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Abstract
In situ particle size spectra are obtained from two sequent cruises in order to evaluate the physical consequences of suspended par-

ticulate matters caused by episodic storm runoff from the Santa Ana River watershed, an urbanized coastal watershed. Suspended par-
ticles from various sources including surface runoff, near-bed resuspension, and phytoplankton are identified in empirical orthogonal 
function (EOF) analysis and an entropy-based parameterization (Shannon entropy). The first EOF mode is associated with high turbid-
ity and fine particles as indicated by the elevated beam attenuation near the Santa Ana River and Newport Bay outlets, and the second 
EOF mode explains the suspended sediment dispersal and particle coarsening at the near-surface plume. Chlorophyll particles are also 
distinguished by negative magnitudes of the first EOF mode, which is supported by the relationship between fluorescence and beam 
attenuation. The integrated observation between the first EOF mode and the Shannon entropy index accentuates the characteristics of 
two different structures and/or sources of sediment particles; the near-surface plumes are originated from runoff water outflow, while 
the near-bottom particles are resuspended due to increased wave heights or mobilizing bottom turbidity currents. In a coastal pollu-
tion context, these methods may offer useful means of characterizing particle-associated pollutants for purposes of source tracking and 
environmental interpretation.
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1. Introduction

Highly urbanized coastal systems receive natural and anthro-
pogenic suspended particulate matters from various sources in-
cluding surface runoff, sewage and other near-shore submarine 
discharges, air pollution fall-out, phytoplankton, and near-bed 
resuspended sediments. Consequently, they play an important 
role in many processes of environmental concern, and in many 
cases its understanding requires knowledge of the origin and the 
magnitude of their sources potentially responsible for the im-
pairment. Nevertheless, identification of the suspended particle 
source remains challenging in urban coastal systems because 
the fate of particulates depends on a variety of physical and bio-
logical processes, which are highly dynamic and complex.

Fundamentally, suspended particle transport to the ocean 
depends on particle size [1-4] but its understanding has still 
not sufficiently evolved to develop kinetic models [5]. Without a 
strong predictive framework, in situ observations of particle size 
distribution (PSD) can provide useful geological information on 

particle provenance. Prior studies have shown that the different 
particles can be differentiated using various PSD analysis meth-
ods including interpreting the bivariate plots of statistical pa-
rameters derived from PSD to more complex multivariate meth-
ods such as factor or discriminate analyses [6-8] or the shape 
of individual PSD [9-14], despite the varying degrees of success 
achieved by their application. 

This study proposes the possibility of using empirical orthog-
onal function (EOF) analysis and an entropy-based parameter-
ization (Shannon entropy) on PSD to detect suspended particle 
sources in a coastal ocean system. The EOF analysis identifies 
the dominant spatial pattern in a PSD data set and how these 
spatial patterns are distributed in particle size. Shannon entropy 
is applied to parameterize the heterogeneity of PSDs. These ap-
proaches described in this study are complementary to a con-
ventional observation approach for identifying particle sources 
on the basis of beam attenuation, salinity, and chlorophyll fluo-
rescence [15-18].  
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LISST instrument, and the theory underlying its estimation of 
particle volume, can be found elsewhere [22]. Each of these sen-
sors was precalibrated prior to field sampling. In situ monitoring 
included the measurement of the particle volume distribution, 
conductivity (salinity), temperature, pressure (depth), beam at-
tenuation, and chlorophyll florescence in the water column. At 
each offshore station, the vertical profile extended from the sur-
face to within 2–3 m of the bottom or to a maximum depth of 60 
m, and was collected on both downcast and upcast. The particle 
volume distributions were logged at a frequency of either 1 Hz 
(during the first cruise) or 0.5 Hz (during the second cruise), and 
the CTD data were logged at a minimum of 8 Hz. The memory 
capacity of the LISST-100 instrument was exceeded during the 
first cruise, and as a result some of the particle volume distri-
bution data was lost. All vertical profiles of PSDs acquired from 
shipboard in situ measurements are post-processed to 1 m bins 
as depth-averaged values, and used for EOF analysis and the 
Shannon entropy index as below.

2.3. EOF Analyses of Particle Size/Space Variability

Particle volume distribution data are decomposed using EOF 
analysis [23, 24] in order to investigate spatial patterns of PSD. 
An EOF analysis organizes a space/particle-size series into a set 
of orthogonal functions, which compactly describe the covari-
ability of the data set. This is provided in the form of a ranked 
set of maps whose amplitude varies in particle size or the source 
of the sediment particle in regards to a mean state. The ranking 
provides a measure of the fraction of total variance explained by 
each EOF mode. Typically, the lowest modes explain much of the 
variance and these patterns of spatial/particle size are the easiest 
to interpret. 

All particle volume distributions are standardized with the or-
thogonal variables and the variance-covariance matrix in order 
to make them compatible. EOF analysis involves the following 

2. Materials and Methods

2.1. Field Site Description

The study site is a northwest-southeast striking section of the 
Pacific Ocean coastline, located offshore of Huntington Beach 
and Newport Beach in Orange County, California (Fig. 1). The 
main terrigenious sources of suspended particles include dry 
weather and storm-generated runoff from the Santa Ana River, 
Talbert Marsh, and Newport Bay outlets, all of which discharge 
directly into the study area [19-21]. In addition, coastal currents 
may bring suspended particles into the study area from other 
large river outlets located up- or down-coast, such as the Los 
Angeles River and San Gabriel River (LAR and SGR in inset, Fig. 
1) [21]. These riverine sediment discharges could act as a poten-
tial cause for surf zone water quality failures in this region [21].
Throughout a set of two offshore cruises during the storm sea-
son, data were collected from a grid of 21 stations distributed 
over a 60 km2 area offshore from both Huntington Beach and 
Newport Beach (red triangles in Fig. 1). 

2.2. Shipboard In Situ Measurements

The offshore monitoring grid (Fig. 1) was sampled during 
two separate cruises, roughly following two storm events. In situ 
monitoring consisted of collecting continuous vertical profiles 
using a laser in situ scattering and transmissometry analyzer 
(LISST-100; Sequoia Scientific Inc., Bellevue, WA, USA) and a Sea-
Bird conductivity-temperature-depth (CTD) instrument pack- 
age (SBE-911, SBE-32; Sea-Bird Electronics Inc., Bellevue, WA, 
USA) equipped with a chlorophyll fluorometer (Seapoint Sen-
sors Inc., Brentwood, NH, USA). The LISST-100 is a light dif-
fraction instrument that estimates the particle volume resident 
in 32 logarithmically spaced particle diameter bins, spanning a 
particle diameter range of 2.5 to 500 µm. The operation of the 

Fig. 1. Map showing the location of the field site and sampling sites. Also shown are the locations of the rain and stream gauge located on the 
Santa Ana River (SAR). LAR: Los Angeles River, SGR: San Gabriel River.
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present in one of the 32 logarithmically spaced particle diameter 
bins.

3. Results and Discussion 

3.1. Water Column Profiles

On a year-round basis, most of sediment loads from the Santa 
Ana Riverwere discharged to the ocean during the study period. 
Eighty-nine percent of the total annual flow occurred and 96% of 
the total annual sediment loads was discharged [29]. Water col-
umn profiles of the offshore particle size spectra and CTD data 
acquired during the two cruises are shown in Figs. 2 and 3, re-
spectively. 

During the first cruise, two separated runoff plumes near 
the Santa Ana River outlet are observed. One plume is ejected 
offshore by a momentum jet and slowly drifts along the surface 
[21] as indicated by elevated beam attenuation (more than 2/m), 
depressed salinity (<33.1 ppt), and the density anomaly (24.6 kg/
m3) (the sampling lines L2200, L2100, and L2020 in Fig. 2). The 
other plume is observed onto continental shelves along the near-
bottom layer (more than 7 km along L2200) and down-coast 
(L2100 and L2100). However, any direct entrainment of river 
freshwater into the near-bottom plume is not observed since 
water salinity, temperature, and the density anomaly do not be-
come agitated in water column profiles. Also, high florescence 
chlorophyll concentrations are observed at the surface near-
shore and extend farther out offshore below the surface and are 

steps: 1) organization of the data into a data matrix, Cij , with i 
and j corresponding to particle size bins and in situ monitoring 
locations; 2) standardization of a demeaned data matrix, D =  
[dij ] = (Cij

 
-Ci

 
)/ri , where Ci represents the mean of all concen-

tration measurements at the i-th particle size bin, and ri is the 
standard deviation of all concentration measurements at the 
i-th particle size bin; and 3) decomposition of the demeaned 
data matrix into a series of EOF modes and associated loadings. 
Entries in the data matrix represent the concentrations of a par-
ticle volume per unit fluid volume resident in 32 logarithmically 
spaced particle diameter bins. All concentration values in the 
data matrix are the average of measurements on samples col-
lected within a depth interval of 1 m. The EOF modes are ordered 
such that the first mode captures the most variance in the de 
meaned data set, the second captures the next highest amount 
of data variance, and so on. The magnitude of the eigenvalue de-
notes the percent of variance captured by each mode.

2.4. Shannon Entropy Index

Shannon entropy [25] has been proposed as a measure of soil 
structure or sediment particle size heterogeneity [26-28]. The 
Sannon entropy (H) of particle volume distribution for each site 
can be represented mathematically as follows [26]:

32

1
logi i

i
H p p

=

= −∑                                       (1)

where Pi represents the normalized particle volume fraction 

Fig. 2. Cross-shelf vertical profiles of the beam attenuation coefficient, temperature, salinity, density anomaly, and fluorescence chlorophyll on 
sampling station lines during the first cruise.
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tain less than 10% of the total variance and the third particle size 
mode captures only less than 50% of the remaining variance. 

During the first cruise, the first eigenvalue of the PSD for the 
EOF represents 75.4% of the PSD data variance and the first par-
ticle size mode is dominant in particle sizes less than 100 µm 
(red curve, first column in Fig. 4(a)). Accordingly, the first spatial 
mode is positive within the surface runoff plume and appears 
to correspond to the spatial pattern of beam attenuation (the 
first column panel in Fig. 2). Its maximum magnitudes occurr 
at the near-bottom of stations 2201, 2202, 2101, and 2102. The 
second eigenvalue contains 15.6% of the variance, and its ampli-
tude function is characterized by two different ranges at the size 
spectrum, negative values in the <75 µm size bins and positive 
values in the ≥75 µm size bins (blue curve, first column in Fig. 
4(a)). Positive magnitudes of the second spatial EOF mode occur 
in two separate plumes; the near-surface plume along sampling 
lines L2200, L2100, L2020 and the near-bottom plume in L2200 
(red-colored area in the second low panel in Fig. 4(a)) while neg-
ative magnitudes of the second mode occur in the near-bottom 
plume at sampling stations 2201 and 2202 (blue-colored area in 
Fig. 4(a)). 

During the second cruise, the first EOF mode contains 68.0% 
of the variance and is all positive. Its highest magnitudes (>20) 
occur along the near-bottom of stations 2201, 2202, and 2203, 
and significant high magnitudes (>10) also occur at the near-sur-
face of stations 2201, 2202, and 2001, and the near-bottom of sta-
tions 2101, 2102, and 2103 (first low panel in Fig.4(b)). Its mode 
is also similar to the beam attenuation mode (Fig. 3) and shows 
a decrease of the particle concentration on the near-surface 

all associated with warmer temperature (>12.6oC) and the lower 
density anomaly (<24.8 kg/m3).

During the second cruise, the impacts of storm flow dimin-
ish significantly in size, but beam attenuation still remains high 
near the Santa Ana River outlet (Fig. 3). The near-surface plume 
becomes much more drawn-out and drops due to decreasing 
runoff discharge and sediment settling. The near-bottom plume 
also decreases in size with time and entrains within 3 km from 
the Santa Ana River outlet. Florescence chlorophyll concentra-
tions increase more and disperse farther out offshore and are 
still associated with warmer temperature and the lower density 
anomaly.

Another surface particle turbidity plume is evident offshore 
from the Newport Bay outlet. The runoff outflow from the New-
port Bay outlet generates a significant increase in the concen-
tration of large particles at the surface, as evidenced by elevated 
beam attenuation, depressed salinity, and the density anomaly 
(the fourth row in Figs. 2 and 3). This turbidity plume is dispersed 
further into a large area by a jet-like advection pattern. 

3.2. EOF Analyses and Heterogeneity of PSD

To identify the dominant particle size spectra pattern in the 
spatial sampling grid, EOF analyses are carried out for the com-
plete set of particle volume distribution data acquired during 
two sequent sampling cruises. The first two principal EOF modes 
computed are presented as particle sizemode (first column) and 
spatial mode (the second to fifth columns) in Fig. 4. The remain-
ing higher modes are not investigated further because they con-

Fig. 3. Cross-shelf vertical profiles of the beam attenuation coefficient, temperature, salinity, density anomaly, and fluorescence chlorophyll on 
sampling station lines during the second cruise.
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3.3. Data Synthesis 

Empirical particle size distribution indices resolve the origin 
of particle plume and its evolution pattern in response to surface 
runoff discharge events. The first EOF spatial mode itself reveals 
the structure of the particle plumes as a “turbidity mode”. Two 
separate plumes (near-surface and near-bottom plumes) can be 
distinguished by the integrated observational approach using 
the diagrams of temperature-salinity, beam attenuation-salinity, 
and fluorescence chlorophyll-beam attenuation (Fig. 6). Note 
that the potential surface runoff impact from the Newport Bay 
outlet is only considered during the second cruise because of the 
data loss on L2000 and L1980 during the first cruise.

During the first cruise (left panel in Fig. 6) two major regions 
of runoff sediment particles, as indicated by relatively higher 
temperature (higher than 13.5oC) and high beam attenuation 
(more than 2/m), correspond with the high magnitude of the 

plume with time and transport of the near-bottom plume down-
coast. The second EOF mode (21.5% of the variance) represents 
two different ranges by particle size spectrum at 42 µm. Particles 
less than 42 µm are dominant in the near-bottom plumes at sta-
tions 2201, 2102, 2103, 2101,2102, 2103, 2021, and 2022. The pos-
itive values represent particles larger than 42 µm on the surface 
around stations 2201, 2001, and 2002.

On the other hand, Shannon entropy calculated from par-
ticle volume distribution exhibits variability depending on the 
heterogeneity of particle size distribution (Fig. 5). High Shannon 
entropy index (more than 1.2) attenuate the high concentration 
of relatively fine particles compared with the ambient ocean 
water, while low Shannon entropies (less than 1.0) correspond 
directly to the surface runoff-impacted upper layer near the 
surface where large particles are dominant (stations 2201–2205, 
2101–2203, and 2022 during the first cruise; stations 2201–2202, 
1981–1984 during the second cruise).

Fig. 4. Particle size and spatial distribution plots of empirical orthogonal function modes calculated from particle size distribution data ac-
quired during the first cruise (a) and second cruise (b). PEV: particle size eigenvector, SEV: spatial eigenvector. 

a

b

a

b

Fig. 5. Cross-shelf vertical profiles of Shannon entropy caculated from particle size distribution data on the sampling lines during the first 
cruise (a) and second cruise (b).
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regards to PSD for both sampling cruises.
The cross plot between the first spatial EOF loading and the 

Shannon entropy index accentuates more clearly the charac-
teristics of “two different structures and/or sources of sediment 
particle” (Fig. 7). The runoff sediment particle plumes generated 
from the Santa Ana River and Newport Bay outlets disperse at the 
surface and some fraction of the plumes develops rapid aggrega-
tion and sedimentation, which are represented by the high mag-
nitude of the first EOF loading and the low Shannon entropy (less 
than 1.4) of PSD. On the other hand, another particle plume oc-
curs along the near-bottom layer and extends down-coast from 
the Santa Ana River outlet. These near-bottom particles, which 
may be resuspended due to increased wave heights or mobiliz-
ing bottom turbidity currents [30], are differentiated by the posi-
tively high magnitudes of the first spatial EOF loading and the 
relatively higher Shannon entropy indices (about 1.4) of PSD.

first spatial EOF loading, which is represented by the color scale. 
Most of the high loadings occur from sampling lines L2200 and 
L2100, which are near the Santa Ana River outlet. Near-bottom 
sediment particles appear as isohaline (33.0–33.2 ppt) at high 
beam attenuation (<2/m) and high temperature (>13.5oC). The 
lower salinities below the ambient (33.0 ppt) correspond di-
rectly to the surface runoff-impacted upper layer near the sur-
face where temperature is above 13.2oC on the shelf in Fig. 2. 
During the second cruise, the runoff-impacted regions, which 
correspond with high temperature (>13.5oC), depressed salin-
ity (<33.1 ppt), and high beam attenuations (>2/m), are smaller 
with decreasing surface runoff discharge and particle settling 
(right panel in Fig. 6), and occur at a few sampling sites near the 
surface of sampling lines L2200 and L2000, and near the bottom 
of L2200. Chlorophyll particles can also be distinguished by the 
fluorescence chlorophyll-beam attenuation diagram as indicat-
ed by the negative magnitudes of the first spatial EOF loading in 

Fig. 6. Relationship of temperature, salinity, and beam attenuation during the first cruise (a) and second cruise (b). The four sampling lines are 
shown by symbols, and the magnitude of the first spatial empirical orthogonal function loading of particle size distribution is delineated by the 
color scale. SEV: spatial eigenvector. 

a b
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near the surface where large particles are dominant. 
Furthermore, the integrated observation between the first 

spatial EOF loading and Shannon entropy index characterizes 
different particle plumes. The near-surface plumes originated 
from the runoff water outflow of the Santa Ana River and New-
port Bay Outlets as indicated by the positively high magnitudes 
of the first spatial EOF mode and the relatively smaller Shan-
non entropy indices, while the near-bottom particles may be 
resuspended due to increased wave heights or mobilizing bot-
tom turbidity currents, which are differentiated by the positively 
high magnitudes of the first spatial EOF mode and the relatively 
higher Shannon entropy indices. 
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