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Tank model and its application to Bird Creek, Wollombi Brook,

Bikin River, Kitsu River, Sanaga River and Nam lune
M. Sugawara, E, Czaki, I, Watanabe, Y. Katsuyama

1. BSimple tank model for humid regions

1.7. In humid regions, where it rains all the year round and where
soil is always wet‘by rainfall or water supply from groundwater, we can
analyse runoff structure of river basins fairly successfully by means of
a tank model schematically shown in fig. 1. It is composed of several
tanks laid vertically in series.

1.2. We may think that the top tank corresponds to the
structure of ground surface and surface discharge, the second
tank to the intermediate runoff, while the third and fourth
tank to the base discharge from groundwater, We do not think

that the correspondence is strictly real, but this model may

be an approximation somewhat resembling the finite elements

method., -

1.3. Though in fig. 1 the Lop tank has two outlets on [

the side and each of other three tanks has only one outlet on

the side, the number of outlets on the side of each tank is [

arbitrary, as the case may be. Usually, we set two or tarce

e
outlets on the side of the top tank and one outlet on the side

of each of other tanks, and in most cases Lhe side-outlet of T_
the lowest tank lies on the same level as the tank bottom. Fig-1

As the top tank has two or three ocutlets cn the side,
the relation between the runeff y and the storage amount X of the top

tank is not linear, and the runoff y increases acceleratedly when the
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storage X increases. Therefore, the ratio between the runcoff y and the
infiltration I from the top tank is not constant, but it increases with
the increase of storage X.

If we set many small outlets on the side, then the relation between
runoff y and storage X is represented by a smooth curve shown in fig. 2.b).
In this way, we can make the relation y:axz and other relations which
will be used in some cases.

1.4, Sometimes, the infiltration amount per unit time through the
outlet at the bottom is limited ai some saturation value I, as shown in
fig., 3, where Hy is the corresponding saturation depth of storage X.

1.5, In spite of its simple

outleook, the tank model has many

good points, as follows:
Hs|| x

1) It is simple in its form,

and in some extent it has reagonable

physical meanings corresponding to 1¢ <1s)
the 2zonal structure of groundwater, Fig. 3

2} It can represent the non-linear character of surface runoff,

3} It can represent‘several components of runoff, each of the
components having its own half period, but from the non-linear character

of this model the values of the half periods are not definite, strictly

2 -



speaking.

4) Input (rain water) is distributed to each of the components
automﬁtically by this non-linear structure.

5) Runoff components from lower tanks are smoothened in shape,
and the time~-lags are given to them automatically.

1.6. The difficult problem about this model comes from its non-
linear character which makes us impessible to find parameters mathemati-
cally or by some cbjective method. The enly way is the method of trials
and errors.

we put a set of numerical values to the unknown parameters, and
after numerical calculation we get the calculated discharge which is
compared with the observed one. By‘subjective judgement after careful
cbservation and comparisorn of both hydrographs, we change the values of
parameters for the next trial. Usually, we can get a good result after
about ten trials, There must be some reasonable and objective way of
judgement and a methad of finding optimum parameters, but we think,
trials end errors guided by subjective judgement from experiences will
be far more efficient, It may somewhat resemble the driving of a motor
car on the street. It is very difficult and probably impossible to make
an automatic machine that can drive a car on the street, but many men
can drive easily.

1.7. Bikin River and Kiisu xRiver are analysed by this simple tank

model,

2. Composite tank model for non-humid regions
2.1. In non-humid regions we must consider the effect of soil
moisture, and we make a structure for s0il moisture at the bottom of

the top tank. But it is not good enoush to explain the runoff structure
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of non-humid region.

2.2, In a non-humid basin, where some part is wet and the remaining
bart dry; the surface runoff occurs only in the wet area while in the dry
area all the rainfall is absorbed as soil moisture. When the rainy season
begins, the wet area grows larger, starting from a small area along the
river. We c¢an assume that the wet area spreads along the river. If there
ig an isolated wet area &= shown in fig. 4, the surface runoff from there
will be absorbed by the surrounding dry area and cannot reach the river

channel,

Fig. &4

To approximate the continucus change of wet area, we divide the
basin into several zones S1+554 %02, 5, as shown in fig. 5 where m=t,
It resembles the approximation of s smocth curve by step functien,

2.3. After the division ianteo m Zzcnes, each zone is represented
for simulation by a simple tank model with soil moisture structure in
the top tank, Thus we get a composite tank model, composed of nxm tanks
as shown in fig. 6, where n=4, m=4 and the left side is the mountain side,

and the right side the river side.

— 4 -
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same zone or to the river-side tank

ol tlie same stratum. There 1s another important water transfer, tnat
is the water suprly to soil moisture from lower free water by cagpillary
action,

2.5, When the dry season comes, free water of the highest zcne
decreases faster tuan that of other zones by water transler to lower
zones. Affer vanishment of free water, soil moisture begins to decrease
because there is no water supply from lower free water., [n this way,

the highest zone becomes dry earliest, and then the seccnd zone, the



third zone, ete. become dry, while the dry seascn goes on,

In the opposite way, when the wet season comes, the lowest zone
becomes wet at first, and then the second lower zone, the third zone,
etc. become wet,

''he change of wet area can be represented automatically in this way.

2.6, 1[he areal ratios of zones 51:82: +++ 5, are the important
parameters in this model. If we have wmuch information about hydrolegical,
topographical and gevlogical characiers of the basin, we may be able to
determine them by using the given information. I{ we have little or no
information, however, we must determine by trials and errors, where we
may usually assume for convenience that 54,5p,+++,5, are geometrical
progressions, and we use such progressions as follows with or without

some deformation:

39382185185 = 3%:3%:3:1 = 67.5:22,5:7.5:0.5

(5/2)3:(5/2)2:(5/2311 = 125:50:20:8 = 61:25:10:4

So] 152253351*

S4385153:8; = 25:27:2:1 = B:4:12:1 = 53.3:26.7:13.3:6.5

2.7. 'he top tank of the model has two types of outleis on the side:
a) Cutput through the outlet of type 4 directly goes to the
river channel.
b} Output through the outlet of type B goes to the top tank of
the next zone, except in the lowest zone where the output goes to the
river channel.
‘hough in fig. 6 thne model has outlets of both types, there are in
our final results, outlets of type A only in the case of Bird Creek and
Wollombi Brook, and on the contrary, in the case of Sanaga River and

Nam Mune there are outlets of type B only.



3, Structure for seil moisture

3.1, ¥e divide the soil moisture into two parts, the primary soil
moisture and the secondary soil moisture. We use the words primary and
secondary instead of upper and lower, though they are shown in fig. 6
as upper and lower positions for convenience.

Wnen rain comes and the ground surface becomes wet, then the surface
runcff occurs. From this pcint the upper soil moisture is a reasonable
word. But there alsc occurs infiltration, In many cases water may move
downward through holes or cracks or faults, in a word, through discontinu-
cus structures of ground surface. Vertical transfer of this kind can
occur when the soil surrounding these discontinuous structures has turned
wet enough, This is the reason why we use the words primary and secondary.

3,2, Water goes gradually from primary soil moisture to secondary
soil moisture, We assume that the transfer velocity Tp is given as a
linear function of the storage amount of secondary scil moisture Xg.

T2 = o5 4+ c(1 - Xg /Cs),

where ¢, and ¢ are constants, and

Cq the saturatien capacity of

secondary soil moisture, It means

that when secondary scil mcisture

is empty, transfer amount per day

and it tends to ¢, when

ig ¢ + € o

o

secondary soil moisture tends to

its saturation value.

In our final results, the

following values are used in most

cages:




Cg = 250 (mm), ¢o = 0.5 (mm/day), ¢ = 1 {(mm/day).

3.3. When primary soil moisture is not saturated and there is free
water in lower tanks, water goes up by capillary action so as to fulfill
the primary soil moisture. The transfer velocity Tq is assumed to be
given as a linear function of the storage ameunt Xp of primary soil
moisture,

Tq = b + B(1 =~ Xp /Cp),

where b, and b are constanis, and Cp the saturation capacity of primary
501l moisture,

In our final results, b, = b = 3 (mm/day) and Cp is about 50 mm.

Lk, Gvapotranspiration

4.1, Tn the basins of Bird Creek, Wollombi Brook and Nam hune,
daily evaporation is measured with evaporimeter. To calculate the
effect of evapotranspiration, we subtract the amount of daily evapo-
transpiration from the top tank as follows:

1) If there is enough of free water in the top tank, CG.8 E is
subtracted from free water in the top tank, where E is the measured
value of daily evaporation.

2) If there is no free water in the top tank, 0.6 E is subtracted
from confined water,

3) If there is not enough of free water Xf to subtract 0.& E from
ity Xy is subtracted from free water and 75% of deficit, namely
0.75{0.8 E - Xy), is subtracted from confined water.

4,2. There is no sufficient reason why we determine the above
coefficients 0.6 and C.6. We nave some uncertain experience, that in
Japan the mean evapotranspiration from the total basin may be 706 — 8O%

of the evaporation measured with evaporimeter. With this experience
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angd some trials at Rird Creek, we have determined lthe above valuesn.
_4.3. As there is no cvaporation data in Lhe basin of Lanaga River,
daily evaporation is assumed to be b mm/day covstantly all the year
round,
L,4, In the dry season aof non-humid reglons, when some part of
the basin becomes dry, no evapclranspiratlon can occur from the dry
area. Therefore, mean evapotranspiration from the Lotal basin is far

smaller than 0,6 E, when most parts of the basin have turned dry.

%Y. EKule f{or numerical calculation

5.,1. We carry oult the numerical calculation step by step as lime
series, where we define the meaning of coefficient written at each
outlet as follows. Consider the simplest case shown

in fig. 8. If there is storage X, then the discharge

X ol
per unit time is y = aX, and there remains >y
X'= (1 -~ a)X as storage. This is the meaning of

Fig. 8

coefficient a.
If @ is the coefficient indicating the relation y = -di/dt = aX,

. : . -aat
there remains after unit time at X'- e X, and the discharge per unit

time at is (1 - e-adt)x. Therefore we can consider that the coefficient

-nat ;
Y, which is always less Lhan

@ of fig. 8 is written instead of (1 - e
1.

5.2, After defining the meaning of coefficient o as above, numeri-
cal calculation goes on as the following example shows. Suppose, in
the tank shown in fig. 9, where 5011 molsture is saturated and storage
of free water of 20 mm in depth exist, rain of 30 mm and evaporation

of 5 mm are given as input. By sublracting 0,8%X"% = 4 {mm) as evapo-

transpiration and adding 30 mm of rain, we get bty mm as free waler



storage:

20 - 0.8 x 5 + 30 = 46 (mm). e
We derive the amount of runoff and infiltration as Le x0.35
follows: 8 0
runoff: 0.35(46 « (25 + 10)) + 0.25(46 -10) i " _)‘.9'25
= 12.85 (om/day) I
infiltration: 0,25 x 46 = 11.5 (mm/day)
remaining storage: 46 - 12.85 - 11.5 |77
= 21.65 (mm)
When the free water storage is larger than
60 mm the infiltration is limited at the saturation
value 15 (mm/day). x0.25(515)
5.%. We carry out the calculation in the
following order: 1) Subtraction of evapoiran~ Fig. 9

spiration, 2) absorption of lower free water to

primary soil moisture and transfer of water from primary soil moisture
to secondary soil moisture, 3) addition of precipitation, 4) caleculation
of runoff and infiltration from free water storage.

The above calculation is for the top tank, while for lower tanks
the calculation goes on in the following order: 1') transfer to primary
soil moisture, 2') receipt from the upper tank or from the tank of
mountain-gide in the same layer, 3') transfer to the lower tank or to
the tank of river-side in the same layer,

The order here described is merely a rule. It cannot be reasonable
enough. 1If we change the order the results will be somewhat different.
We cannot say which is better, but we have to choose one of them and fix
it to carry out numerical calculation,

5.4, We must take care for the calculation of water transfer

between zones. We calculate input, output and storage using the unit

~ 10 -



of water depth, that is, we consider per unit area., But in the case of

water transfer between zones, we must ccnsider the area of zones, COutput

from the tank of the i-th zone must

be multiplied by S;{ which is to be

r
:
] ] F====:
considered as quantity, and then it ! ! ey mnd
ust be divided by S h : :L*““’ !
must be divided by S, , when we v f 3l
i i XShl
consider it as input to the tank of ' L
3
the (i+1)-th zone., Therefore, we r__J“"—?- S. :
'Y 2t
) ) I
must multiply R; = Si/si+1' when ! Sin Leean
A

]
'
water transfers from the i-th zone '
1

it
(1}
i
(1}

to the (i+1)-th zone. L"TF”“J
5.5. From the same reason,

the runeff from the i-th zone to

the river channel must be multiplied

by §; as fig., 6 shows,

6. Deformation in river channel

€.1. The cutput from the tank model goes into the river chamnnel,

where its hydrograph is deformed by storage effect of the channel. To

give the deformation by channel storage, we use two types of medels

shown in fig. 11.

type A type B A
Yy /;f§}
- o }ﬁ?
X = -',‘;*. /Y
X d’. Xn E y * :
Hif ot }V X H ! X
0 H o Xo
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6.2. ''he model of type A is simpler and is used for Rikin River,
Sanaga River and Nam Mune, <T[his model is a sort of first-order lag
system /(S + @) where its time constant T = 1/ varies as follows:

1) when storage is small (X € H), T = 1/aq, aund 2) when storage is large
(X Z HY, T = 1/(aq+ a3).

©.3., The model of type B is used for Bird Creek and Wollombi Brook,
and its discharge becomes sometimes very small or vanishes. It has a
structure for initial loss at the bettom, and the relationm between output
¥ and storage amount X is given by

y = AX2, when X & X5,
where the storage X above the confined storage is measured. If we make
local approximation of this model by first-order lag system, its time
constant varies reciprocally proporticnally to storage. It is a good
peint of this model, But if we use the relstion y = AXZ for all X, there
arises a technical trouble in numerical calculation, namely when X becomes
large y = A%2 becomes larger than X, and this means that the output is
larger than storage. If we solve the differential eguation y= -d¥/dt
= AXB. or if we use an analog computer, there will not appear any contra=-
diction, Of c¢ourse, even with the use of digital computer, we can avoid
the above contradiciion by making time interval small enough. But it is
rather troublesome with little benefit.

When X is large, deformation by y = AX7 has only small effect, and
input turns into output with slight deformation. So we make another

practical approximation by replacing the parabola y = AX° with a curve

composed of a part of parabola y = AXS (0 € X ¢ Xo) and its Langent

¥ o= 2A%X - Axi {X 2 Xo), as shown in fig. 11. If we put 2AX, = 1, it

gives no deformation when X is large (X 2 X ). 1f we put 2AX, = 0.9 or

0.8, it pives slight deformation of first-order lag system with short



time constart, 1In cur final result, we put ERXO = 0.8,

6.4. To calculate the deformation effect by the river channel
using the model of type B, we alsc consider the effeci of precipitation
and evaporation on or from the river channel, We put the ratio of river
channel area to the total basin as S,. Therefore, daily inputs to the
model of type B are: 1) output from t£e tank model and 2) daily pre-
cipitation and evaporation multiplied by Sc' where evaporation is nega=-
tive input. The effect of evaporation from river channel is significant
when the river discharge is very small. In our final result, we sssume
5c = 1/250 = 0.4 %.

The area S, may not be limited to the area of water surface, but it
may include the riparian area. Though the area S, may vary, depending
upon the river discharge, we assume it as constant. The effect of pre-
cipitation and evaporation on or from the river channel area is signifi-
cant only when the discharge is very small, so we can neglect the varia-
tion of Sc'

6.5. We do not calculate the effect of precipitation and evaporation,
when we use the model of type A which is applied to the river whose
minimum discharge is not sc small, because the effect is negligible.

6.6. Usually, time lag is given to the calculated discharge to get

good fit with the observed discharge.

7. Mean areal precipitation for basin

7.17. Estimation of areal precipitation is the most important and
difficult probliem. We have no way to judge whether the estimation is
correct or not. Even if we can get good calculated discharge by using
estimated areal precipitation, estimated areal evapotranspiration and a

runoff model, we cannot say that the estimations and the model are good.



They may have some biases compensating each other. Foreover there may
‘exist not small errors in the measurement of discharge.

7.2. As the areal precipitation data are given for the basins of
Bird Creek and Wollombi Brook, we have to use them., In the cases of
Sanaga River and Nam Mune, precipitation is measured at thirteen and
four peints, respectively.

Measurements of peint precipitation show different patterns of
seasonal change, and if we use the simple arithmetical mean of point
precipitations as input, we cannot get any good calculated hydrograph
showing different seascnal pattern with the observed hydrograph. After
some trials, we use the weighted mean for Nam Mune where the weights
for Korat and Khon Kaen is half as large as those for Surin and Roiet.

In the case of Sanagas River, there iz a significant difference in
the patterns of seasonal change of observed discharge and calculated
discharge, if we use the simple arithmetic mean., And it is found that
the rain gauge points having different patterns of seasonal c¢hange with
observed discharge mostly lie on the boundary or outside of the basin.
So we have made the following weighted mean, where the weight given to
four points on the boundary and outside of the basin is half as large as
the weight given to nine points inside the basin. Though there are a
few peints inside the basin which ought rather to be given the half
weight we dared not do so, because of having no objective reason.

In our calculation enly 1 or 1/2 weight is used, because we do not
like to use artificial weight. This may be called subjective reason.
Of course there will be some mathematical methods which will give reason-
able weights. But from consideration of their relisbility, we do not
like to use them,

7.3, There remains arother important problem of the multiplication
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factor. If we have many dense or random sample points in the basin, we
can get a geod estimate by simple arithmetical mean. In reality, however,
we ﬂave only a small number of samples, situated mainly in a plain or
along the river or on mountain ridge. They are biased samples from the
beginning. So we must multiply scme factor to get unbiased estimate for
areal precipitation.

2.4, For Bird Creek, we have to assume the seasonal change of
multiplying factor a, and after some trials we put o as fellows:

2= 1.3 from January to May,

t 1.0 from June to August and December,

1

a = 0,8 from September to November.

In Japan, mountain ranges run ir the middle of islands like a back
bone., In winter, seasonal north-west winds bring heavy snow on the
mountainous regions. In analysing the runoff structure of the basins
in these snowy regions, we cannot explain the large discharge in spring
caused by snowmelt without assuming that the snowfall is much neavier on
mountains than on plains, In summer, however, it rains nearly uniformly
over the basin., There must be significant seasonal change of multipli-
cation factor a, which cannot be proved by measured data because of the
difficulty of snowfall measurement on high mountains. Of course, there
is something that is helpful for certifying our assumption, 1In some
basins there are two points, one of the twe being situated higher and
nearer to the mountain, and by the data of these pointe some different
seasonal patterns of rainfall suggesting our assumption are shown.

Though the usual type of seasonal change shows that @ is large in
winter and nearly equal to one in summer, there is another type, where «
is smaller than 100% in autumn, in addition, This type appears in some

valley, lying between mountain ranges on both sides, one on the Sea of



Japan side and the other on the Pacific Ocean side, As we have several
examples of this type, we dare assume the above seasonal change of o for

Bird Creek.

7+5. For other five rivers, we "
do not assume the seasonal change of wollombt Brook 1,07
2, but we put it as constant as shown Bikin River 1.3
in table 1. Kitsu River 1.0

When there is only one rain gauge Sanaga River 1.1
in the basin at its exit, ¢ = 1.3 is a Nam Mune 1.0

usual value by our experience in Japan,
Table 1

8. Obtained results

8.1, The obtained tank models for all the rivers are shown in
fig, 12 schematically, where most parameters are written only in ihe
fourth zone., They are for other zones the same as those for the fourth
2one, except the capacity of primary soil moisture which is given to each
top tank. Table 2 shows other parameters not contained in fig. 12,

8.2. Obtained results are shown in figs, 13 — 18 where real line
shows observed discharge and broken line calculated discharge., In these
figures, discharge is represented by logarithmic scale, because there are
ceveral merits of using logarithmic scale for discharge as follows:

1) The shape of hydrograph becomes better after deformation by
logarithmic transformation, It is compressed when discharge is large
and is enlarged when discharge is small, So we can see at a glance all
the feature of hydrograph from flood to scarce discharge.

25 When the discharge is large, there may be large errors. By
using the logarithmic scale, the error is represented in the form of

relative error, and we can give better evaluaiion of errors.
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2) If we comvare the calculated discharge with the observed one by
the normal scale, the evaluation is determined mainly from the parts of
hydrbgraph where discharge is large., But the shape of hydrograph of
scarce discharge is also very important, éy using the logarithmic scale,
we can avoid the above demerit.

4) We can consider approximately that runoff is composed of some
components, each of which decreases exponentially with respective time
constant, and we construct the tank model for representing this image.
With the use of logarithmic scale the hydrograph can represent more
clearly the above structure of runoff,

8.3. Though the hydrograph by logarithmic scale has many merits as
shown above, it shows demerit when discharge vanishes like the exanmples
of Bird Creek and Wollombi Brook. As logarithm of zero is negative
infinity, hydrograph is enlarged too much when discharge becomes very
small, To avoid this defect, we add some small positive constant g, to
discharge q, and the hydrograph is plotted by log(q + qo), where we use
4= 10”3 (mn/éay) for Bird Creek and q,= 102 (mm/day) for Wollombi Brook.
This scale is used in figs. 13 and 14,

8.4. For the runoff analysis of Kitsu River, it is necessary to
consider the effect of irrigation for paddy fields. 1In most of Japanese
river basins, a large amount of water is taken for irrigation of paddy
fields, which partly returns back to the river soon after but partly
infiltrates and turns into groundwater. In runoff analysis, we may
neglect the former in first approximation, but we cannot neglect the
latter which gives significant effect to base discharge. For the calcu-
lation of this effect, we usually subtract some amount from the output
of tank model for irrigation of paddy fields and feed back it to the

third tank of the tank model as is shown in fig. 19. The amcunt of
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irrigation water is determined by trials
and errors. In most rivers, it is known,
what amount of water is taken for irriga- . w
tion, but we cannct know, how much water

returns to the river soon after and how

much water turns into groundwater. So we

must iterate trials., Unfortunately, how-

[ >— Y-2Z2 =y
ever, this simple method is useless for ¥

Kitsu River, 'There may be more compli- —

cated conditions, [

8.5. About fifteen years ago,

Sugawara and Katsuyama analysed the run- I .

off structure of Nabari River, a tribu- L

tary of Kitsu River, whose catchment area .
Fig- 19
is about a half of that of Kitsu River.
In the basin of Nabari River there are paddy fields, where the rate of

infiltration is extraordinary larger than usual as table 3 shows, while

rate of infiltration from paddy fields is
infiltration
usually 10 - 20 mm/day. rate {mm/day)
Formerly, we assumed that all paddy
0 - 10 20
fields consume water 5C mm/day, approxi=-
0 - =0 et
mate average of table 3. Then the water
“0 - 100 300
supply to these paddy fields must be too '
100 = 10%
much to be taken from the river when dis-
charge is small, though usual Japanese Table 3

rivers have very large stational base
discharge compared with other countries. They are usually about 1 mm/day

and some rivers in volecanic region have the base discharge of about

— 4] -



2 - 3 mm/day.

Curiously, however, there remains not small discharre in Nabari
Hiver even at the time of scarce discharge. 8So we have to consider,
there must be some restrictions that prevent to take all discharge from
river. For the main reason, we suppose that entirance gates of canals
which lead to paddy fields are situatéd on upper streams, so that catch-
ment area for these gates is not large, which 1s estimated about half of
the total basin,

When discharge is small, the half of discharge cannot satisfy the
water demand of paddy fields but it is enough for rice plant to live,
And if there is enough discharge, pasddy fields will satisfy their full
demand, So water supply to paddy fields must be variable, depending

partly on discharge and partly on demand on paddy fields
which are better to be covered with water ot 100 mm in
0.23 depth.

Using the above rule for water supply to paddy

20

012 fields, we get the runoff structure of Wabari River

3 shown in fip., 20.

G.6. For the runcff analysis of Kitsu River this

0.04
rJI-_- time, we modify the former assumption by assuming that
(=]
IO 06 there are four kinds of paddy lields, each having its
own intiltration rate as table 4 shows, and we calculate
0.016
Ei-ﬁ- the effect ot paddy fields under the scheme shown in
“1024 fig. 21, using the former runoff structure of fig. 20.
we find, we will be able to get fairly good result with
0.0013 : . . .
small modification of the fourth tank., Kitvsu River at
Kamo may nave subsurface discharge flowing through sand
FTQ- 20 and gravel that makes the river bed. Therefore, we add

— 42 -



an outlet to the bottem of the fourth infiltration
tank and get lhe final structure shown rate (nm/day}
in fig. 12, which is obtained at the 0 S
second trial, fhough the fit betweed 40 s
observed and calculated discharge 1s , 5 0%
[ Ao
not so good, we do 120 s
not make more
trials, because ‘able
— )
Kitsu river at
Kamo shows large I {1 - k)y _¥-§’
| | /
change of river T b
ved and it is dif- - \ ky —=> ky-37:
ficult to get good | L/\l \\
. ZI Z.L Z, 24.
discharge data, i l l l
G.7. For I Vi Vs Vi l fEI
the calculation l. L J- ¢
of final results W, W, W; W,
I J — v -
shown in figs.,
- _J

1% — 14, we use
the initial values Fig- 21
shown in table 5.

These values are so determined as Lo get the calculated discharge
that shows good fit with Lhe observed ene at the beginning part of hydro-
graph. 'There are so many uncertainties thair we cannot determine them
exactly. So, considering the ssasonal change of storage in each tank,

we determine the initial value as round number. In the case of bikin

- 43 _



Ist 2nd Zrd bip 15t 2nd 3rd hth

zone zonhe zone zone zone zone zone zone
XP o C 30 50 XP 0 o o 6]
X5 50 100 200 200 X8 50 50 50 5C
XA o 0 XA U 0 0 Q
XB o XB G C 0 0
XC o] XC c c O 0
XD o 100 200 500 XD o Q 0] 0
XCH 0.5 XCH C

Bird Creek Wollombi Brook

1st 2nd 3rd Lth 1st end 3rd Lth

Zone zone ZQlle zZone zone zoneg zone Zone
Xp o] 50 50 50 xPp 0 0 4Q 40
X8 100 250 250 250 X8 0 150 150G
XA C 8] o] O XA 0 0 C O
B 0] 0 0] 0 xB 8] 0] 0 ¢
XC o o | 100 | 600 XC 0 o | so0 | 100
XD Q 0 500 3,000 XD 0 O 170 700
XCH 2.8 xCH 0.8

Sanaga Hiver Nam Mune
year XA XB XC XCH XA XB xC XD
1961 5 115 | 300 10 o o 50 | 800
1962 10 [ 30 | 500 15
1963 0D | 30 | %00 13 Kitsu River
1964 0! 20 400 11
1965 0} 70 | 300 16 ¥P, X8 are initial storages of primary
1966 o} 50 | 300 14 and secondary soil moisture
e I Il B Bl T e i
and 4th tanks
Bikin River XCH is initial channel storage
Table 5 1Initial values
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River, we must determine the in.tial values every year, and in the years
1967 and 1965 we have no observed discharges to determine the initial
values. 5o we have to assume then as table 5 snows, which are nearly

equal to the mean values of the past seven years.

9., Some remarks

9,1, We think, the most important point of our model is the simula-
tion of the change of wet area by dividing the basin into zones. We
hope this model becomes better by some modifications of the structure
for soil moisture, about which we have very scarce experiences because
our country is always wet.

9,2. Sometimes, in our model, the capacity of primary soil moisture
is small in river-side zone and large in mountain-side zeone. This is
somewhat curious, we think, because soil layer must be thick near river
and thin in mountain region., We can modify it, by making the capacity
of secondary soil meisture of river-side zone so large, as to get the
model, where the total soil moisture is large in river-side zone and
small in mountain-side zone. It may be reasconable to assume that in the
river-side zone, the capacity of total scil moisture is large but the
capacity of primary soil moisture is small. We suppose, under this as~
sumption, we can get good results, if we can set the parameters at appro-
priate values.

9.3, The most important but difficult problem must be the areal
fluctuation of precipitation. Yhis time, we use the mean precipitation
for simplicity. We think, however, it may be better to use different
mean precipitation for each zone, assuming it is small in river-side
zone and large in mountaine~side zone,

G.4. There is another method, whic¢h is used freguently in runoff

— 45 —



analysis of Japanese rivers. 1f there are several rain gauge stations

in a basin, each of the precivitation data is turned into discharge by

‘the tang model in parallel. Then, the final result is obtained by making

the mean of every discharge series, [his method gives good results, when

it rains heavily only at one rain gauge station, and there occurs a Joeal

large surface flow, If we use mean precipitation as input, we cannot get

the hydrograph showing good fit with
the observed one, and in such a case L—
there appears a rapid and steep but opare
small peak of discharge owing to the

local heavy rainfall,

We can apply this method to the

composite tank model by setting
several top tanks to each zone cor-
responding te each razin gauge sta-
tion as shown in fig. 22. Though
there may be several top tanks in
one zone, there are only single
second, third and feurth tank in one
zone. In this way we can simulate
the local surface runoff caused by

local heavy rainfall.

10. Program

Fig. 22

10.1. Main parts of the program are shown in Aprendix A,

meaning of variables and constants are given in fig. 2% or as follows:

F: daily precipitation

W: observed gdailly discharge
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o

B
I

Js

dally evaporation
zone number

number of day (1 € J & 265 or 366)

8(1): area of I-th zone (ratio to total basin area)

5CH:  area of river surface and riparian area

PP(K): weight for K-th rainfall station

FA:

multiplication constant for basin precipitation

PB(M): multiplication factor for basin precipitation, where ¥B(M)

EA:

EB:

is variahble depending on month (1< N € 12)
coefficient for evapotranspiration, when it is subtracted from
free water of top tamk

coefficient for evapotranspiration, whenr it is subtracted from

confined water of top tank

R(IN=8(1)/8(I+1): multiplication constant which turns the output

50

from the I-th zone into input to the (I+«1)-th zoene.

monthly sum of the observed discharge

SQE: monthly sum of the estimated discharge

QO:

non-negative additive constant to discharge for representing

the hydrographs in semi-logarithmic form

10.2. MNumerical values of constants are shown in table 6, These

are shown in fig. 12 previously.

10.3. Appendix B shows the printed form of the computed results,

where informations are given mainly by hydrographs. There are six curves,

that shows log(ge+ q), log(ggy+ Ty lowl(gg+ yq+ yo+ Y3+ yq), loglay+ yo+ ¥3

+ ¥u), loglgy+ y* yu) and log(gg+ yg), where

9q°

non~negative constant, = 103 mm/day for Bird Creek,
B %o

Qo= 1072 mm/day for Wollombi Brook and q, = 0 for other four rivers.
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q : chbserved discharge
¥ : calculated discharge
y1:. cutput from the top tank to the river channel
¥+ output from the second tank of the river-side zone
¥zt output from the third tank of the river-side zone

¥4t output from the fourth tank of the river-side zone
Investigating these curves, we can get many informations about each dis-
charge component, Numerical daily value of precipitation, evaporation,
observed discharge and calculated discharge are also printed with hydro-
graph. Though there are many variables, such as stcorage in each tank,
horizontal and vertical output from each tank, etc,, we dare not print
them all. Because we think, that too much information is bad for judge-
ment and imagination., Instead of printing all variables every day, we
print monthly data every year as shown in Appendix B. They are storage
amount in each tank at the end of every month and monthly ftotal of observed
and calculated discharges.

10,4, There isn't any measure for criteria in our program such as

T ~ q)2/n/(Za/n)?, : a)
2(1og(q + q,) = log(q + qo))a/n, b)
20(F - )8/(q + g,)%)/n, c)

where q and g are observed and calculated discharges, q, is éome non
negative constant, and n is the number of data.

Among them the first one is the most usual measure, normalized mean
square error. But we think, it isn't goed, from the following reason,
If we judge by this criteria, judgement depends mainly on the flood part
of hydrograph which may have large measurement error,

The second one is also mean sguare error, measured in logarithmie
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scale which is used for plotting hydrograph. The third one is nearly

equal to the second one from the following relation

log(q + qc) - loglg + qo) = 1og({F + ag)/(a + qp))

P d [
qQ - a+ g+ g 9 - 9
log = log |1 + ——
g + g0 @ + Qo
~
qQ -9
q + dp

10

Though the second or third measure may be rather good for criteria,
we do not like to use them, About ten years ago, we tried to use some
criteria in vain, Hydrographs, shown in Appendix B, are full of infor-
mations. We are not bold encugh to throw away the hydrographs and rely
upon a single measure of criteria, The criteria cannot teach us the way
we should go, but from hydrographs we can find the way to the next trial.

Thig is the reason why our program does not contain the measure of criteria.
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TOSRAC=3400 DISC SYSTEM  APPENDIX A 002

FAO D0 I AN AN S Lt D e e e e

b A R ik bk e s s s
BARES NN |

A3 e
e B4

21

22

23
21

26

¥YJOB  COMPTANK

YTFTC  MAIN

[

R RO e Ne N

207020

TPy

e Re e Re]

COMMON XACH) p XSC4) s XU XCCU) 4 XDCL) HS(L) HAT (L) HAZLL),
t O HAS(L),PS(4),SS(U),AD, AL, A2, A3, HBYBOLRL JHCCOLC1HD .1,
+ D1,S(4)YyPPC13),PA,PR(1I2),EA,ER, TR, T30, TC, TCN, XCH, H,CHI,
+  CH2ySCHY AL X0, LAG,NPLOWNSCA, SCALCEY y LY DY, YMIN, QD

INTEGER YEAR,YSTAT,YEND

DIMENSION Q(3668),P(366),F(366),3E(371),RA(371),88(371),
+ACC371),aNC371) W PK(365) ,QNAMF(2),R (4D, MONTH(12)
DIMENSION CBUF(120),ISCAL(S),CM(12),PLOT(S),CHAR(S)
DATA MONTH/ 31,28, 31,30,3%1,30,31,3%1,30,31,30,31/,

+ MSTA/1/,MEND/12/
NATA CHAR/'+x + . ’
CM(1)=1H
CM(2)=1HF
CM{3)=1HM
CM{hI=tHA
CM{S)=1HM
CM(s)=1H]
CM{7I=IH]
CM(R)=1HA
CM{$)=14%
CM{10)=1HOD
CM(11)=1HN
CME12)=1HN

1 PAUSE
REWIND 1

QANAME:  NAME OF DISCHARGF STATION
YSTAT: FIPST YEAR, VYFND: [AST YEAR
NPt NIIMARFR 0OF RATNFALL STATIONS

READ (1) ANAME,YSTAT,YEND,NP

CREADT  BEAD CONSTANTS IN COMMON RLOCK

CALL CPREAD

PRFPARATION FOR PLOTTING HYDROGRAPH
AMINZALOGIN(YMIN+QAD)
DG 300 N=1, NSCA
3an ISCAL(N)=(ALOGIU(SCAL(N)+QG)-AMIN)*DY+1.
RATIO OF AREA NF ADJACENT ZONES

PCty=11,
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TOSBAC-34N0 DISC SYSTEM (TOPS-XI) VERSION FOO2

27
27

29

3t
32
33
2
35

38
37
i
39
4n
41
L2

L3
44

46
47
4R
49
50
51
52

53
54

54
57
5%

OO0

QoG

QOO aOn

M0

aQaOa

nNO 100 I=2,4
100 RCII=S(I-1)/5(1)

MULTIPLYING COEFFICIENT FOR P

SPP=0,

DO 101 K=1,NP
101 SPP=SPP+PP(X)}

NG 102 K=1,NP
1nN2 PRPK)=PP(K) /SPP

No 103 M=1,12
103 PR(MY=PR(M) *PA

CLEAR CONTENT OF ADDRFESSES FOR TIMF LAG

DO 104 J=366,370
AF(J)=0,
QACI)=N,
ARCJI=N,
ACCJI=n,

104 gncghr=n,
JLAG= 366

ENTRY OF COMPUTING [LOOP FOR OMNE YFAR
FEAD Q,E+P OF ONE YFAR

2 READ (1) YEAR
PEAD (1) Q
READ (1) E

WETCHTFD MFAN OF P

N0 120 J=1, 366
120 PCII=1.

DO 140 ¥=1,NP

REAR (1) PX

No 130 J=1, 366
130 P(I=P(JI+PK(J)=PP(K)
140 CONTINUE

LEAP YEAR OR NOT

MONTH(?)=2%
JN=365
IF (MONCYEAR«L4) NE.G) GO TG 1§50
MONTH(Z2)=29
JN=366
150 CONTINUF
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TOSBAC-3400 DISC SYSTEM (TOPS-XI) VERSION

6%
&9
70
71
72
73

g1

R2
g2

agoOaa

o]

S Ne ReNe) GO [PRe RS N ]

OO e EoRO NS

S ReEa e

Fonz

*»x»x BOSAT CENTER COMPUTFE

TRANSFEFR SOMFE VARTARLFS FROM LAST YFAR-END TO THE HEAD

NF THIS YFAR (FFFECT OF

ne 170 J=t,5
QECI=RECILAG)
QACII=QACILAGY
OB (I )=0R(JLAG)
ACCII=AC(JLAC)
ancJI=aon(JLac)
170 JLAG=JLAGH!

JLAC=JIN+1

WRITE (6,20} QNAME,YE

CALCULATION FOR ONE YFAR

JE=0

NO 270 M=MSTA,MEND
SR=0,

SQE=0,

JS=JE+T
JF=JE+MONTH (M)

CALCULATION FOR ONF MONT
o 230 J=JS,JF
Ya=n,
Y1="1.
YR=0.
Yc=n,
Yh=0,
MULTIPLY COEFFICIENT TO

PA=P(J) =P8 (M)

MAIN PART DF CALCULATION

No 200 I=t,4

FUT AND TRANSFER TO CONF

TIME LAG)
AR

H

p

INED WATER

CALL SURACFECJI»EALFByPSCIY,SSCI XALD) XSO XBCIY XTI ),

+ XD(IY,TR,TRE, TC,TCN

INPUT TQ THF TOP TANK OF
Y1=R(I)¢ INPUT FROM (I-

)

[~TH ZONF
1)=TH ZONE

- 54 —



TOSRAC=3400 NISC SYSTEM (TOPS-XT) VFRSION FOD2 s+ ROSAI CENTER COMPUTE

c
g3 . PI=PJ+{Y1*R (1))
¢
C
¢ CALCULATION OF TOP TANK
¢
21 CALL SURBCPT,XACI) Y2, Y1, YO, HSCI) W PSCI) W HATC(T) »HAR( D),
84 FOHAZ(T) JADL AT, A2, A3)
25 YASYA+Y2.S(T)
¢
c
¢ CALCULATION OF 2-ND, 3-R%, 4=TH TANK
¢
26 YN=YN+YB*R(1)
g7 CALL SURCCYD,XR(I),Y7, YO, HB,BO,B1)
77 YN=YO+VCeR(D)
29 CALL SUBCCYN, XCCI), Y0, Y0, HC,COWCT)
a1 YN=YO+YD&R( 1)
91 CALL SUBC(YD, X0CI),Y0,Y0,HD,08,01)
92 200 CONTINUF
¢
c
¢ OUTPUT FROM THE TANK-MODEL
C
53 YASYA+Y1#S(4)
9/ YR=Y3&S(4)
$5 YO=YO*S( L)
95 YN=YDNeS(4)
C
o
¢ FSTIMATED Q COMPONFNTS WITH TIME LAG
C
97  JL=JHLAG
g ADCILY=YD
90 AC(JL)=YD+YC
100 AROJLI=ZYN+YC+YR
101 OACJL)ZYD4YCH+HYR+YA
c
¢
¢ DEFORMATION BY RIVER CHANNFL
¢
102 OCHZAA(JLI+(PI=F (J) ) =SCH
103 CALL SURDCQCH,AECJL) +XCH,H,CHL,CH2)
¢
C
¢ MONTHLY TNTAL OF 0
C
104 SR=S0+Q(d)
105 SAF=SQF+QE(J)
106 230 CONTINUF
C
c
¢ PRINTt MONMTHLY TOTAL OF @, MONTHLY FEND=VALUE OF
c STORAGF OF FVFRY TANY
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TOSRAC=34MN NISC SYSTEM (TOPS-XI) VERSION FO02 %+ BOSAI CENTFR COMPUTE

C
7. “WRITE (6,30) M,5Q,3QF
107 ne 270 1=1,4
ins YP=PS(1)
tin XF=XACDY-PS(D)
1 IF (XF.GE.0,) GO TO 258
112 XrF=n,
1153 YP=XA(I)
114 250 TF (IW.NE.1) GO TO 260
115 WRITE (&,40) I, XF ¥P,yXSCIY»XBCIX W XCCIYoXD(T),XCH
116 GO TO 270
117 260 WRITF (So40) I, XFeXP.XSOI},XBCI),XCOIYX0(I)
112 270 CONTINUE
€
119 20 FORMATC(INIZAZ/1H 14,5X1HQIX2HARISX2HXFEX2HXPEX2ZHXSEX2HXRB
119 +  BY2HXCIX2HYNIXIHXCH)
1z2n A FORMATOIH T4,2F10,4)
121 40 FORMAT(IH 28X1HSI!,10F1G,2)
r
C
C HYDROGRAPH PLOTTINC
C GRUF(L>t BUFFER FOR ONE LINE FOR GRAPH PLOTTING
¢ LY: CHARACTER-SI7E OF GBUF
C Ny ASSIGNED CHARACTER-SIZE FOR LOG1D
C YMINt MINIMUM OF COORDINATE
C AMINE LOGC(YMIN+QOD)
c SCAL(N): SCALF POINT ON COORDINATE (N=1,...:NSCA)
C ISCA: POSITTCON OF SCALF POINT
C MPLOs NUMBER QF PLOTTED HYNDROGRAPHS
C
172 0 WRITE (46,60) YEAR
123 60 FORMAT(IHIT/A)
124 JE=0
125 IM=2
C
124 N0 390 M=MSTA,MEND
127 JS=JF+1
1?8 JE=JE+MONTH (M)
17¢ TF (IM,ME.O0)Y GO TO 320
13n WRITF (6,6M0)
151 IM=2
132 20 IM=TM~—1
¢
133 ne 350 J=JS,JF
134 ne 330 =1, LY
135 330 GRUF(1)=1H
C
136 ' AM=1H
137 TF (JJNF,JS)Y GO TO 350
132 AMZOMIM)
139 N0 340 N=1,NSCA
t4n ITPOS=ISCAL(N)
141 30D CRUF{IPOSI=1KI
C
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TOSRAC-3400 DISC SYSTFM (TOPS-%1)

142

1hY

thy
145
1448
147

2
149
150
151
152
153
154
155
154
157

152
159
161

161
162
163

@]

350

36N
370
380

70
39

PLOT(1Y=Q00)r+Qn

PLOTL2)=RE(1)+0D
PLOT(3)=0A(J)+00
PLOT(4)=08(J)+70
PLOT(S)=0C(J)+00
FLOT(S)y=2N0J+a0

M=NPLO

IF (PLOT(N) CT,YMIN+O0D) GO TO

IPNS=1
CO TG <0

TPOS=(ALOCIT(PLOT(N) y=AMINI2DY +1,

IF (IPOS,LE.D) IPOS=]
[F CIPOSLETLLY)Y TPOS=LY
CRUF(IPOS)=CHAR(N)
N=h-1

TF (NLGTWNY GO TO 36N

VFRSION

3N

Fnaz

wxx AOSA] CENTER

WRITE (6,700 AMyPJI T (00,0000 ARG (GRUF(LY L=, 1Y)
FORMAT(IH A1,2F5.1,2F7,4,105A1)

TONTINUFE

[F (YFARLT,YENDY GO TO 2

GO TO Y
FND
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TOSRAC=3400 DISC SYSTEM (TOPS-XI) VERSION FOOZ *«x BOSAT CENTHFR COMPUTE

YTFTC SUBA

c
S FUT AND TRANSFER TO CONFINED WATER
c
1 SUSROQUTINE SUBACFVT,FALEBPSySS+XAsXS»X B+ XCy XD,
1 + TR,TRA,TC,TCM
r
C
¢ FVT FROM FREF WATFR OF TOP TANK
C
7 F=EUTxFA
C
C
¢ IF NGO FREE WATER IN TOP TANK
C
* TF (XA,LE,PS)Y GO TO 110
r~
4 A=XA=PS-E
c
C
. IF FREF WATER OF TOP TANK IS NOT SUFFICIFNT FOR EVT
(o
S IF (X,LT.N.Y GO T 100
C
& XA=X+PS
7 GOTO 150
c
=4 100 YA=PS
9 E==X
C
C
¢ EVT FROM CONFINEFD WATER
in 110 E=ExFB/FA
11 YA=YA=F
12 . IF (XA.CE.D.Y GO TO 120
13 F=—¥A
1h Xa=0,
15 ¥S=xs-F
14 TFE (XS.I.T.0.) ¥S=0,
17 120 CONTINUF
C
o
C TRANSFFR TO PRIMARY SOIL MOISTURFE FROM LOWER FREE WATER
C
12 TI=TH*(1,-XA/PS)+TRO
19 YA=XA+T!
20N XR=XR~T1
21 T¥ (XB,GF.0,) GO TO 150
22 ¥C=XC+X3
73 XR=0,
24 [F (XC.0F.0.) GO TO 150
25 Xh=yN+xC
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TOSRAC=3400 NISC SYSTEM (TOPS-XT) VERSION F0O02 =#x B0SAI CENTER CO%PUTE

26
27
2%
29
3N

31
32
33
34
35
38
37

39

Xxe=n,
TF (XD.GF.0.2 €O TO 150

TRANSFER TO SECONDARY S.Y, FROM PRIMARY S.M,

200

X=SS-XS

TF (X.EQ.0.) CO TO 200
T2=TC*(1,-XS/SS)+TCO
IF (T2.CT.X) T2=X

TF (T2.CT.XA)Y T2=xA

XA=XA-T?
XS=XS+T2
RETURN
END
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TOSRAC=340N NISC SYSTEM (TOPS-XI) VERSION FOG2

¥TFTC suRn

C
¢ DEFORMATION TN RIVER CHAMNEL (TYPE-#)
C

SURFOUTINE SURBN(ACH,Y+XCH+H,CHI,CH2)
XCH=XCH+QCH
IF (XCP.GT.N,Y GO TO 100
XCH=N,
¥=0,
GO TO 120

100 ¥y=XCH=CHI
IF (XCH.GT.HY YSY+H(XCH-H)Y*CH2Z
¥CH=XCH-Y

120 RETURN
FND

i en JiVe BER IR BRe NV, BN ot VBNV e

——

YTFTC SUBF

C
C DFFORMATION IN RIVFR CHANNEL (TYPC-R)
C
SUBRROQUTINE SURF(QCH,Y,XCH,H,A, XN}
XCH=XCH+QCH
Y=n.
TF (XCH.CT.0.) CO TO 100
XCH=0,
GO TO 150
100 IF (XCH.LE.H)Y GO TO 150
A F=XCH-H
IF (XF.GE.X0) GO TO 110
Y=AxXF%xx?
co TO 120
110 Y=0 . 2eXF—-pxX0xx?2
120 YCH=XCH-Y
150 RETHURN
FND

A ) == DX ANV I e D e

L T v S

N
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TOSRAC-3400 DISC SYSTEM (TOPS~XI) VERSION r0OD2  =#% BOSA] CFENTERR

YTFTC SR8

~
¢ CALCULATION OF TOP TANK
C
SURPOUTINE SURR{P,YA,Y2,Y1,Y0, HS,PS,HAL, HAZ,HAS,
+ AN, AYLAZLAD)
¥ A=XA+P
yo=n,
Yi=0.
yo=n,
IF {(XA.LF.PS) GO TO 110
XF=¥A-PS
IF {(¥F.LE.HAYY GO TO 100
Yi=(XF-HA1)=A]
10 IF (XF,LE.HA?)Y GO TO 100
1" Y2=(XF-HA2)*A2
12 IF (XF,LE.,HA3) GO TO 107
13 YP=Y24+(XF-HAZ) A3
14 1no IF (XF.GTLHSY ¥F=HS
15 YA=XF*AN
14 YA=X A=YO=Y1-Y¥Y2
17 110 RETURN
18 END

DR AR T AN e .

YTFTC SUBRC

CALCULATION OF 2-ND, 3-R0, 4-TH TANK

QRO RS]

SURROUTINE SURCC(P,XR,Y1,YD,HB,20,B1)
YR=¥0+P

¥1=0,

IF (XB.GT.HR)Y Y1=(XB-HB}»*nt

¥YD=XR*RA

XR=¥3-Y1-YD

RETURN

FND

LN B RV I SV RV
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