AR)? - J%P (AR®)]

+ Ky [%a i tp] S 1, (22)

Eq. (22) is a non-linear one with only unknown I,. The proper value of I, is
that makes F=0, which requires an iterative solution via a4l to reach F=min

(using Newton itération):

F=0=(F)g + [gF_Ia]o' al, (23)

After substituting I, to eg. (21) one can compute the value of S.

3.2.2 Equivalence for the group of events

The first step which should be proceeded is to calculate I, separately for
each event using procedure described above (eq. (21), (22), (23)). Then one
must find the best wvalue of § over a group representative storm values.
Using values of I, it is possible to write an equation for each event with a
single unknown S. Then the sum of residuals (p) of S can be minimized

through function G:

N
¢ -3 [ T p%] -0 (24)
i=l

using Newton iteration:

dG
G=0=(G)y + [ag]o- AS (25)

The quantity AS in eq. (25) is solved for and added to the previous estimate
of S. This is done wuntil the magnitude of the correction &8 is

insignificant.

For this analysis the design rainfalls of the return period of
1,2,5,10,20,50 and 100 vyears have been used with ten basic soil texture
groups varying from clay to sand. For this correlation the rainfall data of

the Czech Hydrometeorological Institute have been applied with soil data
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taken from the literature source [20}. Each so0il texture being
characterized by

hydraulic conductivity Kg and sorptivity S8(fpc) at field capacity has
provided the best fitted storage, $§ value. Then, using a linear regression

methed and applying eq. (2) the following relationships have been derived
[7}: ‘~

For hydraulic conductivity K. (mm/hr):

100-CN |
Kg = 2.4 if CN > 75
Kg = 31.4 - 0.4 CN if 36 < CN < 75 s (26)
Kg = 47.1 - 0.8 CN if CN < 36 )
For sorptivity $(fpc) (mm/hrl/2):
100-CN
S{frc) = 1 €6 if CN > 65
(27)
S(fpc) = 30.25 - 0.15 CN if CN < 65
The storage suction factor Sg is then expressed using definiton:
Sg = (S(85c))?/2Kg (28)

Differencies of our resulting relationships and the results of Morel-Seytoux

are not significant [11) and confirm his original method.
4 SURFACE RUNOFF ROUTING

The second basic component in deterministic stormwater modelling is overland
and open channel flow which can be represented by surface runoff submodel.
It can be handled either as a lumped model which permits the direct
calculation of hydrographs for a catchment from rainfall excess or as a
distributed model solving simultaneously to equation of motion and

continuity in a geometrically distributed catchment network.




17

4.1 Use of lumpe ode

Many lumped models are based on the unit hydrograph theory. The US Soil
Conservation method [12] proposes the dimensionless $-curve for ungauged

catchments. The lag time t} can be expressed:

2.59 1.0-8 . (0,045 + 1)0.7
£ = 1900 - 10-9 (29)

vwhere ti...lag time [hr] |

L....hydraulic length of catchment [m]
I....average catchment slope [%]
§....catchment storage (=25400/CN-254) [mm]

Time to peak Tp is:

at
Tp =3 +t] | (30)

where At is the time step length.

The Q-ordinates of the standard dimensionless S-curve are contained in the

original literature [12] and they are proportional:

Q _, Lt (31)

where @ is the coefficient of scaling proportionality. Then unit hydrograph

ordinates for the chosen at-duration of effective rainfall can be derived.
Hydrograph at the outlet of catchment can be computed using the convolution
procedure. This routine was used in the former version of the model, INFIL.

Ancother possibility is to derive the geomorphological instantaneous unit
hydrograph, GIUH from the physical catchment characteristics [21], [22],
Nevertheless, the preference is given to the kinematic wave approximation

herein.
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4.2 Use of distributed models

The kinematic flow approximation belongs to the group of distributed models
and they are experienced to be a very efficient tool in storm water
modelling [5], [13], [153]. The chief advantage of this hydraulic approach is
its good physical background and therefore a proper approximation to the
natural phenomena of runoff formation and routing.

The governing equations of motion for spatially varied unsteady flow over a
plane surface are the equation of continuity and momentum which were derived
by applying oprinciples of mass congservation and momentum. The
one-dimensional continuity equation with lateral inflow (i.e. effective

rainfall) is written as:

3h . 3q
T + I q re(t) {32)
where h....depth of flow at time t and position x{m]
q....lateral inflow per unit width [m2/s]
re(t)....effective rainfall rate as a function of time only [m/s)

Accepting that the bed slope S, equals to the friction sleope Sg, so that:
Sg = S¢ (33)

This simplification 1is known as the kinematic wave approximation to the
momentum equation., Eq. (33) can be used to write a parametric equation for

discharge at any point and time as a function of the water depth only:

qQ=a - hm® (34)

where m....parameter for the type of flow, approximately 5/3 for turbulent
flow and 3 for laminar flow
@....hydraulic coefficient, o=[S, /n
8g...slope of the plane

n....Maming's roughness coefficient

Eq. (34) can be substituted into eq. (32) and yields:

éh m-1 ., &h _ 35
T amh Tx re(t) (35
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The kinematic approximation assumes that Lkinematic wave 1is propagated
dovnstream only and the term am-h*-1  ipn eq. (35) 1is its forward
characteristic. Kinematic flow does not exist where there is a backwater
effect, so that the rating curve (Q-h relationship) is considered as a
non-looped one.

The gsolution of eq. (35) assumes that the boundary and initial conditions on

the plane lenght L are:

0<x<L t =0
h =0 (36)

x =0 t>0

and re(t) is spatially constant but could vary with time.
4.2.1 Cascade of planes

Equation (35) which describes surface flow over one plane has been solved
numerically wusing an explicit finite difference scheme known as the
single-step Lax-Wendroff method. The resulting explicit expression for the
depth h is {15}, [8]:

§7 e by - S5 (b gy - (ab)j.q - 26x-reg] +

h 24ax

L at? m-1 m-1 m m .
7anz [(@h™ 1) 541 + (amh™ 23] [(@h™) 41 - (@h™)j - sx-rej] -

Atz m-1y, m-1y. m ms .
- m [(ah ),] + (th )J-l] [(Cth )j - (ah )J‘]. - Ax.rej] +
+ (o] - rep/o (37)

where all non-superscripted wvariables are evaluated at the time t, and j

denotes a space level in the x direction.

The initial conditions are specified as: h(x,0)=0 for all =x. The upstream

boundary depth is determined by the position of the plane in a cascade.
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Considering a cascade of n planes (see Fig. &) where k is the order of the
plane in the cascade, 1 the lenght of a piane each of the constant width w,
then: B

-0 if k=1 |
h(0,t)x (38)
- £[h(1,t).1) if k>1

The upstream boundary depth for the k-th plane which receives inflow from
the (k-1)-th plane is found:

h(0,t) = [Q(L,t)-1 - &—i]l/“k (39)

Use of the Lax-Wendroff scheme assumes to maintain the following numerical

stability criterion:

AL 1
ot 40
2x S oighm T (403
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4.2.2 Converging surface

Overland flow on a converging surface that has uniform properties is

described using the equation [l6]:

¢h qo-1 &b eht
gt toamhTh g mreln) v 1y (41)
where L....radius of flow region (see Fig. 5a) [m]
X....space coordinate [m]

Product c¢-L [m] in Fig. 5 1is the outlet radius of the bottom segment

and ¢ is the ratio of both radii (i.e. convergence degree)

Fig. 5

For the solution of eq. (41) an explicit backwards finite difference scheme

has been used [8]:

m
t+1 At m-1 ah
hy "= hj - 3 amhj © (hj-hy.1) + &t [reJ TG )&x)] (42)
The boundary and initial conditons are:
h{(0,t) = 0 and h(x,0) = 0 (43)

The stability criterion obeys the eq. (40).

As the numerical scheme (42) is not wvery accurate and stable the
Lax-Wendroff numerical scheme with the plane cascade approximation of

converging section has been preferred later. The width of planes changes
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gradually plane by plane (see Fig. 5b) to simulate properly the convergence.
In that case the boundary conditions slightly differ from that given by eq.
(38) and (39) by introducing the change of width:

= 0 if k-1
h(0,t)x (44)
= f[h(l,t)x-1, wk-1., wg)] if k>1

The upstream boundary depth for the k-th plane is:

h(0, t) )= {[Q(l,t)k-l : %] : 1—k}1/“k (45)

o

The approximation of converging segment by the variable-width-cascade of

planes has been found in accordance with [5] as fair enough.
4.2.3 Main stream routing

Free surface flow in streams can be computed using the kinematic
approximation to the equations of wunsteady, gradually varied flow. The
Muskingum-Cunge method has been accepted here [1]. The basic continuity

equation for each stream reach is:

av
ac - I1-1Q (46)
where V....storage of flow in a reach [m?]

1,Q....inflow, outflow rates [m3/s]
The storage V is expressed as
V=KQ+ KX(I-Q =K [X-I + (1-X)Q] (47)

in which K is a storage constant with time dimension [s] and X is a
weighting coefficient 0 < X < 1.

Eq. (46) is the special form of a general continuity equation (32) assuming
the depth-discharge relationship as a single-valued (no backwater effect),
and not very mild sloping waterways.

The sclution of ordinary differential eq. (46) can be written as:
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QT - 010} + QT+ 631 + €4 (48)
where Cg = K - KX + At/2 (49)
C1 = - (KX - at/2)/G, (503
Cog = (KX + at/2)/C, ‘ (51)
Cy = (K - KX - at/2)/C, (52)
C4 = 0.5 (q + q)ax - At/Cq (53)

q is the lateral inflow

For the parameters K,X Cunge [1] has derived:

K = ax/ew : (54)
X=20.5 [l-Qﬁ/(cw S + 2x)] (55)

in which ew 1is the kinematic wave speed corresponding to a unit width
upstream peak discharge Qﬁ, ax is the reach 1length and S, is the stream

bottem slope. Eq. (54) may be expressed in an alternative form, i.e.:

ew = 1.278 89 °/(Qp0-4 - n0-6) (56)
B = 5/3 - 2/3 %g dB/dy (57)
(o]

in which A, is the cross-sectional area corresponding to the total peak
discharge Qp, B, 1is the channel width corresponding to Qp. Depending on the
cross-section shape, A may have values in the range 1<8<5/3. The selection
of ax affects the accuracy of the solution, It 1is related to At and is

limited by the following inequality [1]:

A% < 0.5 [cwat+Qp/(cwSy)] | (58)
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S. STRUCTURE OF THE KINFIL MODEL

Model KINFIL consists pf two basic parts:
I. INFIL
11. CPLANE, CONVER, CSTREAM

The first part INFIL is a lumped model {(time variant only)
computing infiltration process based on the Morel-Seytoux and Mein
and Larson egquations using the parameter equivalence CN - f(Ks, Sf)
as it is described above. The subroutines of the INFIL are required
as follows:

PONTI : Ponding time calculation

CONST : Constant intensity rainfall infiltration
PPINF ¢ Variable intensity rainfall infiltration
TABLE * Parameter assignment

The second part of the KINFIL computes the surface runoff
formation and routing. The subprogram CPLANE is supposed to be used
for the simulation of catchment topography by a cascade of planes
being solved by the numerical scheme of Lax-Wendroff. Similarly CON-
VER represents flow over a converging surface using an explicit back-
ward numerical scheme. CSTREAM subprogram is based on the Muskingum—
Cunge method of flood routing. All three subprograms are mutually
compatible and they represent the distributed surtace runoff model.
Associated subroutines and functions aret!

WRTR ¢ for writing the interim results of the CPLANE

WRMC = for writing the interim results of the CSTREAM

HKIN ¢ for computing the Lax-Wendroff scheme

Y

————————] INFIL e——— PPINF
[ (Data input)

TABLE

Y N
CONST fmetr<( CONST. RAIN? >———— ;oo

Y

14—-—; —-—b
HRIN [ | CPLANE [ | WRTR

|
conver —< CONV. SURFACE? >——
¥

= CSTREAM aw{ WEMC

A

Fig. 6
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The KINFIL is written in FORTRAN 77. Data input provides
the INFIL subprograms each subroutine gives the appropriate output
data. Both input and output data sets go through the mass balance
check controlling whether a mass conservation obeys. The listing
of KINFIL is available on the Department of Catchment Hydrology,
So0il Physics and Hydraulics, AU Wageningen. The basic imagination
of the model structure is given on Fig.é.

6. PRACTICAL APPLICATION AND COMCLUSSIONS

The data of two catchments for debugging and testing the
KINFIL model have been implemented: FLANE and HUPSELSE BEEK.

6.1 Hypothetical catchment FPLANE

The PLANE is a hypothetical catchment of the symmetrical
V-shaped form with the stream of rectangular cross—-section at the
bottom and with the converging segment in the upstream part of it.
Each side of catchment consists of a cascade of three planes with
variable length and constant width (see Fig.7).

Fig. 7

The main reason why the hypothetical catchment has been
used was mainly that all three basic routing elements could be
tested: plane, segment, open channel. Two data sets have been im—
plemented here:

INFIL: _

PLANE 1: The rainfall of constant intensity r= 15.0 mm/hr,
depth 90.0 mm, duration & hrs, CN= B5.0 (arbitra-
rily chosen).

PLANE 2: The rainfall of variable intensity with r max=
28.0 mm/hr, depth 38.3 mm, duration 3.3 hrs,

CN= 90.0,
The main parameters were!
CPLLANE: 3 PLANES (J=3) {(from each side)
slopet S0(J)= 0.20, 0.10, 0.01
length: DLN<(I)= 700.0, 500,0, 300.0 m
widtht WID(J)= 1000.0 m
Manning®s n: FRNM(J)= 0,035, 0.030, 0.025
type of flow m: AM{J)= 1.67 (allways)
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time step: DT= 900,00 s far input/output data
DTC= 30.0 s for computation
gpace stept DX{(J)= DLN{I)/10.0 m

CONVER: CONVERGING SEGMENT
slope: SLC=0.06, length: DLNC= 13500.0 m,
anglet TH= 180 deg., inner radius: DC= 3.0 m,
Manning’s n: FRN= ¢.030, flow type m: AMC= 1.4&7,
time step?: DT= 900.0 s for input/output data
DTC= 30.C s for computation
space step: DX= &0.0 m

CS8TREAM : S REACHES (J=5) of the rectangular cross—-section
slopet S0S(J)= 0.02 (allways)
length: DLNS(J}= 130.0, 150.0, 200,0, 2350.0, 250.0 m
width: WIDS(J)= 3.0 m (allways)
Manning’s nt FRS(J)= (.025 (allways)
area of planest AREAA= 3.00 km2
area of segment: AREAC= 3.53 km2
time step! DT= 200.0 s for input/output data
DTC= 30.0 s for computation
space step: DX(J)= DLNS(J)/10.0 m

The MUSKINGUM-CUNGE parameters have been computed by
the CSTREAM respecting the attenuation parameter, wave speed
and curvature of upstream hydrographs. The computatin of refe-
rence peak discharge was made in the same way as it is in the
Flood Studies, 1975 (Institute of Hydrology, Wallingford, UK).
The M-C parameters for the individual reaches were!

PAK= 75.0, 795.0, 100.0, 125.0, 125.0 s

PAX= 0.18&4, 0.184, 0.265, 0.312, 0.312

The PLANE synthetic data were used first for debugging
the KINFIL and for the numerical stability tests. The scheme
of Lax~Wendroff was found as stable as the Courant number
DTC/DX<1.0, while the simple backwards scheme used for the
CONVER was very sensitive getting reliable results only when
DTC/DX<=0.5. There were no stability problems with the Muskin-
gum—-Cunge procedure. The results are given on the Tab.1l, Tab.2,
and on the Fig.8 and Fig.?, resp.
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6.2 Application to the Hupselse data

The Hupselse Beek catchment covers about 6.5 kmZ. The main
stream runs from east to west through a slightly undulating rural
landscape in the eastern part of the Netherlands. The altitude
changes from 33 m a.s.1l. to 24 m a.s.l1. {(the outlet). The average
slope of catchment is 0.8%. The main stream is 4.2 km long with
the average slope 0.1%. There are 7 small tributaries varying in
length from 300 m to 1500 m. Concerning the land use 704 is grass-
land, 21% arable land, &% wocdland and 3% without vegetation (bu-
ildings, roads, etc.). The map below (Fig.14) gives the survey of
various land use on the catchment.

Legend

Grasslang

]
] aravle lard v
woodland

] Farms
—— Main water course
==——— Road

——amcam Radway

————— Watershed

0 500m 1000m
Fig. 14 (= map)

The Hupselse area consists mainly of slightly loamy fine
sand and partly of poor loam. In general, the permeability of soil
varies from middle to high. There are only two levels with low
permeability occurrence. Miocene clay is found at or near to sur-
face in the eastern part of the area. In a western direction it
is covered by younger deposits, in which remnants of glacial till
are found at about 1 meter deep. Much detailed information on
soil science, geology and hydrology is published in the periodical
booklet IMP [241.
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The selection of rainfall-runoff data for the KINFIL
model has been made with a particular reference to high intensity
rainfalls. The time step was used no longer than 13 min to be
able to describe an infiltration process. First, the CN value
has been evaluated using the convential way.

The procedure for estimating the CN value [12] for Hup-
selse catchment was as follows:

The hydrologic soil group was found as B. The estimatiocon
was made that pastures belong in BOX to fair hydrologic conditi-
ons and 20% to the poor ones, all other land use belongs to the
B group, too. The composite CN can be calculated:

Pastures {(80% fair hydrologic conditions) ... 0.56 x &69= 3B.&4
Pastures (20% poor hydrologic conditions) ... Q.14 x 79= 11,06
Arable land (good hydrologic conditions) ... 0.21 %x 78= 16.98
Woods (poor hydrologic conditions) ess 0.06 x &&= 3.96
Roads {(hard surface) ree U003 ¥ 98= 2.94

Compeosite CN = 73.56&
Rounded toc CN = 74,00
It is well known that any CN- based model does not give
a very good match with reconstructed events unless they are cau-
sed by very intensive rainfall. This is cbvious as the ChN- based
models have been developed for design purposes with low proba-
bility of occurence (and consequently with high return period).
Frrom the 15 year rainfall-runoff records on the Hupselse Beek,
eight significant events with the highest intensity rainafall
have been selected for reconstruction. The chief characteristics
of these rainfall events with the highest 15 mm intensities max.
r{mm/hr}), total depthe P{mm) and +ive day antecedent precipita—-
tion sum AP{(mm} were measured as {(all records from Assink st.)?

max.r (mm/hr) P {(mm) AP {mm)
EVENT 1 23/5/1972 27.00 30,12 9.6
EVENT 2 27/5/71972 13.&8 ' 44,00 35.9
EVENT 2 2B/7/1972 10.80 38.36 17.4
EVENT & 10/7/1980 11.16 30.60 21.9
EVENT S 29/9/1984 16.80 24.80 14,7
EVENT & 14/8/71985 23.52 29.64 19.1
EVENT 7 b/5/1986 10,92 i8.48 3.6
EVENT 8 1/3/71987 .01 79.53 19.7

For all B8 svents the antecedent moisture conditions were
assigned as the AMC 11. To compare the measured rainfall inten-—
sities with the design ones, the Table S can give the outlook
on the parameters of design rainfalls with the return period
Te= 2, 10, and 100 years (for De Bilt station). For applying the
KINFIL the curve number CN= 74.00 has been considered for all
events. This CN value gives the corresponding values of the
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hydraulic conductivity Ks= 0.041 mm/min and the sorptivity
So= 2.018 mm/nink¥0.5 (the storage suction factor Sf= 4%9.58 mm).
Table 3 gives the comparison of results obtained from the INFIL
part of the model with observed depths of runoff. Tab.3 also
shows to what extent is sensitive the selection of time step.
It gives the results for DT= 15 min and DT= 30 min both of
that have been used. Because of the nature of infiltration
process, the shortest DT the more reliable results. Anyhow,
the aim of this work was not to simulate a rainfall-runoff pro-
tess in details but to prove the applicability of the KINFIL
for design purposes. Then four events No. 1, 2, 35, and &6 have
been selected for reconstructing the runoff process with the
satisfactory match of the both computed and measured effective
rainfall depths. For this purpese the Hupselse catchment has
been geometrically approximated by the V- shaped planes with
the main stream symmetrically situated between. As there is
very small slope of the catchment and a simple topography of
it, neither cascade nor converging surface were considered.
The main parameters of the model aret

CFLANE: 1 FPLANE (J=1) (from each side)
slopet S0{(J)= 0,008
length: DLNJ{(J)= BI10.0O m
width: WID{J)= 40G00.0 m
Manning®s nt* FRNM(J)= 0.15
type of flow m: AM{JI= 1.47
time step: DT= 900 s for input/output data
DTEC= 30 s for computation
space step: DX({(J)= 81.0 m

The value of Manning’s n has been assigned in accordance
to the field experiments [3] for a grassland catchment. The type
of flow was considered turbulent as it has been shown [25] that
even low flows when they are treated as turbulent would not induce
a seriocus loss of accuracy. Considering all flows turbulent would
also negate the need for a computational system to locate the
laminar-turbulent transition [251.

For the channel routing process the main stream has been
divided inteo 7 reaches respecting its longitudinal profile. For
the sake of simplicity the rectangular cross—section has repre-
sented the natural trapezoidal one.

CSTREAM:z 7 REACHES (J=7) (from upstream to downstieam)
slopes: S0S5(J)= 0.0025, 0.0015, 0.0015, 0.00i1S,
0.0014, 0.0010, G.000&
lengthst! DLNS(J)= 400, 350, 500, 350, 1000, 1100, 600 m
widths: WIDS(I)= 1.5, 2.0, 2.0, 2.5, 2.5, 3.0, 3.5 m
Manning?’s n: FRS{(J)= 0.025 (for all reaches)
time stept DT= 1 hour for input/output data
DTC= &0 & for computation
space step: DX(J)= DLNS(J}/10.0
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The MUSKINGUM-CUNGE parameters have been computed using

the following values:

- Attenuation parameter <<p= 0.84 .10%%x&6 (-)

- Wave speed cel= G.3 m/s (using old records)

- Curvature of upstream hydrographi: was neglected

- Reference peak discharges varied from 0.6 m3/s to 0.8 m3/s for
individual events.

The values of the M-C parameters were:

PAK= 22.2, 19.4, 27.7, 19.4, 55.5, 61.1, 33.3 min

PAX= 0.219, 0.178, 0.275, 0.178, 0.387, 0.398, 0.312
All results from events No. 1,2,5,and & are tabled on the Tabk.4/1,
472, 4/3 and 4/4. The hydrographs are plotted on the Fig. 10 A,

B, C and D. No evaluation of fitting was computed but the appli-
cability of the mpodel is evident.

The next step in testing KINFIL was to implement the data
from infiltrometer which have been recently collected and handled
in large extent on the experimental spot in the Hupselse catchment.
During last years many field measurements of soil hydraulic pro-
perties across the 4.5 km2 catchment area were taken. There are
reported C23] three different sampling schemes, the first involves
7 measurement sites over the catchment, the second scheme consists
of the 0.5 ha spot and the last one covers the rectangular of 1 ha
with the network density of 20 x 20 m in the central part of the
catchment. In each of these 36 sites (1 ha) the data on hydraulic
conductivity, sorptivity and in some samples also on diffusivity
have been obtained by different methods [23]1. The scaling theory
has been applied to evaluate the spatially scattered values of
saturated hydraulic conductivity, Ks and serptivity So. The scaled
infiltration curve and also the scaled cumnulative infiltration
curve are plotted on the Fig.1Z2. The Ks and So values from 1 ha

experimental spot are given in the Table & and they have been used

for testing conditions for a surface runoff formation caused by
design rainfalls of the return period Te= 2, 10 and 100 years.
There were more than 1,200 synthetic events being tested whether
an overland flow is produced. The results are listed in Table &
and on Fig.11. From the 34 soil samples there were 19 samples
indicating no surface runoff in the case of 2 year rainfall,

& samples for 10 year rainfall and 3 samples for 100 year rain-—
fall all for various rainfall duration (zsee Tab.&). From the
other side, when subtracting the S min design rainfalls the num-
ber of those which have produced some surface runoff decreases
drastically: & events for Te= 2 y, 7 for Te= 10 y and 12 for

Te= 100 year rainfall.

Only the soil sample A/1 has shown the different pro-
perties (see Tab.é). Fig.11 gives the examples of the "worst"
event {(A/1) as well as the "average"” one. The mean Ks value was
0.795 mm/min which should mean that CN< 1.0 (CN= 1 for Ks= 0.771
mm/min). This can be hardly true for a whole catchment. Consider-
ing the scaled average value of hydraulic conductivity from all
three groups of experimental spots Ks= 0.234 mm/min for the
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horizon A, it can be shown that the corresponding CN= 44 which
seems to be low anyway. The Ks= 0.234 mm/min has been deter-
mined by scaling technique as one of the van Benuchten para-
meter [231.

To formulate the final conclussions, one can say that
due to the strong space variability of infiltration capacities
across 6.5 km2 catchment, there are still required some more
measurements taking into account also so called "source areas"
where a surface runoff is predominantly produced. Nevertheless,
the KINFIL as a design flood mode]l does rnot deal with an inter-
flow component which is undoubtedly a significant form of flow
in the Hupselse area.

The last step in the KINFIL application was to implement
the design rainfalls for the catchment under the averige -design
conditions. There were found most likely ast

CN= 74.00, so that

Ke= 0.041 mm/min

So= 2.018 mm/mink%x0.35

Sf= 49_.48 mm

and the antecedent moisture conditions as AMC II at field
tapacity.

The computation was made first by the INFIL only for the
Te= 2, 10, 100 year for all 11 selected rainfall durations from
S min to 24 hours with the corresponding intensities (Tab.7).

For the return period Te= 2 vears the design flood hydro-
graphs have been computed by KINFIL model. Table 8 gives the
hydraographs ordinates for the two years desian floods caused by
the design rainfall of 30, &0, 120, 180 and 240 min. These durati-
ons have been chosen because of the high depth of effective rainfall
and also due to fact that the time of concentration of the catch-~
ment lies within those range. The hydrographs have been plotted
on the Fig.13. The peak flow @Gmax is about 1.B2 m3/s for the 120
min rainfall. The design flood hydrographs for Te= 10 and 100 year
can be determined in the same way.
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ANNEX?! Derivation of the Morel Beytoux equations
——————————— for infiltration

The Green and Ampt equation (&) considerring the sketch
below can be also written in the form?
, zf + H + Hf
I = Ks {1A)
z¥

where zf ... depth of infiltration front

Hf ... effective capillary drive

H ... depth of ponded water

Oy O Sur{gcz. @ s Surfaca
7 7 o I}
% l Lﬁl— 4 {
ReT 1
¢ | w1 (L
{ |
I ' ]
I 7, 1/, )
I // | gtbs
| “R',. .
| } g1 l
Initial state: Later state:
Surface saturation Propagation of the wetting fromt
Fig. 1A

Eg. (1A) can be also written as the time propagation of the wetting
front:

dz+
1 = B —-Bg) ——-— (2A)
dt
Eg. (1A) and (2A) putting together give:
z+ Ks '
- - dzf = —— dt (34
z2¥ + H + Hf s — 90)
L.h.s. of eyg.(3A) can be arranged as
zf H + Hf
toe- dzf = (1 - —- ) dzf (4A)

2z + H + Hf zf + H + Hf
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If eq. (3A) with the arrangement of (4A) is integrated:

2F H + Hf t Ks ~
{u— - ydz = / d{
2 + H + Hf o 9s - VD)
we get after integration and after some algebraic arrangement:
‘ z+
(s —9o)zf — (H + Hf) (9s —Bp).1ln(]l + —=—r=——a } = Ks.t (5A)
H + Hf

or applying the expression for cumulative infiltration
W= (& —So)zt , then:
W

W= (s ~90)(H + Hf).1n[1 + 1 = Ks.t (&A)

BOs — -Go) (H + Hf)
Introducing time to ponding tp, substituting the storage suction
coefficient Sf=(9s ~ O0).Hf, and neglecting the variable H (for
its small value comparing with Hf) one can get:?

W ~ Wp
Ks(t — tp) = W - Wp ~ Sf.1n(l + ————————m ) (7A)
Sf + lWp
For the development of In(l + x) for x variables the Taylor series
K2
X = =~—— + ,.. has been used.
2 .
Eqg. (7A) then gets the approximative form after some truncationt
W - Wp i W - Wp
Ke{t — tpg) = W - Wp - BFf == = e { e q {BA)
Sf + Wp b Sf + Wp
Thent
Wp S+ W-Wp =
Ks(t - tp} = ——m=e——-— (W - Wp) + 4 )
Sf + Wp 2 Sf + Wp
and

(3 2
SF(W — Wp) + 2Wp(SFf + Wp) (W — Wp) = 2(Sf - Wp) Ksl(t - tp) = 0 (FA)

For middle values of W -~ Wp it is possible to neglect the central
term in eq. (FA), then:

2(5f + Wp) . Ks
W-Wp = |- . \lt - tp (10A)
Sf

Derivating in time the infiltration rate can be expressedt

-

2
1'V-2(Sf + Wp).Ks 1

i =~ l-- - . e (11A)
2 5§ '\It - tp

Introducing sorptivity 5¢@o) = “2Ks.Sf to eq. (11A) one can write:

[ 2(Sf + Wp).Ks
-— e~ = S(rk,®o0)

Sf
ort

Wp Wp
S(rx,on) = ||26F(1 + -~) Ks = E&Oo). (1 + —-—) (12R)
5 Sf
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and

Wp
The term (1 + -——=) can be expressed as:
Sf
Wp r.tp 1 rx
1 + ——— = | + === = ] + ——————m = e
Sf S+ rx — 1 rx - 1

where r ... rainfall intensity
r¥... = r/Ks {normalized rainfall intensity)
Then the infiltration rate is:

rx : 1
S 6o) - ——— + Ks (13A)

rx -1 Yt -tp

Instantneous ponding sorptivity has to be corrected for the cases
vwhen ponding is not instantneous. Eq. (13A) does not hold for small
values (t-tp) as i ~w >Ouyhen t=tp. It can be corrected introduc-
ing the correction factor ai

LV I

i

rk 1
5 (90) == + Ks (14A)
rk =1 Yt - tp + a.tp

[N

The correction factor a should guarrantee that i=r at time t=tp,
g0 thats

1 rk 1
r =~ 5®0o) - + Ks (15A)
2 rtid - 1 1a.tp

The correction factor a can be expressed after some algebraic
re—-arrangement of the (154) as:

1 rx
a= - ( --------- ) {16A)

2 rx - 1
After substitution of eq. (156A) back to eq.{(14A) the infiltration
rate is:

i rk i
i = - S¢Go) - == , + K= (17A4)
2 rx - 1 i r¥ ?
t - tp + - ( ———————— ) - tp
2 rk - 1
and then the cumulative infiltration at time between tp and t is:
rk (V 1 ry oV
W - Wp = Ks{t - tp) + S(@0) =————ur t - tp + -( ———————— ) tp
r¥ — 1 2\rk - 1
1 rk 3
- - ( —————— ) tp (18aA)
21\rx - 1

which is the eq. (B in the Report. The eq. {(9) for a variable
rainfall can be derived in a similar but more complicated way.




RAINFALL — RUNOFF EVENT “PLANE 1" Tab.1

—

(constant intensity rainfall)

No. Time Rain Infil Ef.rain QO-plane @-conv Q-stream
hr mm/hr mm/hr mm/hr m3/s m3/s m3/s
1 G.25 15.00 13.79 0.00 0.00 0.00 0.00
2 Q.30 15.00 10.29 Q.00 0.00 Q.00 0.00
3 Q.73 15.00 7.84 6.13 0.34 0.00 0.03
4 1.00 15.00 6,69 8.31 1.46 Q.01 0.51
S 1.28 15.00 5.99 ?.01 3.32 G.04 1.40
[ 1.50 15.00 5.50 .49 5.92 0.13 2.72
7 1.75 15.00 5.14 9.846 7.74 0.32 4.01
8 2.00 15.00 4.86 10.14 8.14 0.465 4.468
9 2,25 15.00 4.43 10,37 B8.42 i.16 .01
10 2.50 15.00 4.44 10.56 8.64 i.91 5.43
11 2.78 15.00 4.28 10.72 8.78 3.46 &.02
12 .00 15.00 4.14 10.856 8.94 &.78 7.11
13 3.25 15.00 4,02 10.98 ?.04 8.52 .45
i3 3.50 15.00 3.91 11.09 9.16 9.88 11.91
15 3.79 15.00 3.81 11.1%9 ?.24 11.09 13.39
i&é 4,00 15.00 3.72 11.28 9.34 11.35 14,60
17 4,25 15,00 3.464 11.36 .42 11.30 15.23
18 4,50 15.00 3.957 11.43 9.4546 11.21 15.26
19 4.75 15.00 .51 11.49 .52 11.15 15.18
20 5.00 15.00 3.45 11.55 2.40 11.17 15.11
21 5.29 15.00 3.39 11.61 F.62 11.27 15.04
22 5.50 15.00 .34 11.4646 ?.70 11.38 14.97
23 5.75 15.00 3.28 11,72 .72 11.39 14.90
24 6.00 15.00 3.24 11.76 2.78 11,22 14.84
25 6.25 0.0 0.0 0.0 6.26 10.39 14.14
26 6. 950 0.0 0.0 0.0 3.86 2.31 12.60
27 &.75 0.0 0.0 0.0 2.42 8.20 10.90
28 7.00 0.0 0.0 0.0 1.56 7.20 2?.41
29 7425 0.0 0.0 0.0 1.04 &.30 8.12
30 7.950 0.0 0.0 0.0 CG.72 Ue 50 7.03
31 7.75 0.0 0.0 0.0 0.50 4.81 &.11
32 8.00 6.0 0.0 Q.0 c.32 4.20 5.30
33 8.25 0.0 0.0 0.0 0.20 3.69 4.61
34 8.50 G.0 0.0 0.0 C.10 3.26 .98
25 8.75 0.0 Q.0 0.0 0.04 2.91 3.44
36 ?.00 c.0 0.0 0.0 0.0 2.64 3.07
37 .25 0.0 6.0 0.0 0.0 2.4%5 2.75
38 ?.350 0.0 0.0 0.0 ¢.0 2.33 2.95
39 ?.75 0.0 Q.0 Q.0 0.0 2.25 2.45
40 10,00 €.0 0.0 0.0 0.0 2.15 2.30
Symmetrical V-shaped cascade of three planes and one converging
surface segment aof 180 deg, catchment area is 6.53 km sa.
Storm depth: 90.00 mm
Storm durationt 6.0Q hr
Hydraulic conductivity of soil: 1.21 mm/hr
Sorptivity of soilt 9.02 mm/hrXxx0.5




RAINFALL - RUNOFF EVENT "PLANE 2 Tab.2

{variable intensityvy rainfall)

No. Time Rain Infil Ef.rain Q@-plane Q-conv B(-stream
br mm/hr mm/hr mm/hr m3/s m3/s m3/s
1 0.25 15.00 10.05 0.00 0.00 0.0Q Q.00
2 0,50 16.00 b. 35 b.92 Q.42 .00 0.10
3 0.75 18.00 4.96 13.04 2.50 0.01 0.79
4 1.90 14.00 4,28 Q.72 4,97 0.03 2.17
5 1.25 28.00 2.89 24.15 12.89 0.12 9.29
& 1.50 20.00 3.55 16.45 14.70 0.37 8.20
7 1.75 12.20 .33 8.87 11.87 0.77 7.94
8 2.00 10.00 3. 15 &. 85 8. &9 1.32 a. 38
9 2.25 2.00 2.00 0.0 S.18 2.81 4,82
10 2,50 2.00 2.00 c.0 3.10 5.53 4,24
11 2.75 Q.00 ¢. Q0 0.0 1.99 7.07 5.47
12 3.00 1.00 1.00 Q.0 1.33 B.08 7.12
13 3.25 5.00 S.00 0.0 0,92 7.91 8.13
14 3.90 3.00 3.00 0.0 Q.46 7.48 8.37
15 3.75 0.0 0.0 0.0 0.48 7.10 7.21
14 4.00 G.0 0.0 0.0 0.36 6.81 7 .44
17 4.25 0.0 0.0 0.0 0.28 b.432 7.08
i8 4.590 0.0 0.0 0.0 Q.22 5.72 6,70
19 4,75 0.0 0.0 0.0 0.18 4,67 &6.13
20 S5.00 0.0 0.0 0.0 0.15 3.49 95.21
21 5.25 0.0 0.0 0.0 0.12 2.40 4,04
22 5.50 0.0 0.0 0.0 0.10 1.52 2.93
23 5.75 0.0 0.0 ¢.0 0,09 0.89 1.98
24 &. Q0 0.0 0.0 0.0 0.08 0.48 1.22
25 6.25 0.0 0.0 0.0 0.06 0.24 G.70
26 &. 50 0.0 0.0 0.0 0.05 0.12 0.38
27 6.75 0.0 0.0 0.0 0.05 0. 10 0.20
28 7.00 0.0 0.0 0.0 0.04 0.08 0.13
29 7.25 0.0 0.0 0.0 0.04 0.07 0.10
30 7.50 0.0 0.0 0.0 0.03 0.06 0.09

Symmetrical V-shaped cascade of three planes, one converging
surface seqment of 180 deqg, catchment area is 6.53 km sq.
Storm depth: 90.00 mm

Storm durations &6.00 hr

Hydraulic conductivity: 1.21 mm/hr

Sorptivity: 9.02 mm/hrx%0.5




STORM RAINFALL-RUNOFF DATA
ON THE HUPSELSE CATCHMENT

(DT= 15 min, 30 min?

Tab.3

DATE

EVENT RAIN CUMUL. INF. EFFECT.RAIN OBSERVED RUNOFF
NO. DEFPTH DEPTH DEPTH DEFPTH
M MM MM MM
15? 30° 15 30’
1 23/5/1972 30.12 25.46 20.94 4.66 .18 2.50
2 277571972 44 .00 38.34 42.14 S.66 4.91 4,350
3 277771972 38.386 I4.51 36.52 3.85 1.84 8.40
4 107771980 30.40 20.04 30.57 0.44 ©0.04 7.25
S 29/971984 24.80 20.66 24.20 4.14 0.40 3. 34
3 14/8/1985 29.464 15.68 24.15 13.45 5.49 4.10
7 &/5/1986 18.48 18.48 18.18 .00 0.30 5.49Q
8 1/3/1987 73.93 &5.66 6B.44 7.87 7.09 15.75
Tab.5
THE DESIGN RAINFALLS (De Bilt)
(For the reccurence period Te= 2, 10, 100 years)
Reccurence period
2Y 10 Y 100 ¥
No. TIME INTEN. DEFTH INTEN. DEPTH INTEN. DEPTH
min mm/min mm mm/min mm mm/min mm
1 5 1.35 b5.75 2.50 1i2.50 2.40 17.00
2 10 0.90 F.00 1.60 16.00 2.20 22.00
3 1S5 0.78 11.25 1.20 18.00 1.80 27.00
4 30 0.45 13.50 0.80 24,00 1.10 33.00
S &0 0.25 15.00 0.42 25.20 0. 65 39.00
) 120 0.18 21.60 0.30 36.00 0.40 48.00
7 180 a.14 25.20 0.20 346.00 0. 30 94.00
8 240 0.10 24.00 0.1& 38.40 Q.22 52.80
9 360 0.075 27.00 0.11 I?.60 0.15 54.00
10 720 0.04 28.80 Q0.065 44,80 0.085 61.20
11 1440 0.03 43,20 Q.04 57.60 0.05 72.00




HUPGSELSE B EE K (MODEL KINFIL) Tab 4/1

RECONSTRUCTION OF THE RAINFALL-RUNOFF EVENT No.1

23/Q05/1%72
No. TIME RAIN EF.RAIN Q-PLANE Q-STREAM G-H.B.
HR MM/ HR MM/HR M3/S M3/8 M3/S
comp. comp. meas.
1 1.0 27.00 4,66 0.312 0.109 Q.034
2 2.0 3.12 0.C0 0.632 0.108 0.054
3 3.0 0.0 0.0 0.&32 0.326 0.18%
4 4.0 0.0 0.0 0.4630 0. 44% 0.359
= 5.0 0.0 0.0 0. 5630 0. 458 0.439
) 6.0 0.0 0.0 Q.626 0. 460 0.4Q0
7 7.0 0.0 0.0 0.610 0.454 0.341
8 B.0 0.0 0.0 0.374 0.43% 0.293
g ?.0 0.0 0.0 0.476 0.411 0.253
10 10.0 0.0 0.0 0.456 0.363 0.224
11 11.0 0.0 0.0 0. 388 0.315 0. 202
12 12.0 0.0 0.0 0.324 0.274 0.18¢6
13 13.0 0.0 0.0 0.26B 0.228 0.170
14 14.0 0.0 0.0 0.224 0.189 0.159
is8 15.0 0.0 0.0 0.188 0.157 0.148
16 16.0 0.0 0.0 0.1&62 0.132 0.141
17 17.0 0.0 0.0 0.144 0.113 0.132
i8 18.0 ¢.0 Q.0 0.126 0.100 . 0.126
19 19.90 0.0 0.0 0.108 0.089 0.121
20 20.0 0.0 0.0 0.098 0.078 0.116
HUPSELSE B EEK (MODEL KINFIL) Tab. 4/2
RECONSTRUCTION OF THE RAINFALL-RUNOFF EVENT No. 2
27/05/1972
No. TIME RAIN EF.RAIN Q~-PLANE Q=-STREAM @-H.B.
HR MM/HR MM/HR M3/8 M3/S M3/S
comp. COmp. observed
1 1.0 1.5& 0.0 0. Q00 0.000 0.036
2 2.0 12.40 2.06 0. 4466 0.1463 0.036
3 3.0 13.68 3.60 Q0,844 0.162 0.040
4 4.0 1.56 0.0 0.844 0.455 0.051
S 5.0 0.0 0.0 0.B844 a.598 0.1464
) 6.0 0.0 0.0 0.842 0. 607 0.432
7 7.0 2.52 0.0 0.B2& 0.597 0.706
8 8.0 0.24 0.0 0.784 0.568 0.746
9 2.0 0.0 Q.0 0.708 0.517 0.46%0
10 10.0 .72 Q.0 0.610 0.448 0.632
11 11.0 0.3& 0.0 0.506 0.372 0.560
12 i2.0 g.12 0.0 0.412 0.302 0.514
13 13.0 0.0 0.0 0.336 0.243 0.449
i3 14.0 0.0 0.0 0.274 0.197 0.432
15 15.0 ¢.0 0.0 0.226 0.161 0.403
16 15.0 0.12 0.0 0. 188 0.134 0.374
17 17.0 0.0 0.0 0.158 0.113 0.347
18 18.0 1.08 0.0 0.136 0.097 0,323
19 12.0 ¢.48 0.0 0.11¢6 0.084 0.302
20 20.0 Z2.04 0.0 ¢.100 0.073 0,285




HUPSELSE BEEK (MODEL KINFIL) Tab. 4/3

RECONSTRUCTION OF THE RAINFALL~RUNOFF EVENT No. S

29/09/1984
No. TIME RAIN EF.RAIN Q-PLANE Q-STREAM G~H.B.
HR MM/ HR MM/HR M3/S M3/8 M3/S
comp. comp. observed
1 1.0 0.12 0.0 0. 000 0. Q00 0.036
2 2.0 14.80 4,14 0.500 0.176& 0.036
3 3.0 5.88 0.0 0.300 0.173 0.042
4 4.0 1.44 0.0 0.500 0.344 0.134
S 5.0 0.24 0.0 0.3500 0.356 0,379
1) &.0 Q.0 0.0 0.498 0.364 0.325
7 7.0 0.0 0.0 Q.499 0. 368 0.529
B 8.0 0.0 0.0 0.484 0.363 0.477
9 2.0 0.0 0.0 0.462 0. 350 0.424
10 10,0 0.0 0.0 0.428 0.328 0.379
i1 11.0 0.0 0.0 0.382 0. 300 0.343
12 12.0 0.0 0.0 0.332 0.266 0.314
13 13.0 0.0 0.0 0.282 0.230 0.287
14 14.0 0.0 0.0 0. 240 0.195 0.267
1S5 15.0 0.0 0.0 0.202 0.1464 0.253
16 16.0 0.0 0.0 0.170 0.139 0.240
17 17.0 0.0 0.0 0.1446 0.118 0.228
18 18.0 0.0 0.0 0.124 0.101 0.218
1e 19.0Q 0.0 0.0 0.108 0.087 0.208
20 20.0 0.0 0.0 0.094 C.076 0.200
HUPSELTGSE BEEK (MODEL KINFIL) Tab. 4/4

RECONSTRUCTION DF THE RAINFALL-RUNOFF EVENT No. 6
14/08/1985

No. TIME RAIN EF.RAIN O~PLANE G-STREAM g-H.B.

HR MM/HR MM/HR M3/S M3/S M3/S

comp. comp. obser ved

| 1.0 23.52 5.49 0.000 0.00Q 0.014

2 2.0 5.88 0.0 0.268 Q.094 0.015

3 3.0 Q.12 Q.0 ¢.800 Q.093 0.033

4 4.0 0.0 Q0,0 0.800 0.371 0.244

S 5.0 0.1i2 0.0 0.800 0.567 0.648

& 6.0 0.0 0.0 0.798 0.576 0.852

7 7.0 0.0 0.0 0.786 0.378 0.740

g8 8.0 0.0 0.0 0.748 Q.568 0.5%6

g F.0 0.0 0.0 0. 680 0.542 0.484

10 1C.Q 0.0 0.0 0.5%0 Q. 495 0. 404
11 11.0 0.0 0.0 0.494 0.431 0.343
12 12.0 0.0 0.0 0.404 0.361 0.303
13 12.0 0.0 0.0 0.330 0.29% 0.271
i4 14.0 Q.0 .0 0.270 0.238 0,242
15 15.0 0.0 Q.0 0.222 0.193 0.220
16 16£.0 0.0 Q.0 0.1B& 0,158 0.202
17 17.0 0.0 0.0 0.156 0.132 0.188
i8 18.0 0.0 .0 0.134 0.111 0.175
19 19.0 0.0 0.0 0.116 0.095 0.164
20 20.0 0.0 .0 0.100 0.083 0.155
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INFILTRATION ON THE HUPSELSE CATCHMENT
EEXERAKERRERKKKEEARERKARENRREXKERRRRKE
3& INFILTROMETERS RUN GON § HA SPOT AT 20%20 m NETWORK

Tab.

6

SO1IL SOIL CRITICAL RUNOFF DEPTH IN Te = 2,10,100 years
GBROUP PARAMETERS Te= 2 years Te= 10 years T= 100 years
No. Symb. Ks So Time Excess Time Excess Time Excess
mm/min mm/mink%¥1/2 min mm min mm min min
i A/l 0.0&6148 0.018 120 13.46 120 28.00 180 42.10
2 A2 0.92620 5.384 - - S 1.75 ] 2.93
3 ALS 0.55379 2.489 15 1.00 S 9.21 iS5 11.17
4 AlL 2.34717 0.719 - - - - s ¢.59
9 A/S 1.91081 4.608 - - - - =] 0.51
) Asé Q.70116 2.173 - - S 4.86 5 F.54
7 B/1 0.268909 1.803 iS5 46.01 30 14.32 30 23.48
8 B/2 0.32852 0.078 15 4.94 30 12.19 30 21.44
e B/3 0.463408 3.689 S C.25 5 4.56 S 8.39
10 B/4 0.24077 —=0.497 - - - - - -
11 B/S 0.369B3 -0.1E88 - - - - - -
12 B/b 1,37206 2.910 - - S 0.54 S 3.51
13 cC/1 0.461007 0.395 - - - - 5 .59
i3 /2 0.76008 3I.232 S 0.07 S 3.74 S 8.01
i5 €/3 Q.256B7 0.804 15 4,36 30 11.80 30 21.07
16 cC/4 0.881%91 3.592 - - 5 2.66 ] 65.79
17 €/5 0.946684 -0.502 - - - - - -
i8 C/é6 1.248146 5,018 - - S 0.90 S 3.23
19 pD/1 0.41447 0.845 S 2.58 10 8.70 15 16.89
20 D/2 0.61036 3.403 10 0.44 S 4.90 5 .31
21 D/3 1.17833 ©5.848 - - S 0.87 ] 3.36
22 D/4 1.49280 7.079 - - S 0.03 =] 1.30
23 D/5 0.370BO0 2.316 5 2.08 10 7.82 i5 15.80
24 D/é 0.34685 7.210 S 1.08 ) 6.15 i5 12.89
25 E/1 1.14032 0,366 5 Q.01 S 3.71 S 8.&60
26 E/2 0.8%94%94 5.997 - - =] 1.77 S 5.4%
27 E/3 0.69151 1.327 5 0.52 S S.éb S .20
28 E/4 0.89246 1.774 3 Q.80 S 6.07 is 11.26
29 E/S 0.38835 5.4346 5 1.08 S 6.21 15 12.76
30 E/é& 1.10277 9.262 - - S 0.39 ] 2.84
31 Frs1 0.50350 0.6%96 S 2.08 =] 7.88 15 15.40
32 Fr/2 i1.08822 7.577 - 9 0.71 ] 3.64
I35 F/3 0.73138 0,279 S 1.15 S 7.03 13 12.34
24 F/4 0.95938 6.347 - - 10 1.67 5 4,81
35 F/3 0.94687 2.713 - - S 2.65 5 6.85
b Fré 0.76948B 5.726 - - S 2.68 S 6.70
R. MEAN 0.79323 3,085 S 0.05 S 3.40 S 7.90




HUPSELSE BEEK - D E S I B N RUNOFFS Tab. 7

{Design rainfalls, station De Bilt)
MODEL INFHUP

RETURN PERIODD

No. RAINFALL T= 2 YEAR T= 10 YEAR T= 100 YEAR
DURATION RAIN EF.RAIN RAIN EF.RAIN RAIN EF.RAIN
min mm mm mm mm mm mm
1 5.0 6.75 S.67 12.50 11.40 17.00 15.90
2 10.0 2.00 7.33 16.00 14,32 22.00 20.32
3 15.0 11.25 Z.08 18.00 15.82 27.00 24.82
4 30.0 13.50 10.02 24.00 20.53 33.00 29.53
S &0.0 15.00 F.17 25.20 .19.46&6 39.00 33.31
& 120.0 21.60 11.63 36.00 26.26 48.00 38.35
7 180.0 25.20 11.27 326.00 22.3%6 54.00 40,564
8 240.0 24,00 6.28 38.40 20.78 52.80 35.74
9 360.0 27.00 2.92 3%9.60 14.8646 94.00 29.76
10 720.0 28.80 0.00 46.80 3.23 &1.20 15.71
11 1440.0 43.20 0.00 57.60 0.00 72.00 0.22

THE DESIGN CONDITIONG:

CURVE NUMBER CN= 74.00

HYDRAULIC CONDUCTIVITY KT= 0.041 MM/MIN

SORPTIVITY 80= 2.018 MM/MINXx1/2

STORAGE SUCTIDON FACTOR SF= 49.48 MM

ANTECEDENT MOISTURE CONDITIONS: THE FIELD CAPACITY




Model KINFIL

Tab. 8
HUPSELSE BEEK - DESIGEGN FLOODS
(Design rainfalls - station De Bilt)
RETURN PERIOD Te= 2 YEARS
ORD. TIME G-30MIN G-60MIN 2-120MIN B-iB0OMIN G—-240MIN
No. hours m3/s m3/s m3/s m3/s m3/s
| 1.00 0.813 0.6%0 0.23&6 0.080 0.007
2 2.00 0.843 0.722 Q.243 0.083 Q.007
3 3.00 1.578 1.350 1.180 0.459 0.062
4 4.00 1.494 1.284 1.823 1.223 0. 204
S 5.00 1.461 1.277 1.823 1.726 0.466
& &.00 1.387 1.272 1.808 1.774 0.663
7 7.00 1.209 1.188 1.64A3 - 1.751 0.712
B8 8.00 Q.971 1.01&6 1.375 1.574 0.754
< .00 0.750 0.813 1.057 1.282 0.772
10 10.00 0.977 0.633 Q.796 0.986 0.752
11 11.00 0.449 0.493 0.603 C.747 0. 687
12 12.00 0.3546 0. 388 0,466 0.572 0.39%
13 13.00 0.286 0.311 Q.368 0.444 0.495
ia 14,00 0.233 0.253 0,294 0.354 0.403
15 15.00 G.192 0.207 0.238 0.284 0.327
16 16.00 0.159 0.172 ‘0.196 0.231 Q.267
17 17.00 0.134 0.144 0.1463 0.190 Q.220
18 18.00 0.113 0.121 Q. 136 0.158 0,183
19 19.00 0.097 0.103 0.118 Q.132 0.153
20 20.00 Q.083 0,089 Q.098 0.112 0.129
21 21.00 0.072 0.077 0.083 0.096 0.110
22 22.00 Q.064 0.047 0.074 0. 082 Q.094
23 23.00 0.059 0.061 0,064 0.071 0.081
24 24.00 0.054 0.036 0.053 G.062 0.071
25 25.00 0.050 0.052 Q.049 0.0S5 0.061
26 26.00 0.046 0.048 ¢.044 0.04% 0.053
27 27.00 0.042 0.044 Q.03%9 0.043 0.047
28 28.00 0.03%9 0.040 0.035 0.03% 0.042
29 29.00 0.035 0.037 0.032 0.035 0.038

30 30.00 0.032 0.033 0.029 0.032 0.035

—— - — — — -

DESIGN CONDITIONS:

CURVE NUMBER CN= 74

HYDRAUL IC CONDUCTIVITY KT= 0.041 MM/MIN

SORPTIVITY S50= 2.018 MM/MINKX1/2

STORAGE SUCTION FACTOR SF= 49.468 MM

ANTECEDENT MOISTURE CONDITIONS: THE FIELD CAPACITY
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