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Abstract
In this paper a method is presented to evaluate the mean residence time
of water in a monomictic lake,

A certain knowledge, concerning the hydrologic cycle and the time evo-

lution of the thermocline of the lake to be treated, is assumed,

A computer code has been established to serve the purpose and some ex-

amples have been calculated.



§ 1, Introduction

In the general case of a monomictic lake, i.e. a lake which has a water
turnover, whether partial or total, only once a year, the evaluation of
the mean residence time of the water in the lake proceeds as follows

(ref. 1,2).

We define an annual hydrologic cycle of the lake with a partial water

turnover, which we will refer to as a partial cycle,

We further have a pluriannual cycle, composed of N partial cycles (oc-
casionally N might be equal to zero) and one cycle with a complete water
turnover, which will be called a total cycle, Every cycle is divided into
intervals of constant epilimnion volume, The subdivision into intervals

is based upon a statistical knowledge of the time evolution of the thermo~
cline in the lake during the year, The last interval of every cycle re-
presents the condition of greatest homogeneity (occasionally total homo-
geneity) of the lake, while the first interval of every cycle is that of

transition between the turnover and the stratification period,

The calculation gives, at the end of a partial cycle, a dilution coeffi-
cient for the original water in the epilimnion called txép, so that after
N identical partial cycles the dilution coefficient for the original water

in the epilimnion becomes Oczp.

The total cycle, appearing after N partial cycles, gives the dilution co-

efficient ©¢ for the whole lake,

If the pluriannual cycle is composed of N+l = T annual cycles, the mean
residence time T of the water in the lake is obtained by means of the

following relationships,

T = ("0919_ + (1-)x 2T+ (»_o«)cxz,;_i: T+ - o=

~ N 2N+ -
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The calculation of °<ep (or OK) is based upon the general assumption
that the mixing of inflowing waters with the original lake water is
limited to the region above the thermocline, or epilimnion,

The volume of the original water in the epilimnion at the end of

interval i is determined by the equation

[}
0w =- - o (1)
i B. i

1

where -%1 is the probability that a water volume element, present
i

somewhere in the lake at the beginning of time interval i, flows
out of the lake during the same interval,
We obtain ¢
N =0 exp(-—=) (2)
i oi

By

where‘floi is the volume of the original water in the epilimnion
at the beginning of the interval i,
If we define a retention coefficient
yi
g) _ ep
i~ N

1
Vep + 41 8%;

where V;p = volume of the epilimnion in interval i, Ati = length

of interval i, and q; = mean rate of inflow water in interval i,

]
we then have 1 1- Yi _ q; . -
B.‘— At' .
i i
1 Vep+inti
Substituting (3) into equation (2) gives
a4
O =0 exp (- - t ) (4)
i oi vi o+ Ats
ep = 438%

Although Vép is constant during interval i, the rate of inflow

water usually varies, Therefore the interval i is subdivided into

m subintervals, each with a constant rate of inflow water 4k

(k=1,.....m) and equation (4) becomes

q., At
S).. = Q) exp ( - ik Kk
i oi

M=

i
+
1 Vep EET'S Atk

w
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§ 2. The code

5 2,1 General Remarks

The program RESIDU is a PL/1 code composed of a main program and one sub-
routine called FUN, This subroutine calculates o(ep’ the dilution coef-
ficient for the original water in the epilimnion at the end of an annual

cycle,

To facilitate the reading of the code, the following description of the

main variables appearing in the program might be useful,

NPAR number of partial cycles

NTOT number of total cycles (=1)

NIP number of intervals in a partial cycle

NIT number of intervals in the total cycle

V(i) epilimnion volume (m3) of interval i in the partial cycle
V1i(i) epilimnion volume (m3) of interval i in the total cycle

TRANS(j) average inflow-outflow rate (m3/day) per month j
DAYS(i) total number of days in interval i
Q(i) total volume of transit (inflow=-outflow) water (ms) in interval i

ALFA Cﬁé = dilution coefficient for the original water at the end
of aR annual cycle

TAU T = mean residence time



§ 2,2 FLOWCHART

START

READ INPUT DATA AND PRINT

PREPARE DATA FOR PARTIAL
CYCLE AND CALL FUN

FUN

CALCULATE DILUTION COEFFICIENT
AT THE END OF ALL PARTIAL CY-

CLES

PREPARE DATA FOR TOTAL CYCLE
AND CALL FUN

FUN

DETERMINE MEAN RESIDENCE
TIME AND PRINT




§ 2,3 Input description

Card 1 TEXT title (col. 1-80)

Card 2 NPAR
NIP
NIT

number of partial cycles.
number of intervals in the partial cycle.
number of intervals in the total cycle.

]

Card 3 TRANS(j) (j=1,12) = average inflow-outflow rate (m3/day)
for each month;
12 values are required,

If NPAR = O cards 4, 5 and 6 are omitted.

3
Card 4 V(i) (i=1,NIP) = epilimnion volume (m ) of interval i
in the partial cycle,

Card 5 N = number of different subintervals of which
interval i is composed,

Card 6 NDAYS(k) = number of days of subinterval k,
NMONTH(k) = identification of the month of
subinterval k.,
Identification code to use:
JAN = january
FEB = february

MAR = march
APR = april
MAY = may

JUN = june
JUL = july

AUG = august

SEP = september

OCT = october

NOV = november

DEC = december
The values NDAYS(k) and NMONTH(k) define the
sub’aterval k (k=1,N).

Cards 5 and 6 are repeated NIP times,

3
Card 7 V(i) (i=1.NIT) = epilimnion volume (m" ) of interval i
in the total cycle,

Card. 8 as card 5.

Card 9 as card 6,
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Cards 8 and 9 are repeated NIT times,

Further, two general PL/1 rules have to be observed:

1, All input values are separated by blanks and/or commas,

2. All alphanumerical values (as TEXT and NMONTH) are enclosed with

quotes,



§ 2.4 Listing of the code

11,



I

s D A . W—. W e —— . W AT ——— W A ———— - — —— ——— " T —— - — W Sy . —— a1 — — T W N A - B —— " -

12
CUATFS THE MEAN RESINENCE TIME OF WATER IN MONOMICTIC LAKES)I

Wz

>
- ] _——
<t oy
[aa I
<™
ok

22 Wl
—~<l -2
0L [ ]
B Tl <L
Wt =30
Ui Zh-
[SIV LYo yT, s e BNV,
> e TE nZ
[SISIVLI,L 2 JTED ol ¢
P et <l 00
— el i O
< >2>ITFC
QT T WU
(RTINS, fwie]
b= b OO0
e L P Y 418}
Qb it ohe LI

LMY e e QLT

NI
M1
M
N
E
=
A
T
T

-
—r s
——
ol b i T LY
< Q. e bt < D e
Qb et o et o O T e

DTEEZO>>-LT

AN A

FOR THE ORIGINAL WATER AT TH

OIIUTICN COEFFICIENT

AL FA
TAY

MEAN KFSTDFNCE TIME (YFARS)

[ ]

L3

-

-

W

w

[

+A

>

[

<

&+

[

()

[y

. +

- Q.

—~— L

(e} V)

o [

— (S}

i =

v <T

> o+

<I -t

[ g

- o -

- - L s

Lo - z

[ B o —

- -

e~ +

-~ >

- o =X

— o M.

e & At
ey <I [
— H P Lol
Qe QO < «r
N> - hsdant
-~ 3 o <
B <O

e I .
L

L~ o neo

o< () Lij <«

—~ 0O W G
s

bt o 7 e o~
< e+ O
O e 0
o v (3 T e W
(v ts NWLJel  gal
N el e o< T
L QR T~ F

-
S
CTu~LCoalD «
[aad-o 4= b S 4
[ L
HOLLOLOW
coccoco O
°
.
<.
<t

PUT SKIP(5)ye

P{%)sAySKIPyA)yo

PAR, NI P
b

SN

-]
”»
>
Q.
o]
(8]
pid
o}
o | et
-
> ™
o n
C X
[ -
-~
-— Prag on
- e
[ ]o% I
L] -
fa g -
x ST
oy =
(8] < Z
| o 9]
(ST —2
[y ] pard

i g v e
Z e s~
Lt »>=2
L > <l

- =Z>
T T =X
[ S V5] g
LD b~
KL e o K
[ N e &1
P

|l el o
W b O e !



DATAT yNMONTHUJ))

E0Jy 0

by

13

ﬂ"

SHIM

C(I )=Dy.

FNDy o

(J)ye

<

]
~ 9>
Lo R 2 |
e~
-—0
V4 +
D
Log Y ]
s S o

.

P 2V, I
3~ G
_—
¥ O
A M
VIS e
2
=Ll

W | Vel N

=2 > S0
N DT =
[N 7 Funtar 1 NS\ ATE

T)=SXP (=S1IM) ,,

L]
-
> L[]
o -
c ~
(W] ~
» —
- — (44}
> -— +
Q. = -—
nx g
(& C: (a8}
[ -
-~ -
— i o~ -
[t e -~
- eX i ™
= - F .
-~z -
o ZCV - -
— — pd -
T~ oy b
. AT 0 2 (9]
" < v o~ 2 >
Lad CIC - o oI
F 1 X e e
L] L Z e~ e~
[gn ol N0
s wewe Tl e o~
-~ Z i Uy
oy @ e wlY N o

S~ o e Z It
~ 2OV e Z )3 <L~
- E> T E N

[T T G oVl s W TR g
bt LT e e D e o g
N Tt WWDNE e Y
Pt o, 7 €T e o et (1 L e B
- W D ot 1] 2T S i

— (S e

b > s E e O
L et O N e Z T 2
Cota o X o voirn ole

RBeo

EXP(-S1IM),.

o
Hn

-
-
I
P
=z
Q
z
o
L
Q.
—-——
>
_— T
- 0
—
-
x
[ R
A
—
I <
-
<&
zZ =
s
- U
~
-~ —
e o
(LI |
-~z
QO ew-
CCA U
— s T}

U X~
v
S e b

i3

E

ECTT

pPUT PLGE
PUIT SKIP(4)

™ 12))

1

TRANSIT WATFR(M3) Y,
o TS S St I A P S A ) |

(COLI28) 9 A,CO{4N0),A,COLI52)4,A4COLIT5) A )y

A A
#4493), TRANS(T) DO I

FPITIMNION(M3),'VNL,

T | e~
Vg | nn&o
> | T
0.t | <2 D

D ek T gy s o

PR P

PUT =DIT

-

-

w0

™~

——

«

[

-

—

[To}

-
Rl
L
Land A1 -
< =t -
Lo g [ Lo
il o]
o - o~
it L et
1 [ 2]
(o~ -~
OO .

T —_
[ 2SI e o

g — gt S
o e
L D St St
AT Q.
[V ——
—— —
—F et S
- 4
oll!_. [
-, ——
LCOQ s

(S o "
Ll o A
[ AT -
i O
<l
(o ol —
e *» NI 0
0N e -
ey e« -
T s s D e bt
e L re T
St {7 P
QLTI O
Wb e b o

fa ] o oo
<Lk (T (e
[nWERS 2 4 ol
PR -
- | adles



14

PUT =DIT (14DAYSI(I)oVI(T)9QI(I)I(R(IFL) )+ ENDy o

PUT ENIT (INUMBER CF PARTTAL CYCLFS =1,NPAR,
NIMAER NF TATA) CYCtES =1, NTOT)

(SKIPLG )0 (15)3A,F{3)ySKIPLCOGLIIT)I A F({23)) e
IF NPAK=0 THEN GCTC FF,a
PUT =RTT gemrrg;PheglgvaFVA!% IN PARTTAl CYCLE =',NIP)
! pul AN K]
FFeo®NT E0IT (FNIMAFR OF TNTERVALS IN TOTAL CYCLE =093NIT)
{COL(5) sAyF{2))ye PUT SKIP(3)ya
T=NPARANTOT, o
WEP =1,
IF MPAQ"') THEN f(‘,. Al Fﬁzlyc MTOT=O'. 65179 DC,. E*‘JD;-
WEP=FEIIN(NIPyV,RHC yWEP, OM,0) 4 o
PUOT EDIT('AYFA AFTER 1 YEAR =t,WEDP,' PERCENT')
(X{1 )94y F(9y3,2) 90 )ye
AVFA=WEP*XNP AR ;¢
DD.o A1 EA= FHM(MIT,Vl,RHf?.A!FA,GM,NTUT),. o
PUT EDIT('AI FA AFTERY,T,VYEARY, 859, % 4,0 =9 AL FA, 0 PEDCENTY)
(SKIPyXUY 1 g AgF {4 ) 3y X(L) o Ay ALT GT 1) 4 A(T 1F 1)9A4F{9493,2)9A)s06
TAl= T/o*(1+AaFA)/({-ALFA),.
PUT FOIT(VEAN RFSIOFNCE TIME =9,TAN,t  YEARS?)
(SKT?(B)yX(P)1AyF(9q3):A)9o

ENJes END AR,,

F“NoQPROC(NpV'pHGQW‘.—p’{:WyNTCT’)c
DEL V%) RHD (X), CV (%),

DN T=1 T N,
IF I=1 THEN Gﬂ TC BBy,

TF T _NE 2 THEN GC TP CCye
WN=WEPy
WEP=3MI1)/VI1),.

BBooDMO=V(TI)XWEP 9y GC T TF,,
fC.oIf V{i) LFE VA1) THEM GC TO DD,

TF ”TOT T MANT T NF N THFN WEP=WN,,
DDoo OMN=NM{TI=1)+{(V(I})-V(I=1))%RWEP,,
EE..QM(I)‘IHL(I)*U“P,.

ND
DFT“RN(F“(R)/V(F))vc
END ?‘“N!o



§ 2.5

The code has been applied to the Lake Maggiore (Italy), to the

Some examples

15

Lake Lugano and the Bay of Agno (Switzerland).

Lake Maggiore has a pluriannual cycle composed of 5 equal years

with a partial turnover, followed by 1 year with a total

turnover, while Lake Lugano has a pluriannual cycle of 9 equal

years with a partial turnover and then 1 year with a total

turnover,

The Bay of Agno is characterized by an annual cycle with a total

turnover,

Table I presents some significant data concerning the different

examples, together with the values for the mean residence time,

Table 1
number of | number of °<eﬁ X
intervals | intervals | at the end | at the end mean
number of in in of the of the residence
partial partial total 1Stpartia1 total time
cycles cycle cycle cycle cycle (years)
Lake Maggiore 7 8 81,582 % 67,245 % 15,318
Lake Lugano 7 8 85,438 % 51,273 % 15,523
Bay of Agno 0 - 7 - 64.248 % 2,297
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