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ABSTRACT

A mathematical ground water flow model has been developed to
predict the exchange of flow between a partially penetrating river and a
homogeneous infinite aquifer. The model considers the changes in river
stage and corresponding changes in river width. Given the values of
aquifer parameters, the transmissivity and the storage coefficient, the
saturated thickness below the river bed, saturated thickness far away
from the river, the initial width of river at the water surface and depth
of water in the river, the model can predict the exchange flow rate between
the aquifer and the river consequent to passage of a single or several
successive floods. From the study it is found that in case of a partially
penetrating river the exchange flow rates are reduced significantly in

comparison to those of a fully penetrating river due to river resistance.

In case of a partially penetrating river the peak inflow occurs simul-
taneously with the occurrence of peak stage. It is found that about 25%
of the aquifer recharge comes back to river after the recession of a
typical flood. A five times increase in river width during the passage
of a flood may cause the maximum inflow rate from river to increase by
two times in comparison to the maximum inflow rate from a river whose

width does not change abruptly.



1.0 INTRODUCTION

The interaction between a river and an aquifer has been examined
in some detail in recent years. There are two main aspects of this process:
1) the flow from the aquifer to support river flow and the flow from river
to the aquifer. Recharge may occur whenever the stage in a river is above
that of the adjacent ground water table, provided that the bed comprises
permeable or semi-permeable material. This type of ground water recharge may
be temporary, seasonal or continuous. Also it may be a natural phenomenon or
induced by man. Man can induce ground water recharge from rivers by lowering
the water table adjacent to rivers through ground water abstraction.

A river in general penetrates fully or partially the upper
aquifer. When the river stage rises during the passage of a flood, the upper
aquifer is recharged through the bed and banks of the river. A single aqui-
fer river interaction problem has been studied analytically by several
investigators (Morel-Seytoux and Daly,1977,Todd,1955,Cooper and Rorabough,
1963) for finite and infinite aquifer. The expressions for aguifer recharge
in the time of varying river stages have been derived by these investigators.
The analysis made by Cooper and Rorabough, is for a fully penetrating river.
Therefore the influence of the river width on river aquifer interaction
cannot be ascertained from their analysis. Morel-Seytoux and Daly (a7
have analysed the river aquifer interaction problem for varying river stage
in a partially penetrating river. In the analysis presented by Morel-
Seytoux and Daly the river width has been assumed to remain in variant
during the variation of stage. During passage of a flood, the stage as well
as the river width change. It is therefore pertinent to analyse the river
aquifer interaction during passage of a flood incorporating both the changes

in river stage and width.



2 REVIEW

A review of aquifer recharge studies due to varying river stage
has been presented here.

Cooper and Rorabaugh (1963) have studied flow into and out of the
aquifer of finite length, L, in response to changes in river stage of
a fully penetrating river. They solved one dimensional Boussinesq's

equation under the conditions

H(x,0) =0, OEX_S]—
oH(1,t) =0, t>0
ox
and
H(O,t) NHO (l~cosmt)e_at for O<t<T

0 flor t>T

where T is the duration of the flood wave (w=21/T)

A= i coE (.S wtc)

determines the asymmetry of the flood wave , tC is the time of the flood

crest, and

ot
e e

l-cos Wt

(o)
adjusts all curves of a given 3 to peak at the same HO. The solution has
been carried out in two steps, one for t<T and another for E>T . Eor
a semi-infinte aquifer, (l=«), excited by a symmetrical flood wave (9= 0),
Cooper and Rorabough have also solved the Boussinesq's equation satisfying

the following initial and boundary conditions:

(=000 =10 x>0

lim H(x,t)=0 t>0

X500

H(O,t) =_{O.5Ho(l—cosmt) t<T
0 t>1



The following expression for exchange of flow between a partially

penetrating river and an aquifer has been derived by Morel-Seytoux and
Daly. 1In the derivation the width of a river reach does not change with
change in river stage. Starting from the relation Qr(n) = Tr[Ur(n) Sr(n)],
in which Fris the reach transmissivity, Or(n) is the river stage measured
from a high datum duringftime n, Sr(n) is the depth to piezometric surface
below the river at time n measured from the same high datum, the following

integral equation has been obtained by them:

t
Qr(t)+ rr I Qr(T)krr(t—T )dT =Fr Or(t) (2.1)

0
where kyr (.) is the reach kernel (Morel-Seytoux 1975).
The above expression is valid for the case in which the interaction is

taking place through a single reach. 1In case of several pervious reaches

the generalizea equation has been given as

t T- -—
Qr(t)+ Tr I Qﬁﬂt)krﬁ(t—T)dT = Fr Or(t) (222)

I 0

1l 1t

P

where R is the number of reaches. Equation(z-z) is a system of R integral
equation to be solved simultaneously. Discretising the time parameter
and assuming the river flow to be uniform within a time step the following

solution to the integral equation(2.2) has been given by Morel-Seytoux

and Daly:
R n
ofSne EAR 3 (=wDQ, () =T_0_(n) (2.3)
T r 52y v=1 tg P T
in which
' 1 045 ¥drg
Brp(n) = 7l l g Bl gr@men ! (2.4)
r#0
11 a6 .} b ¢ .3
3 (™ = Fap ! erf { Slommis]” }oert {2[4T(n—T)] }odt (2.5)

$= storage coefficient,T = transmissivity,a = length of the river reach,
b = width of the river reach,drp = distance from centre of the rth reach to

th ‘
D reach,Fr = reach transmissivity of the rthreach,and(j (n)=river stage of
the rth reach duiing time period n measured from a high Tdatum.

3



3.0 STATEMENT OF THE PROBLEM

A schematic section of a partially penetrating river in a
lomogeneous and isotropic aquifer of infinite areal extent is shown in
Fig.l. The river and the aquifer are initially at rest condition. Due
to passage of a flood, the river stages changes with time. The changes
are identical over a long reach of the river. The width of the river
thanges with change in river stage. The change may be gradual or abrupt.
[t is required to tind the recharge from the river to the aquifer and

‘he flow from the aquifer to the river after the recession of the flood.

4.0 METHODOLOGY

The following assumptions are made for the analysis:

i) The flow in the aquifer is in horizontal direction and
one dimensional Boussinesq's equation governs the flow
in the aquifer.

ii) The time parameter is discretised, Within each time step, the
ri@er_stage, width and the exchange flow rate between the river
and the aquifer are Seperate constant but they vary from step

Lol steni

iii) The exchange of flow between the river and the aquifer is linearly

proportional to the difference in the potentials at the river

boundary and in the aquifer below the river bed.

5.0 ANALYSIS
The differential equation which governs the flow in the aquifer is

N ;
385, 08 (1)
2 at
X
in which
S = the water table rise in the aquifer, T = transmissivity of the

aquifer, ¢ = storage coefficient of the aquifer.
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Fig.l(a) Schematic section of a river whose width changes gradually

during the passage of a flood
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If the aquifer and the river were initially at rest, the initial

condition to be satisfied is:

S(x,0) =0

The boundary conditions to be satisfied are:

S(+ @,t) =0

At the river and the aquifer interface recharge from the river to the aqui-
fer takes place in a manner similar to that from an overlying bed source to an
underlying aquifer through an intervening aquitard. The river resistance
and the aquitard resistance are analogous. If the river fully penetrates
the upper aquifer, then S(0,n)=0(n) i.e. the rise in water table height at
the river is equal to rise in river stage,c(n). For a partially penetrating
river 8(0,n)#0(n) and S(0,n) is to be determined as a part of the solution.

The recharge which can be assumed to be linearly proportional to the poten-

tial difference,[0(n)-S(r,n)], is to be incorporated at the river boundary

The solution to the problem has been obtained tollowing the principle
of superposition.

If the recharge takes place at unit rate per unit length of the river
and if the width of the river is 'W', the rise in piezometric surface at

distance x from the centre of the river would be as given below:

2 2
S (%, £)=F(x,T, ¢, W, t) - LX*+0-25W |

2TW
for |xJ<:%
=F(x,T,¢-W,t)- »ﬁ—z
for |x|>3 (2)



in which

F(x,T,9,W,t)= Eéﬁ[erf{fig;éﬂ }_erf{ﬁiﬂ;iﬂ}]
V4ot Vot
=05 W
+ 4TW [{x+0.5W} erf{éig—aﬂj { x-0. SW} {étgjikf]
Vaot Vao t
W)
+ L@_—_+[{x+0 5W lexp{- (X 0. Swﬂ {x-0.5W}exp{- = gts ﬁL
2TW/T (3)

a= T/,
W = width of the river, and
X = distance measured from the centre of the river to the point of observation .

Let the rise in piezometric surface at a distance x from the centre of
of the river at the end of nth unit time step if unit recharge takes place
from unit length of the river during the first unit time period, in which the
river width is W(l), be designated as 3[x,W(1),n]. Hence

a[x,W(l),nJ=F[x,T,¢,W(I),n] - Fx,T,6,W(1),n-1] (4)
for n>2

30, W(1),1]=F[x,T, 6, W(1),1] - “(T)

2T
for ‘ X 1>W(l)/2
a[X,W(I),1]=F[X,T,¢,W(l),l] m[o ZSW (l)"‘X ]

for ] X }gW(l)/z

Dividing the time span into discrete time steps, and assuming that,
the recharge per unit length is constant within each time step but varies
from step to step, the rise in piezometric surface below the centre of the
river due to time variant recharge taking place through varying width can

be written as
n
$(0,m)= .2 q(V)3[0,W(Y),n-¥+1] (5)



in which q(Y) is the recharge rate per unit length per unit time which is

taking place through a width of W(Y) during time step?Y .

Substituting for S(0,n) in the expression
4m) =T_(n) [0(m)=5(0,m)] (6)

and simplifying

n
= a(n)- 2, a(MB[0,W(V),n-y+1] | (7

in which Fr(n) is the reach transmissivity.

Splitting the temporal summation into two parts and rearranging

n-1
q(n){F ( 5 + 00,0, 11} =o(n)= &) a(M)[0,W(M),n=¥+1]  (8)
Hence,
n—l
e Y1l[qma[o JW(Y) ,n=Y+1] T
?;TEY +3[0,W(n),1]

q(n) can be solved in succession starting from time step 1.

If the river is divided into a number of reaches to account for variation
in stage and width from reach to reach the following equation similar to

equation (2.3) could be derived:

R n
Q (m)+I _(n) oI (L 3 [b (V),n-v*1]1Q,(M=T (n)0 (n) (10)

1 ¥Y=1 "rp
in which,

th
Qr(n)=exchange of flow per unit time between the r reach and

the river,

3 e ¢d2 d2

aérpp Lb (V) smb= 7om(E{ =B } = EB{ AT(m o 1, (1)

I

3 y B 1 1 a % b ( ) Q i
S S e e Yertt—— 3Tty éld'?T)

. th
drp =distance of the centre of r reach from the centre of the Dthreach.and

br(Y)=width of the rth reach during time step y.



6.0 RESULTS AND DISCUSSIONS

Exchange of flow between the river and the aquifer consequent

to passage of

a flood has been presented for the following cases:

Case 1: Change in river width is gradual with change in river stage.

Case 2: Change in river width is gradual during low flood and the

width abruptly attains a high value during high flood.

The width of the river for Case 1 corresponding to any stage

has been determined assuming that the cross section of the river conforms

to part of a circle.

For numerical computation the following data are required:

i)

ii)

iii)
iv)
v)
vi)
vii)
Vi)

In

Initial saturated thickness at large distance from the
river

Initial width of the river at the water surface and the
initial depth of water in the river

Thickness of aquifer below the river bed

Storage coefficient, and transmissivity of the aquifer
Time to flood peak

Highest river stage during passage of the flood
Duration of flood

Width of the river in case the width changes abruptly.

case the river cross section is irregular, the cross section

for each stage has to be assigned for numerical computation.

The reach transmissivity constant which changes with change

in river width has been evaluated using the following relation given

by Bouwer (1969)

Tr(n) - AN

K
oge{(e+d)/w.p.]+0.5ﬂL/(e+d)

10

(13)



The distance L specifies the zone of influence on each side of the river

and it has been assumed to be b(n)/2 +200m. The wetted perimeter, w.p.,
and the characteristic length, L, change with change in rivef stage.

The variations of Q(t)/[O.SHo/EET$7?] with Kt/(2¢E) are presen-
ted in Fig.2(a) for three different durations of flood. The dimensionless
exchange flow rate term, Q(t)/{O.SHo/EEf$7?', has been formed following
Cooper and Rorabaugh. The time to peak Ktc/(2¢E), for each flood has
been ase'red to be 0.015. It is seen that with increase in the duration
of flocu, che peak exchange flow rate increases though the time to peak
and maximum depth of water for all the three floods are same. This is
because, the river stages at any time except at peak is higher for a flood
of longer duration. The time to peak discharge matches with the time
to peak stage. The variation for Tﬁz=2_c0nesmxﬁs to a symmetrical flood
wave. Variations of Q(t)/[0.5HO/EFT$7?] with t/7 during passage of a
symmetrical flood wave have been presented by Cooper and Rorabaugh (1963)
for a fully penetrating river. It is found that there is distinct difference
between the variations in exchange flow rates for a partially penetrating
and a fully penetrating river. 1In case of a partially pénetrating river
the occurrence of peak in-flow rate coincides with time of peak stage.

In case of a fully penetrating river the time of peak flow rate from

the river to the aquifer preceeds the occurrence of maximum river stage.

In case of a partially penetrating river, the magnitude of maximum inflow
rate to the aquifer is greatly reduced. For example in case of a fully
penetrating river,the dimensionless peak flow rate from one side of the river
to the aquifer is about 1.35, whereas in case of a partially penetrating

river the peak flow rate from both sides of the river to the aquifer

11
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Fig.2(a) Exchange of flow between & river and an aquifer during

the passage of floods of different durations; the flood
peak occurs at Kt/(20E)=0.015;4initial width of the river
bO/E=0.2
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is 0.365. The river resistance reduces the flow rate significantly.

It is further seen that, the peak flow rate from the aquifer to the
river during the recession of the flood is comparable to the maximum inflow
rate for fully penetrating river. For a fully penetrating river the
maximum out flow rate,Q(t%aﬁ[O.SHO/E%T$7;ﬁ is about 1.15. The maximum
outflow rate for a partially penetrating river obtained from the present
analysis is 0.02. Thus the inflow and outflow are reduced significantly
due to river resistance in case of partially penetrating river.

The exchange of flow between the river and the aquifer for
a river having a larger cross section with bO/E=0.5 and dO/E=O.002 has
been presented in Fig.?(b). It could be seen that between two rivers,
the one with larger width at the same depth of water, though contributes
more towards the aquifer recharge, the increase in recharge is not propor-
tionate to the increase in the width. For the river with bO/E=O.2 and
dO/E=0.002 the maximum recharge rate, Q(t)max/[O.SHOJEﬁfaff] is 0.365.

For the river with bO/E=0.5, the maximum recharge rate is 0.525.

The variation of exchange flow rate with time has been presented
in Fig.2(c) for a flood wave whose peak occurs at Ktc/(ZQE)=0.025. Comparing
the results presented in Figs.2(a) and 2(c), it is found that for symmetrical
flood waves with same peak stage, if the time of occurrence of the peak stage
increases, the maximum inflow rate decreases marginally. For example for
Ke /(20E)=0.015, H_/E=0.006, b_/E=0.2, d /E=0.002, T/t =2, the peak inflow
rate is 11.24m3/day corresponding to E=1000m, T=1000m2/day, ®=0.1, and

tc=3 days. For Ktc/(2¢E)=0.025, the corresponding peak inflow rate is

10.92m3/day.
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The variation of cumulative flow from the river to the aquifer

with time has been shown in Fig.3 for different values of T/tc' The cumula-
tive flow reaches a maximum value rapidly and then decreases sluggishly. The
commencement of decline in cumulative flow indicates the commencement of
reverse flow from the aquifer to the river. The monotonic decreasing trend
at large time indicates that if the aquifer is of infinite length, the
volume of water which would flow from the river to the aquifer during the
passage of a flood will not return back to the river after the recession of
the flood. For T/tc=2, 26% of the total aquifer recharge returﬂs to the
river by dimensionless time Kt/(20¢E)=0.2.

Using the present model, the exchange of flow that takes place
between the aquifer and the river during several successive floods could be
ascertained from continuous record of the river stages. The exchange of
flow between a river and an aquifer has been determined for three successive
floods occurring over a time span of 72 days and the results are shown in
Fig.4. The river stages and the corresponding river widths are also shown in
the figure. The river stage has been assumed to attain the same maximum
height during each of the floods. There is marginal difference in the peak
recharge rates from flood to flood. During the first flood the peak
recharge rate is 6.3 m3/day. During the second and the third flood, the peak
recharge rates are 6 m3/day and 5.8 m3/day respectively. The recharge that
would take place for the same river stages indicated in Fig.4, if the river
width changes abruptly to attain a width of 1000m, when its stage cross a
height of 5m, has been shown in Fig.5. Though the width changes by 5 times,
the changes in peak discharges are about two times. The recharge rates being
governed primarily by the difference in potentials between the river the
aquifer do not change in proportion to the change in river width. The

computer programme developed for calculating the river aquifer interaction

is given in AppendixT.

16
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7.0 CONCLUSIONS

A mathematical model has been developed to predict the exchange

of flow between an aquifer and a partially penetrating river whose width

changes with the change in its stage during the passage of a flood. Based

on the study the following conclusions have been derived:

1)

2)

3)

4)

For partially penetrating river, the river resdistance reduces
the maximum inflow and outflow rates which are very much
iless than those of a fully penetrating river.

In case of a partially penetrating river the peak inflow
occurs simultaneously with the occurrence of peak stage.

In case of aquifer of infinite length about 257 of the aquifer
recharge comes back to river after the recession of a typical
flood.

A five times increase in river width during the passage of

a flood may cause the maximum inflow rate from river to
increase by two times in comparison to the maximum inflow

rate from a river whose width does not change abruptly.

20
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APPENDIX I = VRSTAGEL.FOR

DIKENSION DEL(5s3655365)»CORD(S)»Q(345) sRISE(Sy365) 1 UE(36T)
15SIGHA(345) 1B(1) yROEFTH(365) s RWIDTH(345) s THETA(3ES)
29WF(365)sRICHT1(345) sRICHT2(365) sRICHT3(365) yRICHTA(345)
3+ SUMQ(345) 8013650 SSUMA(365) sUUE (2650
OPEN(UNIT=1,FILE="YRSTAGEL AT "4 STATUS="0LD")
OPEN(UNIT=2,FILE="YRSTAGEL . OUT " »STATUS="NEW")

READ{T» 13AKSEsFHI SRS TCy TRI o HO» DEFTKI

FORBAT(BF10.3;

READLs4) s WINTHI

FORMAT(F10,5)

READ (1+2)NTIMEsNTAI

FORMAT (2141

REALCT25) (CORDCICR) » 10B=253)

FORAAT(AF10,5)

I0F I35 NUMBER OF OBSERVATION FOINTS AT WHICH WATER TABLE RISE
ARE TO BE CALCULATER

AK=C0O EFFICIENT OF PERMEABILITY IN M/DAY

E= SATURATED THICKNESS AT A LARGE DISTANCE FROM THE RIVER
FHI=STORAGE COEFFICIENT

[I=IEFTH TG IKPERVIOUS STRATUM FROM RIVER BED

TC= TIME TO FLOOD FEAK

TAI=DURATION OF FLOOD

NTAT=0DURATION OF FLOOD

NTIME= TIME DURATION OVER WHICH EXCHANGE IS CALCULATED
HO=MAXIMUM HEIGHT OF FLODD ARDVE THE INITIAL WATER LEVEL
IEFTHI=NEFTH OF WATER IN THE RIVER RKEFORE ONSET OF FLOOD
WINTHI=WIDTH OF RIVER AT THE WATER SURFACE BEFORE ONSET OF FLOOD
T=AKXE

WRITE(2510)

FORMAT (& "AK 98X "E* 5 F%y " T"3@%s "FHI 95y "D " 99Xy “TC 99Xy “TAL" 47Xy
L7HO 97Xy “LERFTHI *)
WRITE(2511) A+ Ex Ty FHIs I TC+ TAT 1 HO» DEFTHI

FORMAT(9F10,3)

IEFTH OF WATER IN THE RIVER IS BEING CALCULATED FOR VARIOUS TIME
DURING PASSAGE OF THE FLOOD

FAI=3,14159255

OHEGA=2  XFAL/TAI
DELTA=0MEGAKCDS (  SKOMEGAXTC) /SIN( » SXOMEGAKTC)

AMM=EYF (DELTARTC)/(1,~COS(OMEGAXTC))

CONGT=, SRHOXSORT (OMEGAXFHIRT)

00 31 I=1sNTAI

Al=1

ROEFTHE T =ANMXHOX (1, -CDS (OMEGAXAT ) ) REXP (-DELTAXAT ) +0EFTHI
CONTINUE

INT=NTAI+1

I-1/9
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[0 32 I=INTSNTIME

ROEFTH(T) =DEFTHI

URITE(2y12)

FORMAT (10X, ‘RIVER DEFTH?)
WRITE(2+3) (RDEPTH(I) 9 I=1,NTINE)
FORMAT (B8F10,3)

INTIAL WIDTH OF RIVER AT THE WATER SURFACE IS READ AND
WIDTHS WETTED PERIMETER & SIGMA AT DIFFERENT TIME ARE CALCULATED
THE RIYER CROSS SECTION COMFORMS TO PART OF ACIRCLE

RADINS=(WIDTHIX% 2%, 25+DEPTHIXX2) / (2, XDEPTHI)
[0 20 I=1sNTINE

SIGMA(L)=RADIUS-ROEFTH(I)
RUIDTH(I)=SORT (8 #RIEPTH(I)XRADIUS-4, XRDEPTH(T) 232)
THETALT)=ATANC SXRWIDTHCI ) /SIBMACT))
UFCT)=2, kRADIUSKTHETA(T)

COATIHUE

WRITE(2913)

FORAAT (10X« ‘RIVER WINTH')

MRITE(2y 215 (RUIDTROD) » I=1) NTINE)
UELL)=AK/ (2, 2FHIXE)

UECN) IS DIKENSIONLESS TIME FACTOR

UUE1)=1,/TAD\

UUE(NT IS ANOTHER FORM OF DIMENSIONLESS TIME FACTOR

REACH TRANSMISSIVITY ARE BEING DETERMINED
THERE ARE DIFFERENT FORMULIE FOR REACH TRANSHISSIVITY COMPUTION
FORMULA 1 HAS EEEN USED IN THE PRESENT ANALYFIS

WRITE(2,15)

FORMAT (4% "RICHTL 94Xy 'RICHT2 23Xy "RICHT3"y5X» ‘RICHT4")

00 21 I=1,NTIHE

RICHT1 (1) =AKXFAL/(ALOG (IT+RDEPTH(I) ) /WF (1)) 4PAIX, SE(RWIDTHCI) X, 5+200.)
1/4DI+RDEFTH(IN))

RICHT4(1)={PAT¥AK)/(ALOG! (DI+RDEFTHCI) ) /RP(I)))

RE=WF (1) /FAT

RICET3(1)=(FAIRAK)/ALOG(,S¥(BI4RDEFTH(I) ) /RR}
RICHT201)=AK% (2 XDIHWFCI) )/ (RI+10,XRF(T)

I=2)/9
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WRITE(2514)RICHTL (1) -RICHT2{0)sRICHTI(1}sRICHTA(I)
FORMAT (4F10,5)
COMTINUE

{IGCRETE KERNELS ARE GEMERATED

NTIMEF=NTINE

[0 25 NW=1:NTIME

D0 24 N=1,NTIMEF

AN=N

R=0.

BL=RWIOTHONW)

CALL -DFQ(E1sANsToPHIsRyDN)
NEL 1o NWaN) =DN

LONTINUE

HYTHEF =NTIMEF-1

CONTTHUE |
H=5164A (1) +RDEPTH(1)4DI-E

LORD(1)=0,

B(1)=SIGHAC1)-H

Q(1)=B(1)/(-1,/RICHTE (1)-DEL(1+1+1))

An¢1)=Q{1)/CONST

RO(N) DIMENSIONLESS FLOW RATE=Q(N)/(.58HOXSORT (OMEGAXFHIXT))

CALCULATION OF EXCHANGE OF FLOW FROM 2D TIME STEP ON WARD

DO 300 N=2)NTIME

AN=N

UE(M)=UE(1)%aAN

UUE (N =UUEL 1) XAN

SHIT1=0,

JJ=N-1

10 301 NGAMA=1sJJ

GMIT1=SHI 140 NGANA ) XDEL (15 NGANA s N-NGAKAt1)
CONTINUE

T=3/9
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R(1)=(RIEFTH(N) +0I-E-SND11)%(-1,)
Q(NI=E(1)/(=1./RICHTL(N)-DEL(1sNs1))
QA(NI=Q(N) /CONST

CUMULATIVE FLOWS ARE BEING CALCULATED
SUMQ TS CUMULATIVE FLOWS
GEUMR IS CUMULATIME DIMENSIONLESS FLOW

[0 40 I=1:NTINE

SUMR(II=0,

SSUMR:T1=0,

[0 41 L=1.1

SRUMRCT ) =SSUMR(II40A(L)

SUMA T =5uUKaII+acL)

{OMTINUE

CONTINUE

WRITE(2+290)

FORMAT (BXy “QEND “ 5 10Xy “"UECH) “ 510Xy “SUKR(N) “ 10Xy “SIGMAIN) “95Xs ‘N’ 5 7Xs
17QOCN) ‘s 7% " SSUNRIND “ 9 7Xs ‘UUELN) 7)

WRITE(2533)5 C(QCJ)PUECS) 2SUNAL) s STGMACI) 1 J5BR(J) sSSUNR(I) s UUEC) ) s
1J=1sNTIKE)

FORMAT (4E16.721453E13.,4)

CALCULATION OF EVOLUTION OF WATER TABLE

00 240 I0B=2y3
R=CORD/IOR)
NTIMEF=MTIHE

00 245 NW=1,NTIME
[0 247 N=1yNTIMEF
AN=N
RI=RUTOTH(NW)
CALL DIFQ(B1sANsTsFHIsRsDN)
DEL (10BN N)=DIN
NTIMEF=NTIMEF-1
CONTINUE

CONTINUE

IC 250 ICE=1+5

DO 242 H=1,NTIKE
RISECTORNG=Q,
CONTINUE

CONT THUE

I-4/9



DO 265 I10B=1,5
N0 260 N=1)NTINE
D0 261 NGAMA=14N
RTSECIORsNI=RISE(TORsN)+DEL ( 10BsNGAMA» N-NGAMA+1) 20 (NGAMA)
261 CONTIHUE
260 CONTINUE
263 CONTINUE
WRITE(22271),CORD(1)2CORDN2) 1 CORD(3) sCORD(4) y CORD(S)
271 FORKAT(2Xs3E17,2)
DO 280 N=10»NTIME»10
WRITE(2+270)5 (RISE(1sN) sRISE(2sN) sRISE(3sN) yRISE(4yN) sRISE(SsN) s N)
270 FORMAT (3%, 5E16,7+15)
280 CONTINUE
STOP
ERD

=GN Y Y

SURRQUTINE DFQCBIsANyT+FHISRyIN)
IF(ANLLT.1.1) GO TO 1
CALL DIFQ1(B1+ANsTsFHIsRyRES)
RESN=RES
AM=AN-1
CALL DFR1CR1yAMsTyPHIRIRES)
RESNM1=RES
AN=KESH-RESNM1
G0 7O 2
1 CALL DFQICEL ANsToFHIZRsRES)
[N=RES
CONTINUE
RETURN
END
SUBROUTINE DFQ1(B1sANsToPHISR.RES)
DIMENSION Y(2)» YY(2)aYYY(2)
IF(R/GE. (R1%,5)) GO T0 600
Ci0=05/TR(RAX24(,5%R1)¥¥2)
G0 TO 703
600 C10= G/TH(EL) SR
703 CONTINUE
ALFHA=T/PHI
Fal=3,14159265
C1=ALFHA/ (2,XT)
L2=1, 204, kT)
C3=SQFT(ALPHA/PAI) /(2,XT)
C4=1,/(2,X4T)
X1=R
CS=X1+,5%R1
4=¥1-,5%k1
ST=gH

L35 ]

I=5/9
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1.0

300,
00720021
10,

{4=GURT (4, XALFHAXST)

Y(1)=C5/C?

1{23=C6/CY

[0 20 INDEX=1+2

A=Y (INDEX

TALL ERF(XsERFX)

TYLINDEX Y =ERFX

AX=-Y (INDEX) %x2

Y CINDEX) =EXF (XX)

RES=C1XSTRYT(1)-C1XSTEYY (2)-C10+C2XCSXR2KYY (1) -C2RCERR2XYY (2)
THCIASORT (STIHCSAYYY (1) ~CIXSART (STIXCARYYY (2)
RES=RES/BI1 >
RETURN

END

SURRDUTINE ERF{XsERFX)

KIHDEX=X

TF(X143595

&0 §

.CNTINUE

TECX=F: 022

CONTINUE

T=1.0/(1,040,3275911%X)
CRFY=1,0-(0,25482959%T-0, 28449673XTX42+1 ,4214137%T4%3-1,453152%T
1XXA41, 041405 TRES) KEXP (-X3¥2)

GO 70 3

ERFA=1,

CONTTNUE

TF(XINDEX) &5 73/

ERFX=-ERFX

CONTINUE

RETURN

ENL

VRSTAGEL . DAT

taeg, 10 998.0 Ju 21, by 2,

204 100, 200,
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AK E
1,000 1000,000
RIVER DEPTH
4,453 7.1%4
2,728 2,408
2,002 2,001
2,000 2,000
2,000 2,000
2,000 2,000
2,000 2,000
2,000 2,000
2,000  2.000
RIVER WIDTH
746,032 945,576
581,994 548,794
500,211 500,067
500,000 500,000
500,000 500,000
500,000 500,000
500,000 500.006
500,000 500,000
500,000 500,000

I
1009.,000

(=]
<

-

-

P = =

(== ]

g T S N O T o T NG T S T V5 R = o |

2,000

799,904
526,778
500,017
300,000
500,000
500,000
500,000
3004000
500,000

RICHTL
2.61285
2482430
2. EG703
2.83478
517547

-
2 A0

svarnad
o 2706

) ﬂEJ’)x)

J.JiJ?ﬂ
224473
“24517
L1344
2y24418
2,24409
24406
2074405
2124405
2.24405
2.24405
2024405
2244075
123400
2.24405

VRSTAGEL .OUT

FHI
0,100

74434

963,869
913,925
500,002
300,000
300,000
300,000
300000
500,000
500,000

FICHTZ
0,32416
G.28136
6.2?24ﬁ
0,27R24
0,29247
0, 21756
0,33521
G,35769
G, 3772%
0, 4523
0.402462
(140855
0,41255
0.41445
041538
0,41583
41662
0,41609
0.41612
,41613
0,41413
(.41613
041613
041613
0,41613
1,41613
,41613
0.41613

DI
798,000

6,256
2,035
2,000
2,000

=
=
<

4000

000
000
+000

RS pa P2 ra o

300,000

RICHT3

4,20604
6, 12955
5,86702
£,36409
C 4285

4,56%98
392129
3.47022
317295
2,73629
2,87499
2,81170
2.77747
£,75985
2,709122
2,74723
2,74551
2,74482
2174458
2.74451
2,74450
2074450
2.74450

1C
3,000

3.021
2,026
2,000
2,000
2,000
2,000
2,000
2,000
2,000

792,193
303,205
300,000
300,000
500,000
500,000
300,000
300,000
300,000

RICHTA
1063714
51,54420

531,81189
74,69209
24,71016
13.31978

B, 58475
4,92411
5.83360
5,23262
4,89995
4,71891
4,62328
4,57465
4,55101
4,54010
4,53539
4,53352
4,53286
4,53267
4,53264
4,53264
4,53264
4,53264
4,53264
4,53264
4,53264
4.53264

1-7/9

TAI
21,000

3.9
2,011
2,000
2,000
2,000
2,000
2.000
2,000
2,000

706,328
301,406
300,000
500,000
300,000
500,000
500,000
300,000
300,000

HO
6,000

3,236
2,005
2,000
2,000
2:000
2,000
2,000
2,000
2,000

636,003
300,572
300,000
300,000
500,000
300,000
300,000
500,000
300,000

DEFTHI
2,000




QN

L2I3B53EH01
0.1391277£402
0,1806108E402
(1, 1394760E402
0+10104457E+02
0.6300771E+01
0, 3343083E+01
01 362551E 401
0. 1710783E+00
"0 qn}.J ?QP'UE, + ”0
-0, B15083T4E 400
~0,3591038E+00
-0.1001147E4+01
=0, 7713153E+00
-0, 95770856400
-0.9150043E+00
-0}, 87044336400
IEOTEROD
0. 7877444400
-0, 75102626400
-0}, T172287E400
-0 ABALRYIEH00
-0, £382807EH00
=0 oA La16E+0D
=0 405 7804E+00
R ESEH00

_|‘\ Lf‘l

L;6E+0H
'l 10““w?E700
-0+ 4734020E400
=0,4731707E400
-, 44383126400
=0 AG02615E400
=0, 4371538100
-0, 42521 89E+00
=0, 4176403E400
=0, 40243726400
=0, 3F21E7EED)
= 33218075400
-0, 1’:0450F+00
491E+n0
=0 3540 ZEH0D
'GAJ%éJlJﬂETGO
-0, 338G296E400
=0, J308933E400
-0, 323531 2E+00
-0 314431 FEHOG
-0+ J0R70ETELOD
=04 3021848E400
=0 2F47107EHOC
=0, 25087C1EH0D
1. 2R50344E100

l’ H

1
(o]

HE(N)
0,S000000E-02
0+1000000E-01
0+1500000E-01
0,2000000E-01
Q. 2500000E-01
0 3600000F-01

+ SS0C000E-01
0. 4000000E-01
0,4500000E-01
G, 5060060E-01

0. 5E00000E~01
0, 6000000E-01
0, 4500000E-01
0.7060000E-01

7E0GO00E-01

{0, 8000000E-01
(. B300000E-01
0. F006000E-01
0.7300000E-01
£ 1000000E+00
G 1050000E+00
0. 1100000E400
0. 1150000E+00
0, 12000C0EH00
0.1250000E+00
¢ 1300000E400
0. 135000CE100
0. 1400000E+00
0,1450000E+00
0. 1500000E+00
3, 1550060E+00
{1, 1600000E+00
0.14630000E+H00
0, 1700000E+00
0. 1750000E+00
{0, 1800000E+00
0, 1850000E+00
0. 19G0000E+00
G, 1950000E+00
(. 2009000E400
0, 20500008400
0. 2100000E+60
G+ 2150000E+00
0,2200000E400
0. 22500605400
G, 23C0000E+00
G, 2350000E400
2, 2400000E100
8, 24500008 +00
. 2E00000E+00
0. 25500008400

0.26G0000E+00
0. 2650000E+00

SUMG(N)
0.6238853E401
0.2015162E402
0, 3621270E4+02
0,3016030E402
0.6025497E402
0, 6434573E402
0 6990RE2E402
0, 7127137E402
0, 7144245E+02
0., 7095485E402
0+7014077E+02
(. 6918164E402
0.+ 48180526 +02
0,46718920E402
0. 6623150E402
0.4531647E402
0, 6444504E402
0,63461845E402
0,6283073E+02
D, 46207970E402
0. 61362326402
G, a067574E402
0.,60017446E402
0,59385308402

+o877732E402
0,5817181E+02
0, 37427226402
0. 57082196402
0. 9655547E402
0,5804591E402
0. 3555251E402
0, 35074316402
0,5461048E402

0.5416022E402
0,5372283E402
0.5329761E402
(32882976402
0, 52481 33E+02
0. 520891 7E402
0517046996402
051334348 +02

0. 3097081E402
;.0“ 197E+02
0,0024245E402
G 49230928402
0.4950003E402
0, A2 7ES0EH02
0,4B94001E+02
0, 4865031E+02
0,4834712E402
0448050215402
0, 4775534E402
0. 4747431E4+07

SIGHACN)
015621 55E405
0,1561885E+05
(.1561800E+05
0.1361357E405
0.1361974E4+05
J.1542098E+05

]
1+ 1562201E+05
4. 1582274E105
0, 1562327EH05
0.15&“35?E+04
0, 13462378E405
0,1562369E+05
0 1582354E 105
0, 1562397E+05
0.15382397E405
$:15462400E+05
0+ 15462400E+05
+1562400E405
0, 1582400E+05
0,1562400E405
0, 13624008105
1562460E405
0, 1562400605
0,1542400E4035
0,1562400E+03
0, 1562400E+05
0+ 1362400E405
0,1362400E+05
(.1562400E405
0. 1562400E405
0+ 1562400£403
0.1562400E403
041362400 +05
0,1562400E+05
0+ 1552900E403
{4 1562400E+05
0. 1362400E+05
0,1562400E+035
0, 1542400E+05
0,1362400E405
0+ 1582400E405
0, 1562400E405
0, 1542400E+05
0,1562400E+05
0. 1562400E405
0, 1542400E+05
0.1542400E4+05
0, 1552400E405
0,1562400E+03
0,1542400E403
0.1
0.1
041

l'.-'l n

n

¥

S62400E405
342400E105
S62400E405

L3
L
+
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+3802E4+00
G18478E400
0,9788E+00
0,8500E+00
0.6138E+00
(. 3B40E+00
0, 2037E+0¢
0.8303E-01
0.1043E-01
=0, 2760E-01
=0.,4972E-01
-0.5845E-01
-0.6101E-01
-0, 6041E-01
-0, 3876E-01
-0,3576E-01
-0.3304E-01
-0,5043E-01
0. 4800E-01
-0,4577E-01
-0.4372E-01
=0,4184E-01
-0.4012E-01
-0, 3852E-01
-0, 3703E-01
-0 3568E-01
-0.J441E-01
-0, 3321E-01
-0, 3210E-01
~0,3105E-01
=0, 3007E-01
-0, 2914E-01
=0, 2827E-01
-0, 2744E-01
=01, 2645E-01
=04 2551E=01
-0, 2521E-01
-0, 2454E-01
-0, 2320E-01
=0, 2329E-01
-0, 2271E-01
=0, 2215E-01
-0,2162E-01
=04 2112=01
-0.2063E-01
=0, 2016E-01
-0.+1972E-01
-0.1929E-01
-0,1887E-01
-0 1848E-01
-0,1809E-01
-0 1773E-01
-0,1737E-01

SSUMAIN)
0, 3802E+00
0.1228E+01
. 2207E+01
0.3057E401
0. 3673E+01
0+ 4056E401
0. 4260E+01
0,4343E+01
0, 4354E401
0.+ 4324E101
0,4274E401
0+ 4216E+01
0,4155E401
0.4094E401
0,4036E401
0,3980E401
0.3927E401
0, 3877E401
0,3829E401
0, 3783E401
0. 3739E401
0,3698E101
0,3857E401
0.3619E401
0., I582E4+01
0,3546E401
0.3312E+01
0,3479E401
0, 3446401
0.,3415E401
0, 3385E401
0, 3354E401
0,3328BE401
0.3300E401
0+3274E+01
0+3248E+01
0,+3223E+01
0.3178E+01
0,3174E401
0+2151E401
0.3128E401
0.3106E+01
0,3083E+01
0, 3063E+01
0.3043E+01
0,3023E+01
0.3003E401
0,2984E401
04 2963E101
0,2945E101
+2928E401
+2710E401
0. 2893E401

UUE(NT
0, 4742E-01
0,7524E-01
0.1429E400
0,1905E4+00
0, 2381E+00
0.2837E+00
0,3333E400
0,3810E+00
0. 4286E400
0.4762E+00
0,5238E+00
0.9714E+00
0, 46190E400
0, 6667E100
0.7143E100
0,7619E400
0.8093E400
0,8571E+00
0.9048E400
9524E100
0,1000E+01
0+1046E401
0.1095E401
0.1143E+01
0.1190E401
0,1238E+01
0,12856E+01
0.1333E401
0. 1381E+01
0. 1429E+01
0.1476E401
0.1524E+01
0. 1571E+01
0+1619E401
0+1667E+01
0.1714E401
0.1762E401
0,1810E+01
0,1857E+01
0.1905E401
0.1932E401
0,2000E+01
0.2048E401
0,2095E+01
0,2143E401
0.,2190E+01
0,2238E401
0.2286E401
0, 2333E+01
0.2381E+01
0,2429E+01
0,2475E401
0.2524E401



-0, 2794225E400
-0, 2739909E+00
~(1, 2687 450E400
-0, 2636737E400
{1, 2386060E400
-0, 2540540E400
=01, 2494947E400
=0, 2450565400
-0, 2407587E100
~0,2365705E400
-0, 23254605E400
-0, 2286342E 400
-0, 2248245E400
-0, 2211509E400
-0, 2175504E+00
-0, 2140858E+00
-0,2107112E400
-0,2073%83E+00
-0,2042128E400

0. 00E+00

0+é174480E+OG
+3346731E400
4*22?0706E+00
0,1703081E+00
0413510586400
0,1111804E+60
0, 387752601

0,2700000E400  0,4719489E+02  0,1562400E405 54 -0.1703E-01 0,2874E101
0,2750000E400  0,4492089E402  0,1562400E+05 55 -0,1670E-01 0,2859E401
0.285@399E+00 0,364571SE402  0,1542400E405 54 -0.163BE-01  0,2843E401
0,2250000E400  0.4638345E402  0,1542400E405 57 -0,1607E-01 0.2827E401
U; S000COEH0  0,4412045E402  0.1562400E405 58 -0,1577E-01 0.2811E+01
0,2950000E400  0,4587540E402  0.1562400E405 59 -0.1548E-01 0,2796E+01
0,3000000E+00  0,4562610E402  0.1562400E405 60 -0.1520E-01 +2780E401
0,3050000E40C  0.4538104E402  0,1542400E+05 &1 -0,1493E-01 0,2765E401
0,:100000E400  0,4514028E+02  0.1562400E405 62 -0.1467E-01 +2731E+01
0.3150000E400  0,4490369E+02  0,1562400E405 43 -0,1442E-01 .L;36E§01
.uh00000r+00 0.4467113E402  0,1562400E405 64 -0.1417E-01 127226401
12500006400 0,4444250E402  0,1562400E405 63 -0,1393E-01 0»2?08E+01
0 IEQOGOOE+00 0.4421766E402  0,1562400E405 46 -0.1370E-01  0.2695E401
0,3350000E400  0,4399651E402  0,1562400E4C5 67 -0,1348E-01  0,2681E401
0,3400000E+00  0,4477895E402  0,1562400E405 68 -0,1326E-01  0,2648E401
0,2450000E400  0,4356487E402  0,1542400E405 69 -0,1305E-01  0.2655E401
0,3S500000E+00  0,4335416E402  0.1562400E405 70 -0,1284E-01 1 26426101
(. 3550000E400 0.43146?6E+02 0,1562400E405 71 -0.1264E-01  0,2629E401
0,3400000E400  0,4294755E402  0,1562400EH05 72 -0,1244E-01  0.2617E+01
0 10E+02 0.20E+02 0. 10E+03 0.20E+03
0,6173045E400  0,6168721E+00  0,6032090E400  0,362740.c=C0 10
0,3745481E400  0,3344525E400  0,3341958E+00 0. 333156600 20
0,2270B17E400  0,227120SE400  0,2283782E+00 0,2323747E400 30
0,1703195E400  0.1703485E400 G, 1715084E400  0,1767192E400 40
0, 13511956400 0,1351489E400  0.1366746E4+00  0,141357BE+00 30
0. 1111912400 C.111237SE400  0.1126471E400  0,1170401E+00 60
0,53910196-01  0,9395075E-01  0,9523747E-01  0,9924510E-01 70

=919

0,2571E401

+2619E401

+2647E101
0.2714E401
0,2762E401
0,2810E+01
0,2857E+01
0,2905E+01

2992E+01
0,3000E+01
0,3048E+01
0.3095E401
0,3143£401
0,3190E+01
0,3238E401
0,3285E401
0,3333E401
0. 3381E+01
0,3429E+01
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