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Don't throw the past away

You might need it some rainy day
Dreams can come true again
When everything old is new again

“Everything Old is New Again”
—Peter Allen and Carole Bayer Sager

The theory underlying the well-known
diagnostic timescale “residence time”
dates back more than a century to its
genesis in chemical engineering.’?
Other physical and biological times-
cales commonly used in the natural
sciences and engineering—such as
flushing time,® water age,® turnover
time,*® e-folding time,® and doubling
time”®—were implemented at least
as early as the 1920s-1950s. Prior
to the era of computational numeri-
cal modeling, assessment of such
timescales relied upon experimenta-
tion, observation, and/or analytical
derivation. These timescales were
used (1) to characterize or condense
experimental or observational data,®®
and (2) to convey, in a simple manner,
information about the state or func-
tioning of a system.238

Through subsequent decades,
diagnostic timescales have helped

us distill complexity into intuitively
meaningful metrics®*'? and have aided
us in making sense of natural or
anthropogenic phenomena.’®'® For
example, a long hydraulic residence
time—which encapsulates the overall
retentive effect of potentially com-
plex, three-dimensional hydrodynamic
processes—might help explain algal
biomass build-up or nutrient deple-
tion in an estuary. It can be argued
that in the environmental sciences

such simplification and distillation
power is now needed more than ever,
given the daunting volumes of data
generated by in situ, vessel-based,
and remote observing platforms,

as well as by high-resolution, multi-
dimensional computer models. Giga-,
tera-, and petabytes of data are, after
all, not very useful unless meaning-
ful information (such as the identi-
fication of key processes or causal
relationships) can be extracted from
them. 920

Diagnostic timescales—parameters
that estimate how long processes
take—represent an old tool for tack-
ling this relatively new problem of
“too much data."’*?' They can provide
an approximate means of extract-

ing the essence from large, detailed
datasets?? (e.g., the amount of time
for which an estuary is exposed to

an imported contaminant before it

is lost to the sea). A timescale can
also convert a primitive variable (e.g.,
velocity) into a more meaningful num-
ber? conveying the material effect

of the variable in the context of the
specific problem under study (e.g.,
the time for planktonic food subsidies
to advect from a productive source
region to an unproductive area).?

In addition, because they all carry

the same units (time), timescales
describing different biological, geo-
chemical, or physical phenomena can
be directly compared to each other,
thus bridging disciplinary divides and
providing a simple way to identify

the fastest, and sometimes domi-
nant, process(es).'®?22 Furthermore,
diagnostic timescales can prove
useful in spatial or temporal system
comparisons,?#2¢ in the development
of simple algebraic “pencil and paper”

models,?”?® and in quantifying con-
nectivity between regions.22%%0

Technological advances leading to
our current data boom have thus
produced a distillation challenge to
which simplification tools like tim-
escales may lend a hand. In parallel,
technology and advanced math-
ematical methods have also led to
increasingly powerful approaches for
quantifying timescales, with greater
temporal and spatial resolution than
ever before. For example, high-reso-
lution, multi-dimensional numerical
models, in which virtual particles or
tracers are transported by computed
velocities and diffusivities, are now
commonly used to calculate trans-
port timescales such as water age®'*2
(elapsed time since entering®3%),
exposure time'#323¢ (time that will be
spent in the domain), or residence
time®2%738 (a variant of the exposure
time?2%; Fig. 1). Reactions can also
be accounted for alongside trans-
port, resulting in timescales that are
“holistic”, i.e., capturing the influence
of a broad collection of processes

in a single parameter.?2 Usually,
computation-based timescales are
obtained via forward schemes,?741:42
which involve running a transport
model in the usual way: forward in
time. Such approaches traditionally
have required multiple simulations if
one wished to quantify a timescale as
a function of time. Advanced meth-
ods developed over the last couple
of decades, however, provide an
antidote to that requirement, allow-
ing for the computation of spatially
and temporally variable timescales
with a single simulation.***5 These
approaches include: (1) forward
methods for water age that require
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Fig. 1. Schematic describing relationships between core transport timescales: water age,
residence time, transit time, and exposure time, following Zimmerman, *° Delhez, *° and
many others. Reprinted from Lucas and Deleersnijder?

solution of an evolution equation for
the “age concentration,"*4344 and (2)
adjoint methods for residence time
and exposure time, which involve run-
ning a numerical transport model in
reverse.3®45 These newer approaches
can be applied not only to water and
tracers, but also to particulate matter
and substances adsorbed onto sedi-
ment particles.*% Their application
is becoming increasingly common for
the world’s coastal systems.%'-5%

Similar advances have occurred in
field instrumentation, allowing for
more detailed assessments of field-
based transport timescales than was
possible several decades ago. For
example, drifters—Lagrangian devices
released into a water body to fol-

low water parcels and often used to
quantify transport time®-¢—are now
frequently GPS-equipped, eliminat-
ing the need to physically follow their
trajectories (by vessel) and making it
possible to track hundreds of drifters
and collect thousands of drifter-days
of data in a single study.*® Methods
for conducting field studies with
natural or artificial tracers have also
improved over time. For example,
modern vessel-based instrumentation

permits high-frequency measure-
ment of stable isotopes and other
water quality parameters along a
high-speed boat track, allowing for
the spatial mapping of water age and
potentially related variables such as
chlorophyll a or nutrient concentra-
tions.®°

Diverse diagnostic timescales—such
as those for algal growth, oxygen con-
sumption, nutrient uptake, advective
or diffusive transport, or sedimenta-
tion of particles—can be compared
with each other to discern the fastest
process(es) operating in a system

or influencing a constituent of inter-
est.?2?8 They can also form the basis
of very simple (e.g., box, steady state)
mathematical models that, despite
their simplicity, can perform well
quantitatively.’*?’ In some cases, the
timescale comparison (i.e., their ratio)
essentially is a model, with that ratio
representing the balance between
two critical processes and serving

as an indicator of likely ecosystem
response. (For example, the ratio

of an oxygen consumption times-
cale to a residence time has been
shown to be a useful indicator of
hypoxia occurrence.)' Such simple,

timescale-based models offer a use-
ful counterbalance to (and intuitive,
back-of-the-envelope check on) more
complex numerical models, which (1)
tend to be computationally demand-
ing,?? (2) may be difficult to use, and
(3) are not available to every scientist
or resource manager desiring a quick,
approximate answer to a question.

Diagnostic timescale estimation, a
century-old scientific and engineer-
ing approach, has arguably never
been more useful than it is today for
integrating physical, biological, and
geochemical processes and distill-
ing large amounts of data. Timescale
evaluation complements the analysis
of primitive variables? and, in the
process, helps shed new light on the
functioning of complex systems.
Moreover, diagnostic timescales can
form the foundation of simple math-
ematical models'®?76" that provide a
convenient and accessible alterna-
tive—or companion—to computa-
tionally demanding expert models.?
Despite being old in concept, the
usefulness of diagnostic timescales
has only expanded, and in recent
decades their methods of estimation
have significantly improved in terms
of resolution. #5560 Perhaps their
most enduring value to estuarine and
coastal science, specifically, is their
utility in encapsulating the complex-
ity of real ecosystems—helping us
identify the essential components of
our conceptual models and attaching
approximate values to them. Diag-
nostic timescales demonstrate that
the power of simplification never gets
old.

Note: References for this article can
be found at cerf.science/cerf-s-up-
-47-1--bulletin—-additional-materials.
If the reader wishes to learn more
about diagnostic timescale defini-
tions, methods, and applications in the
coastal zone, they are encouraged to
check out the authors’ recent review
paper on the topic at Lucas and Del-
eersnijder 2020.
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