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CART: the Constituent-oriented Age and Residence time Theory
A holistic tool to help understand complex reactive transport processes
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Nowadays marine models routinely produce
large amounts of results. Making sense of all
these real numbers is not a trivial task. This
Residence time: backward/adjoint approach
is why specific interpretation methods are
needed. Estimating timescales is one of
them. In this respect, a comprehensive
theory (CART) is developed that allows for
tout
the estimation of timescales such as the age
t
and the residence time from the solution of
tin
partial differential problems.
At any time and position, the age — a
age = t − tin , residence time = t out − t
measure of the elapsed time — of every
transit time = age + residence time
constituent, or group of constituents, of
seawater can be estimated in such a way that
advection, diffusion and reactions are properly taken into account. For every constituent, the core variable is
the age distribution function, ci (t,x, τ ) , where the subscript i identifies the constituent under consideration,
whilst t and x denote the time and the position vector, respectively. For a seawater sample of volume δ V → 0
taken at time t and location x, the mass of the i-th constituent whose age lies in the interval [τ , τ + δτ ] tends to
ρi ci (t, x, τ )δτ δ V in the limit δτ → 0 , where ρi is the (constant) reference density of seawater (Boussinesq
approximation). The age distribution function may be
∂ci
∂c
viewed as the histogram of the ages of the particles of the
= ϑ i − ∇ i (ci v − K i ∇ci ) − i
∂t######"######∂$
τ
i-th constituent in the aforementioned seawater sample.
!
Classical mass budget considerations lead to the
⇓
equation governing the evolution of ci (t,x, τ ) , which is
∞
∞
closely related to Green's function when the concentration
Ci (t, x) = ci (t, x, τ ) d τ , α i (t, x) = τ ci (t, x, τ ) d τ
of the constituent under study obeys a linear equation.
0
0
Then, the concentration (defined as a mass fraction) and
α (t,x)
ai (t,x) = i
age concentration, Ci (t,x) and α i (t,x) , are the zeroth
Ci (t,x)
and first-order moments of the age distribution,
⇑ ######'
respectively (see equations opposite). The mean age,
%######&
ai (t,x) , is obtained in accordance with the age-averaging
∂Ci
= Θ i − ∇ i (Ci v − K i ∇Ci )
hypothesis (Deleersnijder et al. 2001): the mean age is to
∂t
be evaluated as the mass-weighted mean of the ages of
∂α i
= Ci + Π i − ∇ i (α i v − K i ∇α i )
the particles under consideration.
∂t
The form of (resolved and unresolved) transport terms
∞
is identical in the equation governing the concentration
(Θ i , Π i ) = (ϑi , τ ϑi ) dτ
and in that for the age concentration. Therefore, the mean
0
age, ai (t,x) , provides diagnoses fully consistent with the
model whose results are to be interpreted. Another advantage of the present Eulerian approach is that
Age: forward/direct approach
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theoretical results are easier to obtain than
in the Lagrangian formalism. For
600
39
Ar
ages in the
instance, the biases of the age derived
World Ocean
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C
from radioactive tracers (see figure
400
opposite) or from the time lag method
3
H
Passive tracer
have been uncovered and investigated in
200
Radio-age
depth. The age also turned out to be of use
14
Benjamin de Brye et al.
Radioactive tracer
to diagnose reaction rates in ecosystem
0
models, i.e. in models in which the
10-4
10-3
10-2
10-1
γ (yr-1)
reaction terms are non-linear. On the
1
(a)
other hand, the age of tracers released by
0.8
a point source in a number of shallow water domains
has been simulated numerically and investigated in a
0.6
theoretical manner, leading to the discovery of an intriguing
symmetry property (Beckers et al. 2001).
0.4
The residence time is defined as the time needed
for
a
particle
to hit for the first time an open boundary of
0.2
the domain. To account for the fact that particles 0may re-enter the domain of interest after leaving it, the
0
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80
concept of exposure time was introduced. The propensity
of particles
to re-enter
the domain
may be evaluated
↕ Terneuzen
↕ Hansweert
↕ Bath ↕ Doel
↕ Vlissingen
↕ Antwerp
by means of the return coefficient. The residence time and the exposure time, η (t,x) , are the solution of an
(b)
adjoint equation (Delhez et al. 2004), which is to be80
integrated backward in time,

⎧1 if x ∈domain of interest
∂η
= − ω − ∇ i (η v + K i ∇η )60, ω (x) = ⎨
∂t
⎩0 if x ∉domain of interest
40
In the framework of idealised flow studies, it was
20 seen that the residence/exposure time of sinking particles
(e.g. diatoms) in the upper mixed layer is an increasing
0 function of the eddy diffusivity. A generalisation of this
0
10
20
30
40
50
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70
80
approach allowed for the evaluation of the amount of light such particlesDistance
are exposed
from mouth to.
[km]Relevant inequalities
and seemingly counterintuitive results were
and and
discussed.
Fig.established
5 (a) sectionally
tidally averaged concentration of spillway waters for the averaged
discharge
scenario
(Q).
(b) sectionally and tidally averaged age of the canal waters for the
The abovementioned time-scales
averaged discharge scenario (Q).
Scheldt Estuary water renewal timescales
proved to be particularly useful for
investigating the water renewal of
(a)
(b)
semi-enclosed domains. A general
method was developed, which
suggests that the age of the renewing
water be estimated as well as the
residence time (days)
exposure time (days)
residence/exposure time of the water
originally present in the domain of
interest (de Brye et al 2012). Several
(c)
(d)
estuaries share the same property
(see figure opposite): the variability
of the residence and exposure time is
much more pronounced at the period
variations of the
variations of the
residence time (days)
exposure time (days)
of the dominant tidal component
than at the timescale of the springneap cycle though these diagnostic
Fig.
6 (a)
time. cycle.
(b) tidally-averaged exposure time. (c) M2 amplitimescales are usually significantly longer
than
thetidally-averaged
duration of a residence
spring-neap
tude of the residence time. (d) M2 amplitude of the exposure time. The unit is day and forcings
The concept of age is being generalised,
leading
to averaged
the notion
of partial
al. 2016).
The
corresponds
to the
discharge
scenarioage
(Q). (Mouchet
Latitude andetlongitude
are in
degrees.
domain of interest is split into several subdomains and every constituent particle is henceforth “equipped” with
several clocks (rather than only one), allowing for the time spent in each subdomain to be evaluated. This way,
information about pathways is obtained without having recourse to Lagrangian calculations.

2

http://www.climate.be/cart

Publications related to the development and application of the
Constituent-oriented Age and Residence time Theory (CART)
http://www.climate.be/cart

Selected publications
Beckers J.-M., E. Delhez and E. Deleersnijder, 2001, Some properties of generalized age-distribution
equations in fluid dynamics, SIAM Journal on Applied Mathematics, 61, 1526-1544,
http://dx.doi.org/10.1137/S0036139999363810
de Brye B., A. de Brauwere, O. Gourgue, E.J.M. Delhez and E. Deleersnijder, 2012, Water renewal
timescales in the Scheldt Estuary, Journal of Marine Systems, 94, 74-86,
http://dx.doi.org/10.1016/j.jmarsys.2011.10.013
Deleersnijder E., J.-M. Campin and E.J.M. Delhez, 2001, The concept of age in marine modelling: I.
Theory and preliminary model results, Journal of Marine Systems, 28, 229-267,
http://dx.doi.org/10.1016/S0924-7963%2801%2900026-4
Delhez E.J.M., A.W. Heemink and E. Deleersnijder, 2004, Residence time in a semi-enclosed domain
from the solution of an adjoint problem, Estuarine, Coastal and Shelf Science, 61, 691-702,
http://dx.doi.org/10.1016/j.ecss.2004.07.013
Lucas L.V. and E. Deleersnijder, 2020, Timescale methods for simplifying, understanding and
modeling biophysical and water quality processes in coastal aquatic ecosystems: a review, Water,
12, 2717, http://dx.doi.org/10.3390/w12102717
Mouchet A., F. Cornaton, E. Deleersnijder and E.J.M. Delhez, 2016, Partial ages: diagnosing
transport processes by means of multiple clocks, Ocean Dynamics, 66, 367-386,
http://dx.doi.org/10.1007/s10236-016-0922-6
Vallaeys V., J. Lambrechts, P. Delandmeter, J. Pätsch, A. Spitzy, E. Hanert and E. Deleersnijder,
2021, Understanding the circulation in the deep, micro-tidal and strongly stratified Congo River
estuary, Ocean Modelling, 167, 101890, https://doi.org/10.1016/j.ocemod.2021.101890

Comprehensive list of publications
1.
2.
3.

4.

TARTINVILLE B., E. DELEERSNIJDER and J. RANCHER, 1997, The water residence time in the
Mururoa atoll lagoon: a three-dimensional model sensitivity analysis, Coral Reefs, 16, 193-203
DELEERSNIJDER E., B. TARTINVILLE and J. RANCHER, 1997, A simple model of the tracer flux
from the Mururoa lagoon to the Pacific, Applied Mathematics Letters, 10 (5), 13-17
DELEERSNIJDER E., J. WANG and C.N.K. MOOERS, 1998, A two-compartment model for
understanding the simulated three-dimensional circulation in Prince William Sound, Alaska,
Continental Shelf Research, 18, 279-287
DELEERSNIJDER E., 1998, Echelles de temps déterminant, ou déterminées par, les écoulements des
fluides géophysiques, Bulletin de la Société Royale des Sciences de Liège, 67 (1-2), 43-68

3

http://www.climate.be/cart

5.
6.
7.
8.

9.

10.

11.
12.
13.

14.

15.

16.
17.

18.
19.
20.
21.
22.

23.

DELHEZ E.J.M., J.-M. CAMPIN, A.C. HIRST and E. DELEERSNIJDER, 1999, Toward a general
theory of the age in ocean modelling, Ocean Modelling, 1, 17-27
BECKERS J.-M., E.J.M. DELHEZ and E. DELEERSNIJDER, 2001, Some properties of generalised
age-distribution equations in fluid dynamics, SIAM Journal on Applied Mathematics, 61, 1526-1544
DELEERSNIJDER E., J.-M. CAMPIN and E.J.M. DELHEZ, 2001, The concept of age in marine
modelling: I. Theory and preliminary model results, Journal of Marine Systems, 28, 229-267
DELEERSNIJDER E., E.J.M. DELHEZ, M. CRUCIFIX and J.-M. BECKERS, 2001, On the symmetry
of the age field of a passive tracer released into a one-dimensional fluid flow by a point-source, Bulletin
de la Société Royale des Sciences de Liège, 70, 5-21
DELHEZ E.J.M. and E. DELEERSNIJDER, 2002, The concept of age in marine modelling: II.
Concentration distribution function in the English Channel and the North Sea, Journal of Marine
Systems, 31, 279-297
SPAGNOL S., E. WOLANSKI, E. DELEERSNIJDER, R. BRINKMAN, F. McALLISTER, B.
CUSHMAN-ROISIN and E. HANERT, 2002, An error frequently made in the evaluation of advective
transport in two-dimensional Lagrangian models of advection-diffusion in coral reef waters, Marine
Ecology Progress Series, 235, 299-302
DELEERSNIJDER E., A. MOUCHET, E.J.M. DELHEZ and J.-M. BECKERS, 2002, Transient
behaviour of water ages in the World Ocean, Mathematical and Computer Modelling, 36, 121-127
DELHEZ E.J.M., E. DELEERSNIJDER, A. MOUCHET and J-M. BECKERS, 2003, A note on the age
of radioactive tracers, Journal of Marine Systems, 38, 277-286
DELEERSNIJDER E., 2003, Comments on “Water renewal time for classification of atoll lagoons in the
Tuamotu Archipelago (French Polynesia)” by Andréfouët et al. [Coral Reefs (2001) 20:399-408],
Coral Reefs, 22, 307-308
DELHEZ E.J.M., G. LACROIX and E. DELEERSNIJDER, 2004, The age as a diagnostic of the
dynamics of marine ecosystem models, Ocean Dynamics, 54, 221-231, doi: 10.1007/s10236-003-00752
DELHEZ E.J.M., E. DELEERSNIJDER and M. RIXEN (Editors), 2004, Tracer Methods in Geophysical
Fluid Dynamics, 34th International Liège Colloquium on Ocean Dynamics (Liège, Belgium, May 6-10,
2002), Journal of Marine Systems, 48, 1-193 (Preface pp. 1-2)
DELEERSNIJDER E. and E.J.M. DELHEZ, 2004, Symmetry and asymmetry of water ages in a onedimensional flow, Journal of Marine Systems, 48, 61-66
DELHEZ E.J.M., A.W. HEEMINK and E. DELEERSNIJDER, 2004, Residence time in a semi-enclosed
domain from the solution of an adjoint problem, Estuarine, Coastal and Shelf Science, 61, 691-702,
doi: 10.1016/j.ecss.2004.07.013
DELHEZ E.J.M., 2006, Transient residence and exposure times, Ocean Science, 2, 1-9
DELEERSNIJDER E., J.-M. BECKERS and E.J.M. DELHEZ, 2006, The residence time of settling
particles in the surface mixed layer, Environmental Fluid Mechanics, 6, 25-42
DELHEZ E.J.M. and E. DELEERSNIJDER, 2006, The boundary layer of the residence time field,
Ocean Dynamics, 56, 139-150
DELEERSNIJDER E., J.-M. BECKERS and E.J.M. DELHEZ, 2006, On the behaviour of the residence
time at the bottom of the mixed layer, Environmental Fluid Mechanics, 6, 541-547
SPIVAKOVSKAYA D., A.W. HEEMINK and E. DELEERSNIJDER, 2007, Lagrangian modelling of
multi-dimensional advection-diffusion with space-varying diffusivities: theory and idealized test cases,
Ocean Dynamics, 57, 189-203
DELEERSNIJDER E. and E.J.M. DELHEZ (Eds.), 2007, Timescale- and Tracer-Based Methods for
Understanding the Results of Complex Marine Models, in: Estuarine Coastal and Shelf Science, 74,
585-776 (Editorial pp. v-vii)

4

http://www.climate.be/cart

24.

25.

26.
27.

28.
29.
30.

31.
32.
33.

34.
35.
36.
37.
38.

39.
40.
41.

42.
43.

GOURGUE O., E. DELEERSNIJDER and L. WHITE, 2007, Toward a generic method for studying
water renewal, with application to the epilimnion of Lake Tanganyika, Estuarine, Coastal and Shelf
Science, 74, 628-640
WHITE L. and E. DELEERSNIJDER, 2007, Diagnoses of vertical transport in a three-dimensional
finite-element model of the tidal circulation around an island, Estuarine, Coastal and Shelf Science, 74,
655-669
MERCIER C. and E.J.M. DELHEZ, 2007, Diagnosis of the sediment transport in the Belgian Coastal
Zone, Estuarine, Coastal and Shelf Science, 74, 670-683
SPIVAKOVSKAYA D., A.W. HEEMINK and E. DELEERSNIJDER, 2007, The backward Ito method
for the Lagrangian simulation of transport processes with large space variations of the diffusivity,
Ocean Science, 3, 525-535
DELHEZ E.J.M. and E. DELEERSNIJDER, 2008, Age and the time lag method, Continental Shelf
Research, 28, 1057-1067
MOUCHET A. and E. DELEERSNIJDER, 2008, The leaky funnel model, a metaphor of the ventilation
of the World Ocean as simulated in an OGCM, Tellus, 60A, 761-774
ORRE S., Y. GAO, H. DRANGE and E. DELEERSNIJDER, 2008, Diagnosing ocean tracer transport
from Sellafield and Dounreay by equivalent diffusion and age, Advances in Atmospheric Sciences, 25,
805-814
PRIMEAU F. and E. DELEERSNIJDER, 2009, On the time to tracer equilibrium in the global ocean, 5,
13-28
DELHEZ E.J.M. and E. DELEERSNIJDER, 2010, Residence time and exposure time of sinking
phytoplankton species in the euphotic layer, Journal of Theoretical Biology, 262, 505-516
BLAISE S., B. DE BRYE, A. DE BRAUWERE, E. DELEERSNIJDER, E.J.M. DELHEZ and R.
COMBLEN, 2010, Capturing the residence time boundary layer - Application to the Scheldt Estuary,
Ocean Dynamics, 60, 535-554
MERCIER C. and E.J.M. DELHEZ, 2010, Consistent computation of the age of water parcels using
CART, Ocean Modelling, 35, 67-76
MERCIER C. and E.J.M. DELHEZ, 2010, A modified TVD scheme for the advection of two or more
variables with consideration for their sum, Ocean Dynamics, 60, 1157-1166
DE BRAUWERE A., B. DE BRYE, S. BLAISE and E. DELEERSNIJDER, 2011, Residence time,
exposure time and connectivity in the Scheldt Estuary, Journal of Marine Systems, 84, 85-95
SHAH S.H.A.M., A.W. HEEMINK and E. DELEERSNIJDER, Assessing Lagrangian schemes for
simulating diffusion on non-flat isopycnal surfaces, Ocean Modelling, 39, 351-361
LIETAER O., E. DELEERSNIJDER, T. FICHEFET, M. VANCOPPENOLLE, R. COMBLEN, S.
BOUILLON and V. LEGAT, 2011, The vertical age profile in sea ice: theory and numerical results,
Ocean Modelling, 40, 211-226
CORNATON F.J., Y.-J. PARK and E. DELEERSNIJDER, 2011, On the relationship between
radiometric age, velocity, and mean age of groundwater, Journal of Hydrology, 410, 217-225
DE BRYE B., A. DE BRAUWERE, O. GOURGUE, E.J.M. DELHEZ and E. DELEERSNIJDER, 2012,
Water renewal timescales in the Scheldt Estuary, Journal of Marine Systems, 94, 74-86
GRAEWE U., E. DELEERSNIJDER, S.H.A.M. SHAH and A.W. HEEMINK, 2012, Why the Euler
scheme in particle tracking is not enough: the shallow-sea pycnocline test case, Ocean Dynamics, 62,
501-514
MOUCHET A., E. DELEERSNIJDER and F. PRIMEAU, 2012, The leaky funnel model revisited,
Tellus A, 64, 19131
DELHEZ E.J.M. and E. DELEERSNIJDER, 2012, Residence and exposure times: when diffusion does
not matter, Ocean Dynamics, 62, 1399-1407

5

http://www.climate.be/cart

44.

45.
46.
47.

48.
49.
50.

51.

52.

53.

54.
55.

56.

57.
58.

59.
60.

SHAH S.H.A.M., A.W. HEEMINK, U. GRAEWE and E. DELEERSNIJDER, 2013, Adaptive time
stepping algorithm for Lagrangian transport models: theory and idealised test cases, Ocean Modelling,
68, 9-21
DELHEZ E.J.M., 2013, On the concept of exposure time, Continental Shelf Research, 71, 27-36
DELHEZ E.J.M. and F. WOLK, 2014, Diagnosis of the transport of adsorbed material in the Scheldt
estuary: A proof of concept, Journal of Marine Systems, 128, 17-26
ANDUTTA F.P., P.V. RIDD, E. DELEERSNIJDER and D. PRANDLE, 2014, Contaminant exchange
rates in estuaries – New formulae accounting for advection and dispersion, Progress in Oceanography,
120, 139-153
DELHEZ E.J.M., B. DE BRYE, A. DE BRAUWERE and E. DELEERSNIJDER, 2014, Residence time
vs influence time, Journal of Marine Systems, 132, 185-195
MOUCHET A., F. CORNATON, E. DELEERSNIJDER and E.J.M. DELHEZ, 2016, Partial ages:
diagnosing transport processes by means of multiple clocks, Ocean Dynamics, 66, 367-386
LE BARS Y., V. VALLAEYS, E. DELEERSNIJDER, E. HANERT, L. CARRERE and C.
CHANNELIERE, 2016, Unstructured-mesh modeling of the Congo river-to-sea continuum, Ocean
Dynamics, 66, 589-603
ANDUTTA F.P., F. HELFER, L. BRUNER DE MIRANDA, E. DELEERSNIJDER, C. THOMAS and
C. LEMCKERT, 2016, An assessment of transport timescales and return coefficient in adjacent tropical
estuaries, Continental Shelf Research, 124, 49-62
SHAH S.H.A.M., F. PRIMEAU, E. DELEERSNIJDER and A.W. HEEMINK, 2017, Tracing the
ventilation pathways of the deep North Pacific Ocean using Lagrangian particles and Eulerian tracers,
Journal of Physical Oceanography, 47, 1261-1280
PHAM VAN C., B. DE BRYE, A. DE BRAUWERE, A.J.F. HOITINK, S. SOARES-FRAZAO and E.
DELEERSNIJDER, 2020, Numerical simulation of water renewal timescales in the Mahakam Delta,
Indonesia, Water, 12, 1017, doi: 10.3390/w12041017
DELEERSNIJDER E., I. DRAOUI, J. LAMBRECHTS, V. LEGAT and A MOUCHET, 2020,
Consistent boundary conditions for age calculations, Water, 12, 1274, doi: 10.3390/w12051274
LUCAS L.V. and E. DELEERSNIJDER, 2020, Timescale methods for simplifying, understanding and
modeling biophysical and water quality processes in coastal aquatic ecosystems: a review, Water, 12,
2717, doi: 10.3390/w12102717
DEWALS B., P. ARCHAMBEAU, M. BRUWIER, S. ERPICUM, M. PIROTTON, T. ADAM, E.J.M.
DELHEZ and E. DELEERSNIJDER, 2020, Age of water particles as a diagnosis of steady-state flows
in shallow rectangular reservoirs, Water, 12, 2819, doi: 10.3390/w12102819
LUCAS L. and E. DELEERSNIJDER, 2021, Diagnostic timescales: old concepts, new methods, and the
ageless power of simplification, CERF's Up!1, 47(1), 14-15, http://hdl.handle.net/2078.1/244361
VALLAEYS V., J. LAMBRECHTS, P. DELANDMETER, J. PÄTSCH, A. SPITZY, E. HANERT and
E. DELEERSNIJDER, 2021, Understanding the circulation in the deep, micro-tidal and strongly
stratified Congo River estuary, Ocean Modelling, 167, 101890, doi: 10.1016/j.ocemod.2021.101890
LUCAS L.V. and E. DELEERSNIJDER, 2021, Tracers and timescales: tools for distilling and
simplifying complex fluid mechanical problems, Water, 13, 2796, doi: 10.3390/w13192796
DELEERSNIJDER E., I.M. KOSZALKA and L.V. LUCAS (Editors), 2022, Tracer and Timescale
Methods for Passive and Reactive Transport in Fluid Flows, MDPI, Basel, Switzerland, 352 pages,
https://www.mdpi.com/books/pdfview/book/5512

----------------------------------------

1

Quarterly Bulletin of CERF (Coastal & Estuarine Research Federation)
6

http://www.climate.be/cart

7

