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A B S T R AC T

Particle size spectra of suspended sediment eroded from the Santa Ana River, a human-impacted 
urban river in southern California are investigated to consider fractal behaviors in suspended 
sediment transport. Widespread urbanization has fueled hydrological change of the water-
shed over four decades, showing signifi cant increases in storm water runoff with decreases in 
instantaneous suspended sediment concentration. In-site observation of particle size distribu-
tions (PSDs) during three storm studies reveals two transport regimes (fl ow-controlled or bed-
controlled) depending on whether average particle size increase (fl ow-controlled) or decrease 
(bed-controlled) with fl ow rate. Despite their complexity, the observed PSDs exhibit power-law 
mass-size statistics, and satisfy fractal (power-law) scaling in a very robust manner. The evolu-
tion of PSD to a stable form with asymptotic behavior in suspended sediments suggests that 
shedding of suspended sediments in urban watershed environment system has its own self-
organized characteristics wherever the sediment source come from.
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1. Introduction

Global human migration toward the ocean has 
fueled urbanization of the earth’s coastal regions, replac-
ing natural landscapes (rivers, fi elds, forests, and estu-
aries) with urban civil infrastructure (canals, roadways, 
residential communities, and commercial land-uses). 
Coastal urbanization has the potential to dramatically 
alter the fl ow of material from the land into the ocean, 
with consequent impacts on biogeochemical cycling and 
the health of near shore ecosystems. The production and 
transport of sediment, in particular, have been changed 
with time in response to watershed urbanization [1,2], 
and may modulate terrestrial transport of organic and 
inorganic materials, soil and water conservation plan-
ning, geomorphic change, habitat and water quality 
management, estuarine and costal sedimentation.

Suspended sediments are usually understood as 
a collection of complex, composite, size-scaled par-
ticles. The particle size distribution arises as a result 
of complex geological and geophysical processes and 
spatio-temporal variability, which not only depends 
on environmental factors, such as hydrological condi-
tions, basin characteristics, etc., but also exhibits a non-
linearity of interdependent variables. In this regard, 
seemingly complex irregular behavior of suspended 
sediments could be interpreted as the fractal dimension 
of the distribution, which is determined by power-law 
dependence of number/mass on particle size [3–5].

Given the complexity of the urban watershed from 
which these particles were eroded, the occurrence and 
transport patterns of suspended particles were investi-
gated to explain the connection between observation and 
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 conceptual erosion process with different time scales in 
the Santa Ana River, a highly human-impacted urban 
river in southern California. Field studies were carried 
out to measure suspended particle size distributions 
(PSDs) with low-angle light scattering in the runoff sam-
ples collected during three episodic storm events, and 
they were compared with PSDs estimated from histori-
cal sediment data to explore fractal characteristics and 
understand shedding patterns of suspended sediments.

2. Study area

The Santa Ana River watershed includes 6915 km2 of 
land bordering the Pacifi c Ocean between the Cities of 
Los Angeles and San Diego in southern California (Fig. 1).
This highly urbanized watershed is home to 10 million 
people, and includes the Santa Ana River drainage basin 
and a few small streams located near the coast, most of 
which drain to the ocean. With population increases, 
urban land had been developed by approximately 40% of 
the watershed in 2000 [2]. Flow in the watershed is exten-
sively managed for fl ood control and drinking water 
supply and, except during storm water fl ow conditions, 
water in the Santa Ana River does not make it to the 
ocean outlet as a result of groundwater recharge effort. 
During storms (typically occurring between November 
and March), upstream discharge in the river frequently 
exceeds the capacity of the recharge basins, and storm 
water runoff from anywhere in the watershed can poten-
tially fl ow to the ocean and impact water quality in the 
surf zone and offshore [6]. Many studies have been con-
ducted to characterize sediment budget in the Santa Ana 

River [1,2,7,8], but studies on particle size distribution of 
sediment have remained scarce.

3. Data and methods

Historical discharge of water and sediment in the 
Santa Ana River was evaluated using data from a long-
standing gauge station (USGS 11078000) (Fig. 1), which 
is obtained from the USGS website (http://waterdata.
usgs.gov/nwis). The site represents discharge just 
upstream of the river mouth, as it incorporates discharge 
from 99.9% of the watershed. Suspended sediment sam-
ples were collected during high discharge to focus on 
the events responsible for the majority of sediment fl ux 
in the river, and analyzed for the suspended sediment 
concentration and particle size distribution by percent-
age of proportions by weight.

Field sampling during three storm events was car-
ried out at the same station in the 2003/2004 wet season. 
During each storm, a relatively large number (n = 24 
to 40) of samples were collected at frequencies rang-
ing from four samples per hour during peaks of the 
hydrograph to two samples per day at the tail end of 
the storms. All water samples were analyzed for particle 
size distribution and total suspended solids (TSS). The 
volume-based PSD in each water sample was measured 
using a LISST-100 analyzer (Sequoia Scientifi c, Inc., Bel-
levue, WA) operated in batch mode. This low angle light 
scattering estimates particle volume resident in 32 loga-
rithmically spaced particle size classes ranging in size 
from 2.5 to 500 μm. All grab samples were also analyzed 
for TSS using Standard Method 2540D.

The particle volume distributions recorded by the 
LISST-100 instrument can be represented mathemati-
cally as ΔV/Δlog dp, where ΔV represents the amount of 
particle volume (per unit fl uid volume) present in one 
of the 32 logarithmically spaced particle diameter bins, 
dp represents the median size of each particle diameter 
bin. The number-averaged volumetric particle size, 〈s〉 
was computed from the particle volume distributions 
recorded by the LISST-100 as follows [9,10]:
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To investigate the characteristics of PSD and its rela-
tionship with the sediment sorting mechanism during 
suspended sediment transportation, PSD data were ren-
dered as cumulative forms either as mass smaller than 
a certain diameter or as number of particles lager than 
a certain diameter, and then analyzed with power-law 
relationships and the exponents interpreted as fractal 
dimensions as follows [4,5,11,12]:

Fig. 1. Map indicating location of fi eld site and sampling 
stations.



J.H. Ahn / Desalination and Water Treatment 38 (2012) 411–415 413

M R( )r R v  (2)

N R D( )r R −  (3)

where M (r < R) is the mass fraction of particles with a 
radius r smaller than R, N (r > R) is the number of parti-
cles per unit volume having a radius r lager than R, and 
D is the fractal dimension. Assuming a constant den-
sity of sediment particles, the exponent ν of the mass-
based approach can be related to the exponent D of the 
number-based approach as D = 3 – ν.

4. Results and discussion

4.1. Historical data: discharge of fl ow and suspended 
sediment

Discharge records of fl ow and sediment over the 
four-decade period of USGS suspended-sediment sam-
pling are used to generate probability plots for monthly 
precipitation, instantaneous fl ow discharge, and sus-
pended sediment concentration (Fig. 2). These prob-
ability curves show that the instantaneous suspended 
sediment concentrations have decreased whereas instan-
taneous fl ow rates have increased over four decades. 
This hydrological change is related to the widespread 
urbanization of the watershed, which largely resulted in 
a dilution of sediment by increases in storm water runoff 
due to urban impervious surfaces [2]. Since the monthly 
precipitation records don’t show signifi cant changes 
with time (Fig. 2), changes in the runoff discharge of 
the lower basins with time should not be refl ected in an 
altered relationship between precipitation and sediment 
discharge. Thus, the percentage of precipitation that 
fl ows to nearby waterbody as overland fl ow appears 
to be signifi cant in urban areas where much of the land 
area is covered with impervious surfaces.

4.2. Short-term fi eld studies: three storm events

The temporal variability of the particle size charac-
teristics of suspended particles may refl ect the diverse 
patterns of behavior that may exist and the complex-
ity of the controls involved [13]. Signifi cant evidence 
can be found from the relationship between suspended 
particle size composition and volumetric fl ow dis-
charge rate. In some natural rivers, the sediment may 
become coarser as fl ow increases, while in others, it 
may become fi ner or relatively constant in particle size 
composition [13–16].

Results from three fi eld studies in the Santa Ana 
River highlight the considerable diversity in response 

to changing fl ow discharge (Fig. 3). The increased dis-
charges associated with increased shear velocity permit 
the transport of larger particles, therefore, a positive 
relationship exists between water discharge and the 
magnitude of the coarse fraction or the average particle 
size (Study 1 in Fig. 3(A)). However, where the erosion 
dynamics of a drainage basin are such that slope erosion 
(fi ne sediment) becomes increasingly dominant over 
channel erosion (coarser sediment) during major storm 
events, or the area experiencing erosion expands into 
areas with fi ner source materials during these events, 
a negative relationship between water discharge and 
the proportion of coarse sediment or the average par-
ticle size may exist. In the latter case, expansion of the 
areas contributing surface runoff and sediment to the 
streams during times of increased fl ow could result in 
reduced delivery effi ciency and, therefore, a preferential

Fig. 2. Historical trends of runoff fl ow and suspended sedi-
ment discharge during storm events; (A) annual average 
rainfall, (B) instantaneous runoff discharge, (C) Total Sus-
pended Solid (TSS) concentration.
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loss of the coarse fraction [14]. The marked increase 
of fi ne particle at high discharges in Study 2 refl ects 
the impact of fl oodplain inundation and the associ-
ated preferential deposition of the coarser fraction (see 
Fig. 3(B)). However, Study 3 doesn’t show the shed-
ding relationships clearly.

4.3. Fractal dimension of suspended sediment

To investigate the characteristics of suspended sedi-
ment and its relationship with sorting mechanism dur-
ing suspended sediment transportation, the PSD data 
are fi tted by a power-law function to ascertain the physi-
cal condition under which storm water runoff generates 
fractal characteristic of suspended sediments (Fig. 4).
The power-law exponent (fractal dimension, D) has 
some interesting hydro-geographical characteristics. 
Generally, it indicates the extent of dominant particle 
size in PSD: lower value indicates that coarser parti-
cles are dominant, while high value indicates that the 
fi ner particles are dominant [17]. Also, in the point of 
view of sediment transport processes, D values during 
storm may refl ect a “sorting process” with along-chan-
nel transport. The D values determined experimentally 
during three storm studies have different responses to 
increase of volumetric fl ow discharge rate (Fig. 4(A)). 
In case of Study 1 (channel erosion or fl ow controlled), 
increasing fl ow (or increasing shear velocity) increases 
suspension of coarser particles (decreasing D). On the 
other hand, in case of Study 2 (slope erosion or bed 

controlled), increasing fl ow increases transport poten-
tial of fi ne particle eroded by greater dynamic contri-
bution areas within the basins (increasing D).

Fig. 3. Patterns of number-averaged volumetric particle size on runoff fl ow rate and TSS during storm events; (A) Study 1, 
(B) Study 2, (C) Study 3.

Fig. 4. Fragmentation fractal dimensions estimated from 
particle size distribution data (A) fi eld study data, (B) USGS 
historical data.
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interesting connection between particle size spectra 
and pollutant loading data from storm runoff.
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However, at the fl ow rates where their associated 
shear velocities exceed the settling velocity of the maxi-
mum particle size over a measurement size range (~10.3 
m/s), all the D values converge to one single value (~2.7) 
(Fig. 4(A)). This critical shear velocity is determined by 
the maximum particle size that a PSD analyzer can mea-
sure, and PSD may not be refl ected a universal shedding 
pattern of suspended sediments until fl ow rate increases 
enough to generate a critical shear velocity. The histori-
cal PSD data also show the similar patterns of PSD as 
shown in Fig. 4(B). The fractal dimensions based on the 
mass fraction of suspended sediments are found to vary 
within a narrow range only, which is mainly from 2.0 
to 2.25, and have a tendency to merge to a single value, 
which is similar to the pattern over episodic storm 
events at the same site.

On the other hand, the merged power-law exponent 
value with fl ow rate refl ects that the environmental con-
ditions do not signifi cantly alter the PSD slope, although 
they may change the position of the PSD. The evolu-
tion of PSD to a stable form with asymptotic behavior 
in suspended sediments suggests that shedding of sus-
pended sediments in watershed environment system 
has its own self-organized characteristics wherever the 
sediment source come from. This feature, the signature 
of scale invariance, may have their dynamic origin in 
the self-organization of complex system [18–21]. Physi-
cally this power scaling of PSD means that PSD exhibits 
self-similar over a fi nite range of size, and all moments of 
PSD will depend on sample volume and/or range over 
which PSD is measured (e.g., average particle size, TSS 
concentration, etc.).

5. Conclusions

Particle size spectra in runoff suspended sediment 
are presented to understand how the storm runoff from 
a human-impacted urban river sheds suspended sedi-
ments in different time scale. Widespread urbanization 
has fueled hydrological change of the watershed over 
four decades, showing signifi cant increases in storm 
water runoff with decreases in instantaneous suspended 
sediment concentration. In-site observation of PSD 
reveals two transport regimes (fl ow-controlled or bed-
controlled) depending on whether average particle size 
increase (fl ow-controlled) or decrease (bed-controlled) 
with fl ow rate.

Despite their complexity, the observed PSD data 
exhibit power-law mass-size statistics under a wide 
variety of conditions, and satisfy fractal (power-law) 
scaling in a very robust manner. The asymptotic behav-
ior of PSD can be understood in terms of a self-similar. 
It would be also expected that there is a potentially 




