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Widely used concept in environmental studies :

9814 references found in the Elsevier Catalog
(Science Direct - Environmental Science category)
over the last 10 years !

Very appealing concept to biologists
and decision makers !
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W I Mixing !

(tOUt7 Xout)

= distribution of
residence times

Define the control domaiw
Introduce a particle gtg, Xo)

Compute / observe the path of this particle and
register its exit timétoyt, Xout)

Residence time dtg, Xg) = tout — to
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m(to+ 1)

r\/

Define the control domaiw
ntroduce a unit discharge &b, Xp)

—ollow the fate of the tracer and monitor the mass
mM(tp + T) remaining inw

= Cumulative distribution of RT
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M(to +T)

T
M(to+T) Fraction of the initial release with a
m(to) ~ RT larger thart
=
i . — 1 00
- Mean residence tim@ = —/ m(to + 1)dt
% m(to) 0
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Solve

aC i
—+v-0C=0- {K-DC} +Q
C(tg,X) = d(X—Xp)

and compute

m(t;to, Xo) ://wC dv

But. .. Open boundary conditions ?
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Residence time = time required to leave the control
domainfor the first time

(Bolin and Rodhe, 1973; Takeoka, 1984)

Lagrangian approach : discard particles when they
leave the control domain (Lagrangian approach)

Eulerian approach : putC = 0 at both inflow and
outflow boundaries of the control domain
(if diffusion £ 0)

— 0 =0 at the open boundary.
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(Delhez & Deleersnijder, 200@cean Dynamics)
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w=(—-L,L)NZ

O B=1-a

pi(”) . probabillity distribution of particles at tinig.

oY =g +apt,  ie(-LL)NZ
p(ncrl) = pTI)_Jrl’ <n+1 = pL 1
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Equivalent topﬂ1 = p(_”a_l =0, 1.e.C = 0 outsidew
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1D infinite domainx € (—oo, +00)
w=|—{,+¢
Constant and uniforma andk (andPe= uf/K)
Pe= 100 )
u/?
Pe= 20 1.5
Pe=10 —
Pe=5 ] i
N Advection time scale
Pe=1 0.5
Pe=0.2
-1 -0.5 051X
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ldem with tidal (1 m/s) + residual (0.1 m/s) flow

1.5

Resi dence ti ne

0.5

5 &
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Residence time = time required to leave the control
domainfor the first time

Exposure time : allow particles to exit the domain
and re-enter at a later time

=N

No BC at the boundary of the control
domain

‘Appropriate’ BC at the boundary of
the computational domain
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M(to +T)

0= M(to)/() M(to+ T)dT

= Measure of the time< concentration
to which the control region is exposed

to particles originating fronttg, Xg).
= ‘Exposure time’
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0.0
VVYWWWWA K = Const

——— u=Const(>0)

W

M(t;to, Xo) > m(t; 1o, Xo)

A(t,x) > 6(t,x)
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Compute

o oo or - [, 800

or solve

aa_(t:” 0c =0 [K-DC}JrQC

C(tg,x) =1 inw + Approp. B.C.

R W AT 1/00// C dvdt
— _ — m, ; _ —
O > Vo Jtg 0:%0 Vo Jtg W
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Solve

%—?—I—V-DC:D-{K-DC}

C(tg,X) = d(X— Xp)
C(t,x) =0ondw

and compute

m(t;to, Xo) ://wC dv

But. .. multiple runs are needed to comp@t(deo,xo).
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mM(t;to, Xo) = < At 1,0(X — X0), Oco(X) >
where
At t, = forward operator such that

C(t,X) = /‘thjtoé(x— Xo)
O, = Characteristic function of control domaan

1 If X € w,
%(X) = {O elsewhere

<f.g> :///Rgf(x)g(x)dv

CART - the Constituent Oriented Age and Residence time Theory —p. 57
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M(T;to,X0) = < AT t,0(X—X0), Owy(X) >
= < O(X—X0), AT t,00(X) >

whereAt = adjoint operator Of .

oC;
ot

v.0C: = 0. {K-DCﬂ
Cr (T, %) = 0w(X)
Ci(t,x) =0 ondw
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Adjoint stateCx (tg, Xg) = m(T;tg, Xo)
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a;f v.0C: = 0. {KDCﬂ
Ci(T,X) =dp(X), Ci(t,x)=0o0ndw

Must be integrated backward in time.

A single run of the adjoint model provides
m(T ;to,Xo) for a range oftg, Xg).

But m(tg+ T;tp, Xg) is required for alit > O,

= solve the adjoint problem for a range of
‘initial conditions’ C; , {(to+T,X) = O (X)
(unless the hydrodynamics is constant)
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Definition : D(t, T,X) = G ;(t,X) = m(t +T1;t,X)

oD 0D
ot 0Ot
D(t,0,X) = 0w(X), D(t,1,X) =29(T) ondw

IV-DD+D-[K-DD} — 0

to be solved in a five-dimensional space.

Describes the spatial and temporal variations of
= the cumulative distribution function of residence
timesm(t +1;t, X).
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oD oD
ot 0t

G(t,x):/ m(t+r;t,x)dT:/ D(t, t,X)dt
0 0

IV-DD+D-{K-DD} _ 0

D(t,0,X) = dp(X), D(t,T,X) =9(T) ondw

/ ...dr, assuming[ limD(t,1,x) =0
0 —00

00
= ot

O(t,x) =0 ondw

2 B+ V-840 [K-Dé} —0

CART - the Constituent Oriented Age and Residence time The
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oD oD
ot 0t

v.-OD+0- {K-DD} _ 0

or B
90 _ _
-+ 80+ 08+ [K-De} _0

At open boundaries of the control regiarprescribe

D(t,t,X) = 0(T—0)
or

O(t,x)=0
= Residence time I
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D |

VVYWWWA K = Const

—— u=Const(> 0)

- do  d%
a(gt) O 6]_|_7|_[ | udX | KdX2 :O
6(+L)=6(-L)=0
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Z—§+5w+v.m6+m-[}<.meﬂ —0

Must be solved by backward integration from ‘initial
conditions’ given at some time.
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AT
?

assumed =0

= 0(T,x)=0

T —AT- T

00 T
6(t,x)=/ D(t,T,x)dT:/ D(t,t,X)dt
0 0

3
=
Ml only material with RT <AT is taken into account
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Concentration of material with RT AT Is given by

~

Cr=1-C

where

a;; v.Dc;:D-{K.DCﬂ

Cr (T, X) = du(X)
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08
ot
O(T,x) =0, 8(t,x) =0 ondw

= mean residence time

FERVRN] D.[K.Dé} —0

aCT v-OC; +0- [K-0Cf| =0
CT(T X) = Ow(X), Ci(t,X) =0 o0ndw

— convergence i€t =1-C: ~ 1
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AX — AZ — 10, 10 O'-|€V€|S
free-surface, baroclinidk turbulence model
10 tidal constituents, NCEP Reanalysis met. data

356° 358° 0°

52° 59°
rth ‘f%
UK. (/P(‘;/téa
51 S Belgium [|5%
Erfglish Channel
N o 50°
o~ l France
1 4, Control region
— n
ad 49° 49°
< 356° 358° 0° 2° 4°
@)
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Residence time (days)

358° 359° 0 1 2°

358° 359° 0° 1° 2°

Snapshot on 15/08/1983 - Surface value
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358° 359°

51 [ ]

NI

50°
49°8 N —
358° 359°

150
140
130
120
110
100
90 B 5.
80
70
60
50
France 40
30
20
: 10

Exposure time ‘ 0

| 000000 | | ] | | 490

1° 2°

Snapshot on 15/08/1983 - Surface value
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i
100 - i
CO Exposure time
m -
wo
3
T 60
m 40 : :
7z | Residence time
20 |
N~ 0 / 0
m 1/1/1983 1/5/1983 1/9/1983 1/1/1984 1/5/1984 1/9/1984
_ Initialization
_I
%
<
O Model start
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Does turbulence increase or decrease the residence
time in the surface mixed layer of settling particles ?
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Aair-seainterface WC | KaC _ O Ka—e _ O

0Z 0Z
OC 0 00

§ k@ ot oz (WC+K( )az>

° C(0,2) = 6(z— o)

E d do
S | w=Cte dz(we N )dz> -
"
% s Ka—C:O wC Kae:O

pycnocline 07 07
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08(2) = = Vlv/zhexp{—w/:%} dz
h

Z
W < 0(z) < W
No diffusion Infinite mixing
1h < 0= L hG(Z)dz < h
2W ~ hJo W

Factor 2 only !

Residence time increases with turbulence !
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Useful diagnostic for numerical models
Flexibility : residence / exposure time

Can be generalized to tracers with linear
dynamics.

http://www.climate.be/CART
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