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Abstract
The high-resolution satellite-derived images of
500 m spatial and hourly temporal resolutions are
examined to quantify the diffusion coefficients of
the sea surface chlorophyll concentration. Based
on advection-diffusion equations, the optimal so-
lution of horizontal diffusivity is estimated using
advection by the observed currents (e.g., tidal
and geostrophic currents) and the derivatives of
concentrations in time and space. We implement
the estimated diffusion coefficients in the random
walk and flight models, which have been used
for tracking of the concentration of phytoplankton,
zooplankton, and individuals of fishes as a statis-
tical approach, through comparison of the data
and model outputs. This work will be applied to
the ecosystem process studies at submesoscale
[O(1) km spatial scale and O(1) hour time scale]
and improve the limitation of the present-day sta-
tistical modeling.

Introduction
As an important topic in the physical-biological
interactions in ocean science and engineering,
the tracking of harmful algae booms such as
green and red tides, the pollutants and oceanic
trash including micro-plastics, the larvae and fish
has been addressed with advection and diffu-
sion problems in the environmental fluid [e.g., [1]].
Besides their horizontal movement, the vertical
migration transport associated with mixing and
transport has been addressed with vertical diffu-
sivity and turbulence studies [e.g.,[2]]. Particu-
lary, the estimates of horizontal and vertical diffu-
sivity and their parameterizations have been in-
vestigated with observations [e.g., [3]] and nu-
merical simulations [e.g., [2]].

The transport of waterborne materials should be
taken into account in the spatial and temporal
scales of background flows and diffusion. The
periodic currents at tidal scales may generate the
closed path of particles. However, the low fre-
quency or mean circulation can govern the foot-
print of spatial and temporal visitation of target-
ing waterborne materials as tracking the particles
is associated with the long-term time integration
[e.g., [4]].

An idealized simulation
Surface advection and diffusion

Using the decorrelation length scales and spec-
tral contents in the frequency domain of the sur-
face current fields, estimated from their long-term
observations, the surface current maps [u(x, t)]
can be generated. The surface current field in
the one- or two-dimensional domain can be used
to yield the corresponding dimensional concen-
tration maps [C(x, t)] when the particles having
a constant number are released and tracked in
space and time continuously with a random walk
model, which contains a random parameter (ϵ).
Two primary approaches in Lagrangian stochas-
tic modeling such as random walk and random
flight models have been used to simulate the ran-
dom processes in nature.

The model surface currents (u∗ and v∗) based on
a spectral model are defined as

u∗(x, y, t) =
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M ∗∑

m=−M ∗

N ∗∑
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(2)

where

ϑmns = 2π (kmx + lny − σst) = 2π

(
m

L∗
x

x +
n

L∗
y

y − σst

)
,

(3)
and km and ln denote the wavenumber, and L∗

x

and L∗
y are the length of the domain in the x and

y directions, respectively. As the spatial covari-
ance in the physical space is equivalent to the
power spectrum in the wavenumber domain [e.g.,
[5]], the coefficients (Âmn, B̂mn, Ĉmn, and D̂mn) are
assumed as random variables of normal distribu-
tion having zero mean and unit standard devia-
tion, [N(0, 1)], for instance,

Âmns = (ξmn)
1
2 ξsN(0, 1), (4)

with the power spectrum of the current field in
the wavenumber [ξmn = ξ(km, ln)] and frequency
[ξs = ξ(σs)] domains. The wavenumber spectrum
can be approximated with two-dimensional Gaus-
sian or exponential function:

ξ(km, ln) = πλxλy exp
(
−π2k2mλ

2
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2
y

)
, (5)

ξ(km, ln) =
4λxλy(
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2
x + 4π2l2nλ

2
y

)3/2, (6)

and λx and λy denote the de-correlation length
scales in the x and y directions, respectively.

Conversely, the spectrum in the frequency do-
main is approximated with background energy
and variance at peak frequencies,

ξs(σs) = Aσ−α
s +

N∑
n=1

Bn exp

(
−|σs − νn|

(λt)n

)
, (7)

where A and Bn are amplitudes of the spectrum
in the frequency domain, and α is the slope of
background energy. νn and λt denote the fre-
quencies having peaks and their bandwidths, re-
spectively (n = 1, 2, · · · , N ). The bandwidth can
be determined with the width to have a dB re-
duced from the peak, where a can be 1, 5, or 10
depending on the decay pattern of the local peak.

The location of m-th particle (xm) is estimated cu-
mulative time integration of the currents at the
particle’s location:

xm(tN) = xm(t0) +

∫ tN

0

[u(xm, t
′) + ϵm(t

′)] dt′, (8)

= xm(t0) +
N∑
n=1

[u(xm, tn) + ϵm(tn)] ∆t, (9)

where the random variable (ϵm) is generated as
many as the number of particles at each time step
(m = 1, · · · ,M ).

C(x, t; ϵ) =
H(x, t; ϵ)∑
x

C(x, t; ϵ)
, (10)

where H(x, t) is the histogram of the number of
particles within a given bin (δx and δy) and is a
function of ϵ in the particle trajectory (Equations
8 and 9).

Advection-diffusion equations

Given the surface current field [u(x, t)] and the
derived concentration [C(x, t)] from the particle
trajectory using a random walk mode, which
is implemented with a random variable (ϵ), the
diffusion coefficients (ν) can be estimated in
the advection-diffusion equations in the one-
dimensional domain:

∂C

∂t
+ u

∂C

∂x
= νx

∂2C

∂x2
. (11)

∂C

∂t
+ u

∂C

∂x
+ v

∂C

∂y
= κx

∂2C

∂x2
+ κy

∂2C

∂2y2
(12)
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