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A quick refresher on exposure and residence times in a well-mixed domain 

Eric Deleersnijder, 12 May 2020 
 

The exposure time of a collection of particles of a constituent of seawater (or aggregate of 
constituents) in a given domain is the mass-weighted average of the times they will spend in 
the domain of interest. Let m(t)  represent the mass of the particles under consideration that 
are present in the domain of interest at time t. Then, their mean exposure time is 

  Θ = lim
δ t→0
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∫  (1) 

This formula is valid irrespective of the time evolution of mass m(t)  — provided the integral 
converges toward a finite value.  
 If the domain is well mixed, then the concentration (defined as a mass fraction) of the 
constituent under consideration is approximately homogeneous over the domain and, hence, is  

  C(t) ≈ m(t)
ρV

 (2) 

where constant ρ  is the reference density of seawater (Boussinesq approximation), whilst V 
denotes the volume of the domain, which is assumed to exhibit negligible variations over 
time. 
 Let Q (m3s−1 ) denote the outgoing volumetric flow rate of seawater and assume it is 
approximately constant at the timescales of interest. Then, the outgoing mass flux of seawater 
(i.e. the aggregate of all the constituents) is ρQ  (kgs−1 ) and the outgoing mass flux of the 
constituent under study ( kgs−1 ) is  
  Φ out (t) = C(t)ρQ  (3) 
This is because the concentration used herein is defined as a mass fraction. Then, combining 
(2) and (3) yields 

  Φ out (t) = m(t)
V /Q

 (4) 

 If the constituent under consideration is passive or inert and if there is no incoming flux of 
it, then its mass satisfies the following ordinary differential equation 

  dm
dt

= − Φ out = − m
V /Q

 (5) 

Its solution reads 

  m(t) = m(0) exp − t
V /Q

⎛
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⎞
⎠⎟

 (6) 

Substituting (6) into (1) leads to 

  Θ = 1
m(0)
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where timescale Th =V /Q  characterizes the hydrodynamics of the domain, specifically the 
timescale associated with the transport from the domain towards its environment. 
 Clearly, formula (7) applies to any constituent or aggregate of constituents, including the 
water originally present in the domain. The concentration of the latter is equal to unity at 
t = 0  and decreases exponentially at time progresses, for it is progressively replaced by water 
originating from the environment of the domain, namely the renewing water. In other words, 
the mass of the original water, mo(t) , and that of the renewing water, mr (t) , are 

  mo(t) = ρVe−t /Th , mr (t) = ρV 1− e−t /Th( ) = ρV − mo(t)  (8) 

with mo(t)+mr (t) = ρV , mo(∞) = 0  and mr (∞) = ρQ . 
 The above considerations apply to constituents that leave the domain once and for all after 
crossing an open boundary for the first time. Therefore, exposure time (7) is equivalent to the 
strict residence time.  
 The mass of a constituent undergoing a first-order decay process characterised by 
(constant) mean life Td  obeys a modified version of (5), i.e.  

  dm
dt

= − m
Th

− m
Td

 (9) 

The corresponding mass is 

  m(t) = m(0) e−t /T ∗  (10) 
with 

  T ∗ = Th Td
Th +Td

≤ min(Th ,Td )  (11) 

Substituting (10) into (1) unsurprisingly leads to 
  Θ = T ∗  (12) 
 If the particles under consideration are not discarded at the moment they leave the domain 
for the first time, then they might re-enter the domain, requiring mass budget equation (9) to 
be transformed to 

  dm
dt

= Φ in − m
T ∗  (13) 

where Φ in  (kgs−1 ) is the mass flux of re-entering particles. The solution of (13) reads 

  m(t) = m(0)e−t /T ∗ + Φ in( ′t )e−(t− ′t )/T ∗ d ′t
0

t

∫  (14) 

so that the exposure time is 

  Θ = T ∗ + 1
m(0)

Φ in( ′′t )e−( ′t − ′′t )/T ∗ d ′′t d ′t
0
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∫
0

∞
⌠

⌡
⎮⎮ ≥ T ∗  (15) 

 For highly idealised studies, it may be convenient to assume that the incoming flux is 
proportional to the outgoing one, i.e. 

  Φ in(t) = r m(t)
Td

 (16) 
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where r is the relevant coefficient of proportionality (0 ≤ r <1 ). Then, the exposure time 
reads 

  Θ = ThTd
Th + (1− r)Td

≥ T ∗  (17) 

The propensity of particles to return into the domain after leaving it for the first time may be 
estimated as follows: 

  Θ (r ≠ 0)−Θ (r = 0)
Θ (r ≠ 0)

= rTd
Th +Td

 (18) 

Unsurprisingly, this dimensionless parameter satisfies 

  0 ≤ rTd
Th +Td

≤ 1  (19) 

and is equal to r if there is no first-order decay (Td →∞ ). 
 There is nothing novel in the present working note. The developments above may be 
viewed as a concise and consistent reformulation of results established in the following 
references: 
Andutta F.P., F. Helfer, L.B. de Miranda, E. Deleersnijder, C.J. Thomas and C. Lemckert, 

2016, An assessment of transport timescales and return coefficient in adjacent tropical 
estuaries, Continental Shelf Research, 124, 49-62, doi: 10.1016/j.csr.2016.05.006 

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, doi: 10.1016/j.pocean.2013.08.009 

Arega F., S. Armstrong and A.W. Badr, 2008, Modeling of residence time in the East Scott 
Creek Estuary, South Carolina, USA, Journal of Hydro-environment Research, 2, 99-
108, doi: 10.1016/j.jher.2008.07.003 

Bolin B. and H. Rodhe, 1973, A note on the concepts of age distribution and transit time in 
natural reservoirs, Tellus, 25, 58-62, doi: 10.3402/tellusa.v25i1.9644 

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, doi: 
10.1016/j.jmarsys.2010.10.001 

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, doi: 
10.1016/j.jmarsys.2011.10.013 

Deleersnijder E., 2019b, On the timescales relevant to a linear transport-decay reservoir 
model, Working Note, Université catholique de Louvain, 15 pages, available on the web 
at http:// hdl.handle.net/2078.1/219115 

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, doi: 
10.1016/s0893-9659(97)00076-1 

Delhez E.J.M., 2006, Transient residence and exposure times, Ocean Science, 2, 1-9, doi: 
10.5194/os-2-1-2006 



 

4 of 4 

Delhez E.J.M., 2013, On the concept of exposure time, Continental Shelf Research, 71, 27-36, 
doi: 10.1016/j.csr.2013.09.026 

Takeoka H., 1984, Fundamental concepts of exchange and transport time scales in a coastal 
sea, Continental Shelf Research, 3, 311-326, doi: 10.1016/0278-4343(84)90014-1 

Tartinville B., E. Deleersnijder and J. Rancher, 1997, The water residence time in the 
Mururoa atoll lagoon: sensitivity analysis of a three-dimensional model, Coral Reefs, 16, 
193-203, doi: 10.1007/s003380050074 

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


