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Abstract

The generation of high-resolution data is increasingly important in understanding the complexities of coastal
ocean and developing sound management strategies, especially in view of the long-term impact of severe weather
systems. The impact of severe weather systems, when integrated over time, can be significant when compared
with tidal oscillations. This paper presents a study of water transport out of Vermilion Bay in response to a short,
intense event associated with a passing atmospheric cold front, and reports the application of an Acoustic
Doppler Current Profiler (ADCP) mounted on an Automated Surface Craft (ASC), known as the auto-boat or
unmanned boat, developed in our lab at the Louisiana State University, to generate high resolution data
accurately at a fraction of the cost of a manned boat. In our study, we used a manned boat and an unmanned
boat, each for over 24 h to cover an entire diurnal tidal cycle, to measure flow velocity profiles to calculate the total
transport. A stationary ADCP was deployed in the Southwest Pass of the Vermilion Bay from May 2009 to April
2012, providing data almost continuously (with only one major gap), with a 717-day record of water transport
between the northern Gulf of Mexico and Vermilion Bay, and demonstrates the importance of the pass in water
transport.
Key words: cold fronts, unmanned boat, Vermillion Bay, Acoustic Doppler Current Profiler, surveys, regression on
transport
Citation: Weeks Eddie, Robinson Mark E, Li Chunyan. 2018. Quantifying cold front induced water transport of a bay with in situ
observations using manned and unmanned boats. Acta Oceanologica Sinica, 37(11): 1–7, doi: 10.1007/s13131-018-1330-1

1 Introduction
Containing 40% of US coastal and estuarine wetlands (Stone
et al., 1997; Penland et al., 1990), the Louisiana coastal zone is the
subject of extensive interest and study of fluxes of water and
land-derived materials running from the rivers and tributaries
and associated geomorphological impact under various forcing
conditions of the tide and weather (Coleman, 1976; Feng and Li,
2010; Huh et al., 1991; Moeller et al., 1993; Pepper and Stone,
2004; Perret and Caillouet, 1974; Roberts et al., 1980, 1987, 2015;
Rouse et al., 1978; Walker, 2001; Walker and Hammack, 2000; Li
et al., 2011, 2017, 2018; Lin et al., 2016). In view of sea-level rise,
subsidence, river discharge, navigation, flood control, habitat
loss, commercial fisheries, carbon sinks, sediment transport and
deposition, and nutrient cycling, to mention just a few concerns,
this dynamic system is of national and international, and economic, social and environmental importance. Understanding the
environmental processes that impact this sensitive and important environment is essential in developing sound environmental
management practices.
Louisiana coast has micro-tides. The major forcing for bay oscillations and circulation in estuaries and the coast is wind as
demonstrated by many studies (e.g., Chuang and Wiseman, 1983;
Cochrane and Kelly, 1986; Wiseman et al., 1997; Rego, 2006; Feng

et al., 2012). More specifically, tropical storms and cold front passages significantly impact this area (Georgiou et al., 2005; Reed,
1989). A cold front is the leading edge of a cooler, drier air mass,
moving to replace a lighter, warmer, damper air mass (Hsu, 1988;
Li et al., 2011). Cold fronts are typically associated with a significant shear in wind velocity, change in wind direction in the northern hemisphere from southern quadrants to northern quadrants,
and a rapid drop in air temperature and pressure. The atmospheric event leads to a drop in water level in coastal bays of the
northern Gulf of Mexico as water is pushed offshore by the northerly winds. The associated flushing of inshore bays affects sediment re-suspension and transport, nutrient exchange, water
temperature and salinity (Li et al., 2011; Feng and Li, 2010; Kineke et al., 2006; Roberts et al., 1987; Turner, 2006). The impacts of
storm events are dependent on the characteristics of the storm
(intensity, duration, direction) in relation to the local geomorphology and environmental conditions.
Despite the studies of the impact of cold fronts on the coastal
bays and estuaries in Louisiana area, all previous studies lack in
situ measurements of the water transport calibrated to cover the
entire cross section of a tidal channel through which the flushing
occurs. For example, the measurements of flow velocities of Li et
al. (2011) were done at a fixed location outside of the Wax Lake
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Delta. The study of Feng and Li (2010) mainly used water level
data. In a recent study (Huang and Li, 2017), several cold front
events were observed and studied with numerical experiments
for a large estuarine lake—Lake Pontchartrain. Remote and local
wind effects before, during, and after the cold front passages were
discussed. In Li et al. (2018), 76 cold front events were studied
with an unmanned boat and a long-term deployment at Port
Fourchon between 2006 and 2008. Cold front event is common in
many places other than Louisiana (e.g., Li, 2013; Li and Chen,
2014).
In this paper, we report a complete coverage of transport
through the Southwest Pass of Vermilion Bay of Louisiana during a strong cold front. The transport was calibrated by running
an unmanned automated boat (Li and Weeks, 2009; Weeks et al.,
2011) across the channel over an entire tidal cycle prior to the
cold front. The passage of this cold front occurred on 30 October
2009 and had a considerable impact on water transport in Vermilion Bay. Despite the connectivity of Vermilion Bay to the
Atchafalaya Bay system to the east, a large portion of the water
transport occurred through the deep Southwest Pass (~40 m in
the channel, vs. just a couple of meter shallow shoals between
the Vermilion and Atchafalaya Bays). Data collected from this
study correlate wind direction and intensity with water transport,
and provide high resolution data characterizing the dynamic processes associated with flushing in an open system.

amount of fresh river water enters through Weeks Bay and Little
Vermilion Bay via the Gulf Intracoastal Waterway (Walker, 2001).
Vermilion Bay is separated from the Gulf of Mexico by Marsh Island to the south and the Atchafalaya Bay to the east. Southwest
pass, a deep narrow channel (40 m maximum depth, 27 m average depth) to the west of Marsh Island, connects the bay to the
gulf. Along the predominantly east-west Louisiana coastline, a
cold front is often preceded by strong winds from the southern
quadrants that produce high waves and a setup inshore (Feng
and Li, 2010; Li et al., 2011). Given the fact that the Vermilion Bay
is semi-enclosed and its only opening into the Gulf of Mexico is
deep (~40 m) and narrow (~1 km scale) (Fig. 1), exchange
through the channel is expected to be significant under strong
wind event. The reason that the narrow channel is deep is because of the strong turbulent flows causing significant erosions.
The exchange of water and suspended sediments through these
narrow channels are important to the ocean-land interaction and
the coastal environment. The study of such exchange processes is
however lacking despite the fact that the northern Gulf of Mexico
coastline has many similar semi-enclosed bays and estuaries
with narrow openings. This study site is selected because of logistic convenience and our previous studies of eddies using an
unmanned automated boat (Li and Weeks, 2009).
3 Methods
On 25 May 2009, an RDI Channel Master side looking ADCP
was installed in southwest pass to record water velocity (cm/s)
through the channel (Fig. 2). The instrument was set to record
data at ~2 m depth over a 100 m cross section of the 380 m wide
channel. Water velocity and water level data collected by the 600
kHz ADCP are automatically averaged to two minute intervals
and transmitted 21 km via a Digi International 900 MHz radio
modem to a hub at Cypremort Point that can be remotely ac-

2 Study area
The Vermilion Bay (Fig. 1) is the western most bay in a series
of five interconnected bays in the Atchafalaya Bay system in
coastal Louisiana. Under fair weather conditions, diurnal tides
dominate water level and transport in the coastal zone where the
tidal range is usually smaller than 0.6 m, and water depths in the
bay ranges from 1 to 4 m (Marmer, 1954; Walker, 2001). A small
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Fig. 1. Study area. Shown in the left rectangle are the locations of deployments marked by 1 and 2, corresponding to the first and
second deployments, respectively.
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Fig. 2. Locations of deployments, manned boat survey tracks
with 220 crossings (light blue lines) and unmanned boat survey
tracks with 65 crossings (red lines). The triangles show the orientation of the horizontal ADCP.
cessed. Damage to the ADCP mount resulted in the abandonment of the study site on 1 December 2009, providing data covering close to 173 consecutive days. On 22 September 2010, this
system was relocated on another channel marker and collected
close to an additional 545 days of data, making the total time
series of horizontal velocity at 2-min intervals for ~717 days, covering ~25% of the channel. Figure 2 shows the locations and
beam directions marked in yellow.
Velocity measurements from the stationary ADCP were correlated to volume transport measurements calculated from 24hour surveys using a vessel mounted RDI 1 200 kHz ADCP.
Volume transport measurements were calculated by using the
velocity profiles measured acoustically along the water column.
Two 24-hour surveys were undertaken, one with a manned small
boat and the other an unmanned automated boat. More specifically, the first 24-hour survey was completed using a 26 foot, twin
diesel charter boat with a three-person crew. Transport was
measured 227 times over the 24-hour period. The second 24hour survey was conducted after the repositioning of the side
looking ADCP, this time using the auto-boat, a 14 foot canoe,
propelled by two 12-V DC trolling motors powered by two 100-

3

A/h, 12-V, deep cycle batteries in parallel and a small 1 000 Watt
gasoline generator. Two people monitored the survey from a
moored vessel in the nearby marsh, with minimal user input during the survey. It was determined beforehand that ~50 crossings
were enough for a good regression and 62 were done.
The boat mounted ADCP measured velocity data were first
calibrated for misalignment and scaling (Joyce, 1989). Each time
the boat went across the channel, the velocity was integrated
across the channel, with a linear extrapolation from 1.21 m below the surface to the surface and a replacement of the near bottom couple of data points by a linear interpolation to a bottom
velocity of zero (to exclude errors caused by the sidelobe effect
near bottom). The edge of the route was already very close to
shore with shallow water (Weeks et al., 2011). A linear extrapolation was made to include values near the side boundaries in the
integration for the total cross channel transport. The standard error of velocity measurements for manned boat is about a few centimeters per second for flows ~1 m/s (e.g., Li et al., 2006). The
standard error of velocity for the unmanned boat is much improved (about only 1/3 of that from the manned boat). This is
mainly because the unmanned boat can repeat the planned
route much more accurately (Weeks et al., 2011).
Figure 3 shows an example of the vertical profile and depth
averaged flow velocity vectors along the transect in one crossing.
As a result, the auto-boat would survey across the channel twice
then put into position hold mode for some time before the next
round trip for more data. This same auto-boat has completed
well over a thousand crossings in the past and could have done
~300 crossings if left to run nonstop at 1.5 m/s. This would create
a lot of extra data processing with little to no increase in accuracy
of the regression. The auto-boat was also required to run at a
slower speed to help with the bottom tracking of the onboard
ADCP. Only an auto-boat or autopilot can maintain such a strait
track with currents over 50% of boat speed. Weeks et al. (2011)
provides a detailed description of the design and hardware of the
auto-boat and the benefits of using the unmanned vessel in regards to energy efficiency, ease of operation, endurance, and superior accuracy in following a course.
Figures 4 and 5 show the regression between transport calcu-
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lations from the vessel mounted ADCPs and velocity measurements taken concurrently from the stationary ADCP. The two 24hour surveys show similar results, proving the value of the autoboat, and confirming a strong correlation to the side looking ADCP velocity measurements (R2=0.94) and (R2=0.96), allowing a
time series of volume transport to be confidently calculated for
the 717 days when the side looking ADCP was deployed. Repositioning of the side looking ADCP to the other side of the channel,
had the effect of reversing the beam x coordinate relative to water flowing into the bay from the gulf. Both regressions use the
beam x velocities, thus one regression is positive while the other
is negative. The manned 24-hour regression is in error at the time
the tide was coming in. The 24-hour survey shows the currents
move north on the far side of the channel first and the side looking ADCP misses this movement until the currents pickup speed
and start flowing across the whole channel (Fig. 4).
The velocity data measured from the ADCP are averaged to 20
minute intervals and calculated as volume measurements to
provide a high resolution history of water transport into and out
of Vermilion Bay through southwest pass. Weather data were collected from a 10 m pole-mounted weather station in the Vermilion Bay, 0.5 km from the Cypremort Point coastline. Water level
data were collated from USGS instruments under the weather
station (USGS 07387040). Water velocity, volume transport and
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Fig. 5. Regression between the horizontal ADCP measured
mean velocity (the component that is perpendicular to the transect line) and the total transport measured from the unmanned
boat.

wind data are shown to describe the weather event in the context
of standard variability.
4 Results and discussion
On 30 October 2009, a fast moving atmospheric low pressure
system characterized by a cold front, associated with a strong upper-level low over Kansas, combined with warm moist air from
the Gulf of Mexico contributing to the formation of a line of thunder storms that rapidly moved across the study area (Fig. 3), with
dramatic change in wind speed, wind direction, water level and
water transport in the Vermilion Bay. Water level in the bay was
below maximum with the tide predicted to rise for a further two
hours in the tidal cycle when the event began.
The weather event incorporated a drastic shift in wind direction from southeast to northwest that included sustained winds
exceeding 15 m/s for over 3 h (Fig. 6). During this event the water
level in Southwest Pass dropped 0.88 m over 4 h. The event lasted 15 h before the northwest wind dropped below 10 m/s. Water
level in Vermillion Bay also began falling sharply with the onset
of the event and continued to fall for 12 h before rebound and the
tidal cycle began to raise water level, overpowering the subsiding
northwest winds.
The response of the current in Southwest Pass was dramatic.
The average current speed over the 717 day deployment was
0.63 m/s, with a diurnal tidal cycle dominating water transport
through the pass (Fig. 7). Prior to the weather event, aided by a
strong southeast wind, the current velocity was recorded as
1.01 m/s flowing northward into the bay, contributing to slightly
elevated water levels. The cold front brought a wind shift that
caused a switch in current speed and direction, with a reversal in
current direction to outflow into the gulf at a velocity of 2.60 m/s
through southwest pass.
The volume transport values immediately before and after the
event onset, correspond to a change in volume flow from an
inflowing volume of 7 484 m 3 /s to an outflow of –18 193 m 3 /s
(Fig. 7). By comparison, for the five tidal cycles prior to the event,
it had an average inflow of 5 486 m3/s and an outflow of –6 011 m3/s
per tidal cycle. In a wider perspective, the long term average Mississippi River discharge is –13 308 m3/s (www.lacoast.gov). At
three times of the average volume outflow and over four times of
the average flow velocity, the storm event had a striking impact
on the hydrodynamics of the bay.
Even though the Vermilion Bay is an open system with a large
passage through Atchafalaya Bay into the gulf to the east, for this
event, the data the record water almost exclusively exiting the
Vermilion Bay through southwest pass. A total of 259×106 m3 of
water moved out of the Vermilion Bay through southwest pass
during the 6 h after the wind shift. Given that the area of the bay
is 497×106 m2, the transport of this volume of water out of the bay
would account for a water level drop of 0.52 m. The actual water
level drop recorded mid-bay at Cypremort Point was 0.54 m. The
calculated drop in water level based on the volume of water leaving through the pass accounts for 96% of the total water level
drop for the first 6 h. After 13 h, when the water started to return
to the bay, a total of –396×106 m3 was removed through the pass.
This volume accounts for 40% of the total volume given an average depth of 2 m (Fig. 7).
The next step was to determine, how often an event like this
happens. Is this an unusually strong event? It was certainly the
strongest while the ADCP was installed but that was only 717
days. Data from the USGS water level station, located mid bay
was examine on the same 6-hour time scale for 10 years. The results were surprising. This event ranked 47th in terms of lowering

WEEKS Eddie et al. Acta Oceanol. Sin., 2018, Vol. 37, No. 11, P. 1–7

Total transport/103 m3·s−1

Water level/m

Cypremort point winds Oct. 30-31, 2009

1.3
1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

5

Wind velocity=10 m/s

SW pass water level

Cypremort Point water level

16
12
8
4
0
-4
-8
-12
-16

SW pass transport

1:00 3:00 5:00 7:00 9:00 11:0013:0015:0017:0019:0021:00 23:00 1:00 3:00 5:00 7:00 9:00 11:0013:00 15:0017:0019:0021:0023:00
Oct. 31
Oct. 30
Time

Fig. 6. Zoomed–in time series of wind from Cypremort Point (upper panel), water level at the southwest pass of the Vermillion Bay at
the NOAA station (middle panel), and the total transport from our results (lower panel).

-0.40

-0.70
tropical storm Lee
50 kt, directhit

16

17
20

15

13

14

20

20

20

Fig. 7. Time series of the transport from the regression.

strong cold fronts
20

-0.80

20

-0.75

12

Nov. 2

11

Nov. 1

-0.65

20

Oct. 31
Date

-0.60

10

Oct. 30

-0.55

20

Oct. 29

wind shift

-0.50

07

-20 000
Oct. 28

H

20

Total volume % of bay
/106m3
A
731
7%
B
9%
-867
C
7%
660
-747
D
8%
646
E
6%
F -1 032
10%
G
703
7%
H -3 965
40%

F

09

-15 000

D

08

-10 000

B

this event

-0.45

G

E

20

0

C

20

A

Water level variation/m

Transport/m3·s-1

5 000

-5 000

Mid Bay 6 hour water level variation/m

southwest pass, Vermillion Bay transport

10 000

Year

the water level over 6 h. Figure 8 shows the strongest cold front
over this 10 year period, lowered the water level 1.0 m over 8
hours and 0.67 m over 6 h. The southerly winds had setup the water level 0.7 m above average and the event ended with water being 0.3 m below average.
Walker (2001) discussed circulation, sediment mobilization
and salinity in the Atchafalaya Bay system in relation to hurricane and tropical storm events. Salinity patterns in the five bays
are distinct. High salinity in the bays to the east may not be reflected in Vermilion Bay (Walker, 2001). Typical salinity values in
Vermilion Bay are around 4–7. A salinity gradient within Vermilion Bay is related to tidal flushing, freshwater river inputs and
water transport during weather events (Walker, 2001). Extreme
weather events can result in a wider range of salinity values, with

Fig. 8. Historic data of extreme values in subtidal water level
variations from NOAA data for the last 10 years.
freshwater dominating the signal and providing values of 1–2,
and inflow of gulf water increasing salinity to greater than 15.
Salinity is largely dependent on water transport, which is influenced by a number of factors, such as tide and weather. Therefore, the flushing of the bay and the changes in salinity can vary
depending upon the specific conditions. During tropical storm
Frances in 1998, water transport contributing to coastal set-up
occurred mostly through the Atchafalaya Bay (Walker, 2001;
Walker and Hammack, 2000). However, low water level in Vermilion Bay after a storm event can be followed by strong inflow of
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saline Gulf water through southwest pass (Walker, 2001; Walker
and Hammack, 2000). Walker (2001) suggested processes that
may contribute to higher salinity in the Atchafalaya Bay System
associated with southwest pass, including wind driven impacts
on upwelling, vertical and horizontal mixing, and transport of
freshwater plumes around the inner shelf, seaward of the pass.
Flooding of marshes with saline water can severely stress vegetation, with subsequent impacts on erosion and sediment mobilization.
Vermilion Bay is home to an array of aquatic life, including
commercial species of fish, crab and shrimp (Perret and Caillouet, 1974). A study of fish in the Vermilion Bay (Perret and Caillouet, 1974) documented 43 species, representing 24 families, in the
bay. Species populations were unevenly distributed across the
bay, with the greatest number of species in Southwest Pass (Perret and Caillouet, 1974). Fish and other aquatic life, are sensitive
to their environment and can be greatly impacted by changes to
salinity, temperature, suspended sediment and current, affecting
population presence, migration, distribution and recovery.
In a complex coast that includes prograding, retreating and
transitional environments, understanding sediment transport is
important (Kemp, 1986; Kineke et al., 2006; Roberts et al., 1987,
1997). Increased turbidity, as a result of wind and a drop in water
level, increases suspended solids in the water column (Walker,
2001). Roberts et al. (1987) discussed sediment distribution along
the Louisiana coast characterizing cold fronts as “agents of
coastal change”, with intensity, speed, duration, and orientation
of the front controlling physical processes. Although the Gulf
coast is subject to the impacts of tropical storms and hurricanes,
the lower energy, but higher frequency of cold fronts (20–30 per
season) is a greater cumulative driving force behind coastal processes and physical change (Reed, 1989; Roberts et al., 1987).
5 Conclusions
This study provided high resolution data for water transport
in the Vermilion Bay. The study utilized the application of an ADCP mounted to the auto-boat in a 24-hour study to correlate water volume transport with water velocity measurements from a
stationary side looking ADCP deployed in the channel of Southwest Pass. While Weeks et al. (2011) documented the benefits of
the auto-boat in comparison to traditional manned vessels in
terms of labor, cost and accuracy, this study provided a comparison between the two methods in data collection using a vessel
mounted ADCP. A simple regression confirms the strong correlation between the vessel mounted water transport measurements
and the side looking water velocity measurements (R 2 =0.94–
0.96), and demonstrates the applicability of the auto-boat in data
collection.
Although the Vermilion Bay is part of the larger Atchafalaya
Bay system, the sheer volume of water transport out of the bay
through Southwest Pass during the weather event, especially
when considered relative to the mean Mississippi River discharge, highlights the importance of understanding the hydrodynamics within small scale systems. Flushing effects can be
considerable in such an extreme event and understanding water
transport is essential for planning and management of the environment, especially in regards to sediment mobilization and
movement, and nutrient cycling, with significant potential impacts to the local and wider environment.
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Abstract

The spatiotemporal features of submesoscale processes (SMPs) in the northeastern South China Sea (SCS) are
analyzed based on a high-resolution simulation from 2009 to 2012. The simulation results show that the SMPs
with a vertical relative vorticity that matches the local planetary vorticity are ubiquitous in the upper ocean of the
northeastern SCS. The SMPs distribution shows an asymmetry due to centrifugal instability, with stronger positive
vorticity than negative vorticity. Meanwhile, the SMPs demonstrate an obvious seasonal variation. The SMPs are
strong and active in winter but weak and inactive in summer. An investigation of the SMPs generation
mechanisms reveals that flow straining and mixed layer depth account for this seasonal variation. The strong flow
straining and deep mixed layer depth in winter favor the SMP generation via frontogenesis and mixed layer
instability.
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1 Introduction
Submesoscale processes (SMPs) at scales of O(1) km and O(1)
day have drawn increasing attention due to their dynamical and
ecological effects. High-resolution model simulations and observations have recently demonstrated the prevalent distribution of
the SMPs in the world oceans with the typical structures of
submesoscale front, eddy and filaments (Capet et al., 2008a; Callies et al., 2015; Rosso et al., 2015; Buckingham et al., 2016; Gula
et al., 2016).
The SMPs, as the intermediate processes between the mesoscale and microscale dynamics, are confirmed to play an important role in a forward energy cascade. The geostrophic turbulence
is characterized by an inverse energy cascade, that is, energy
transferring from smaller scale to larger scale. However, an ocean
flow has a forward energy cascade, and energy transfers from larger scale to smaller scale when the SMPs emerge (Capet et al.,
2008c). Therefore, the SMPs provide an essential route for the
mesoscale eddy dissipation and mixing enhancement (Zhang et
al., 2016; Yang et al., 2017). On the other hand, the Rossby number of the SMPs is around 1, Ro≈O(1), thus indicating that the
SMPs are ageostrophic. According to the analysis of in situ observation and model simulation, the vertical velocity induced by the
SMPs reaches O(10–100) m/d, which contributes to the marine
ecology considerably (Pollard and Regier, 1992; Mahadevan et
al., 2006). The upwelling of the SMPs cannot only transport nutrients into the euphotic layer for phytoplankton growth, but also
bring the deep phytoplankton into surface to alleviate light limit-

ation (Lévy et al., 2001, 2012; Lapeyre and Klein, 2006; Johnson et
al., 2010). On the contrary, the downwelling exhibits a negative
effect by subducting nutrients or phytoplankton into the deep
ocean (Lévy et al., 2001).
Different generation mechanisms of the SMPs have been proposed under various background conditions. However, frontogenesis and mixed layer instability (MLI) have been found to be
the most common mechanisms for the SMP generation in the
upper ocean (e.g., Capet et al., 2008b; Mensa et al., 2013). The
frontogenesis theory describes a cross-front secondary circulation accompanied by front strengthening (Hoskins, 1982), while
the MLI is a type of baroclinic instability that is constrained in the
upper mixed layer (Boccaletti et al., 2007). A submesoscale disturbance can grow by extracting potential energy from the unstable flow because the mixed layer is not completely well-mixed
and usually has a weak horizontal density gradient.
The South China Sea (SCS) is one of the most complex marginal seas in the world, with different dynamic processes such as
basin-scale circulations, mesoscale eddies, internal waves, upwelling and mixing events (Liu et al., 2008; Chen et al., 2011;
Alford et al., 2015; Zhang et al., 2016; Huang et al., 2016; Xia et al.,
2016; Yang et al., 2016). However, little is known about the SMPs
in the SCS as only few works focus on them. Zheng et al. (2008)
found submesoscale vortex trains behind Babuyan Island by using surface drifters and advanced synthetic aperture radar images; these vortex trains may have been generated from the interaction between ocean currents and the islands. Recent in situ ob-
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servations in the SCS indicate that the SMPs are active at the periphery of mesoscale eddies and make a great contribution to the
dissipation of eddies and elevated mixing (Zhang et al., 2016;
Yang et al., 2017; Zhong et al., 2017). Nevertheless, the spatiotemporal features of the SMPs and the corresponding potential generation mechanisms in the SCS remain unclear. This work is
aimed at investigating the spatiotemporal variation of the SMPs
in the northeastern SCS through a numerical model. Section 2 reviews the model setup. Section 3 presents main results. Section 4
provides a summary of this work.

The topography used here has a spatial resolution of 2′ provided by ETOPO2. The forcing data are from the European Center for Medium-range Weather Forecasts (ECMWF) datasets with
a horizontal resolution of 0.125°. The boundary condition is
provided by Hybrid Coordinate Ocean Model (HYCOM) datasets
with a resolution of up to 0.08°.
The parent grid first spins for 25 a using climatological forcing data to obtain a statistically stable solution. The model is
then run for 9 a using monthly averaged forcing and boundary
data from 2004 to 2012. Finally, the nested grid is driven from
2009 to 2012 using a one-way off-line integration on the basis of
the results of the parent grid as the boundary condition.

2 Model setup
The simulation is performed using the Regional Oceanic
Modeling System (ROMS) (Shchepetkin and McWilliams, 2005).
A two-layer nested model with a parent grid of 5 km resolution
and a nested grid of 1 km resolution is used to obtain a high-resolution simulation. The model has 30 vertical layers with at least
ten layers in the upper 100 m. The 5 km parent grid covers the
northern SCS and the eastern Luzon Strait (the black rectangle
area in Fig. 1, 15°–25°N，110°–126°E), whereas the 1 km nested
grid is located at the west of the Luzon Strait (the red box in Fig. 1,
18°–23°N, 115.5°–121°E). The nested grid has a wide depth range
from exceeding 5 000 m in the deep basin to tens of meters over
the continental shelf. This area is considered energetic, given the
occurrence of multiscale dynamical processes, such as basinscale circulation, mesoscale eddies, and internal tides.
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3 Spatiotemporal variation of submesoscale processes
3.1 The spatial variation of submesoscale processes
The model results have revealed that various SMPs with
Rossby number around O(1) including fronts, filaments and eddies appear in the ocean upper layer as the model resolution increases. On the basis of the high-resolution results, a comparison of sea surface temperature is conducted between the simulation result and the satellite observation (Fig. 2). The observed sea
surface temperature from December 12 to 19, 2009 is derived
from the Moderate-Resolution Imaging Spectroradiometer
(MODIS). The temperature is averaged with a spatial resolution
of 4 km. The sea surface temperature indicates that the general
patterns of the two distributions are nearly consistent. The sea
surface temperature is warm in the deep basin and cold over the
continental shelf. Strong temperature fronts can be found along
the shelf break. However, fine differences between them are also
observed. The MODIS result denotes that the front along the
shelf break bends and generates meanders. However, the simulated front shows more finer structures, including filaments and
eddies.
The instantaneous distributions of sea surface height, surface
vertical relative vorticity (normalized by planetary vorticity, ζ/f ),
and horizontal density gradient (ρh=(ρx2+ρy2)–1/2) on December
17, 2009, are illustrated in Fig. 3. The distribution of the sea surface height denotes that two mesoscale eddies with the spatial
scale of O(100) km can be observed in the northeastern SCS. The
mesoscale eddy that is located in the west is a warm eddy with a
high sea surface height of up to 0.9 m at its center, whereas the
other one that is located in the east is a cold eddy with a low sea
surface height below 0.4 m at its center. According to the geo-
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Fig. 1. The topography of model domain. The black rectangle is
the parent grid with spatial resolution of 5 km, while the red one
is the nested grid with spatial resolution of 1 km.
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gradient at 5 m depth (c) on December 17, 2009 from the nested 1 km grid.
strophic balance, the warm eddy has an anticyclone circulation
at the surface, whereas the cold eddy exhibits a cyclone circulation (the current filed is not shown here). The two eddies, which
are usually referred to as the “eddy pair”, have been studied by a
number of works (e.g., Zhang et al., 2013). Their generation remains an open question and different mechanisms, such as the
local wind force and the Kuroshio intrusion, have been proposed
(Wang et al., 2008; Nan et al., 2011; Zu et al., 2013; Shu et al., 2016;
Zhang et al., 2016).
The normalized relative vorticity, which can be regarded as
an expression of the Rossby number, implies the ageostrophy of
the flow in the ocean. The flow tends to show ageostrophic features when the relative vorticity is comparable with the planetary
vorticity. The distribution of the normalized relative vorticity at 5
m depth indicates that dynamic processes with the Rossby number that reaches O(1), including filaments, eddies and fronts, are
ubiquitous in the upper layer. The large magnitude of the Rossby
number indicates that numerous SMPs occur in this region. The
SMPs are ubiquitous in the upper layer, and they are more active
in the eddy and over areas with complicated topography. Compared with the horizontal density gradient in Fig. 3c, a favorable
consistency can be observed between their distributions, and a
strong density gradient typically corresponds to active SMPs.
This consistency, which is analyzed below, suggests a correlation
between the SMPs and the density gradient.
A close examination of Fig. 3b indicates an asymmetry
between the positive and negative vorticities. Generally, the positive vorticity is stronger and more active than the negative vorticity. This asymmetry is quantitatively revealed on the basis of a

statistical result. The probability density functions (PDFs) of the
relative vorticity, and horizontal and vertical velocities at different depths in December 2009 are plotted in Fig. 4. The PDFs of
the relative vorticity exhibit a significantly obvious positive skewness near the surface. The negative normalized vorticity is approximately 3 under the probability that the positive normalized
vorticity reaches 5, the negative one is just around 3. The corresponding skewness is 1.40. By contrast, the relative vorticity weakens sharply, and the PDF becomes symmetric with a skewness of
as low as –0.29 at the depth of 200 m. This asymmetry of the relative vorticity has been reported by different works and attributed
to the centrifugal instability (Dong et al., 2007; Capet et al., 2008b;
Klein et al., 2008; Lévy et al., 2010; Shcherbina et al., 2013). The
centrifugal instability plays a role in dissipating the SMPs when
the negative vorticity exceeds the local planetary vorticity. Thus,
the centrifugal instability restricts the relative vorticity by ζ≥f.
The PDFs of the horizontal velocities, u and v, also show
asymmetry at both depths of 5 and 200 m, respectively, which
may be insignificant. Both velocities demonstrate negative a
skewness at the depths. The zonal velocity presents a positive
skewness of 0.08 at 5 m and 0.02 at 200 m, whereas the meridional velocity has a negative skewness of –0.33 at 5 m and –0.28 at
200 m. During the time for the PDF calculation, there exists an
eddy pair as mentioned above (Fig. 3a). The horizontal velocity is
enhanced in the junctional area due to the lateral alignment of
the eddy pair (Zhang et al., 2016). The southward and eastward
currents tend to be enhanced, according to the relative position
of the eddy pair. Therefore, the probabilities of strong positive u
and negative v are increased, thereby resulting in the positive

DONG Jihai et al. Acta Oceanol. Sin., 2018, Vol. 37, No. 11, P. 8–18

101

a

u at 5 m
u at 200 m
v at 5 m
v at 200 m

b

5m
200 m

10

1

10-1

11

c

25 m
200 m

100
10-2

100

10-1

PDF

10-3

PDF

PDF

10-1

10-2

10-2

10-4
10-3
10

-3

10-5
10-4
10-4
-5 -4 -3 -2 -1

0
ζ/f

1

2

3

4

5

-2.0 -1.5 -1.0 -0.5

0

0.5

1

Horizontal velocity/m·s-1

1.5

2

10-6
-300 -200 -100

0

100

200

300

Vertical velocity/m·d-1

Fig. 4. The probability distribution functions (PDF) of normalized relative vorticity (a), horizontal velocity (b) and vertical velocity (c)
at depths of 5 m and 200 m computed based on result in December 2009.
skewness of u and the negative skewness of v.
The PDF of the vertical velocity, w, is asymmetric at the surface with a skewness of approximately –1.70, which indicates that
the downwelling is stronger than the upwelling. The downwelling of the vertical velocity can reach 250 m/d. It is stronger
than the upwelling which is below 200 m/d. The vertical velocity
tends to be symmetric at 200 m depth. On the basis of a simplified vorticity equation, the analysis by Capet et al. (2008b)
demonstrated that this asymmetric distribution of the vertical velocity at the surface is consistent with the relative vorticity. Considering that the vorticity variation is only related to the vertical
gradient of the vertical velocity, the increasing (decreasing) vorticity strength tends to induce downwelling (upwelling). Accordingly, the dominated positive vorticity at the surface can lead to a
dominated downward velocity. This correspondence can be directly observed in Fig. 5. The positive vertical vorticity is stronger
at surface, and correspondingly the vertical current is therefore
dominated by the downwelling. However, the vertical vorticity at
200 m depth, decreases sharply, thus implying the weakening of
submesoscale activity. Though a strong vertical velocity can still
be found no consistency is observed between the vertical velocity and the vertical vorticity.
A comparison of the vertical vorticity and velocity indicates
that the vertical velocity does not decrease as much as the vertical vorticity, and even the upwelling is stronger at 200 m than at
the surface. This inconsistency is attributed to the complicated
topography, since strong vertical velocity occurs in the southwest of Taiwan Island and over the shelf break, where there exists
complicated topography and strong currents. A strong vertical
current can be induced when the flow passes through various topographies.
3.2 Temporal variation of submesoscale processes
The above analysis reveals that the SMPs show an asymmetry
of the vertical vorticity. The consequent question is that how the
SMPs vary in time. The temporal variation features of the SMPs

are analyzed from their relative vorticity and kinetic energy.
According to an intuitive expression of the relative vorticity
distribution in different seasons, the SMPs seem to be more active in winter than in summer (the distribution figure is not
shown). To be more objective and genera, we define the probabilities of the relative vorticity with |ζ/f | ≥1 and the vertical velocity with |w | ≥50 m/d as the indicators of the SMP activity. The
relative vorticity with |ζ/f | ≥1 and the vertical velocity with |w| ≥
50 m/d from 2009 to 2012 are calculated (Fig. 6). The probability
of |ζ/f | ≥1 at depth of 200 m is low, implying the weakness and
inconspicuous variation of the SMPs. However, this probability
increases by six to sevenfold and shows an obvious seasonal variation as the depth decreases to 5 m. The probability of the strong
vorticity is low in summer (June, July and August) and then increases significantly in winter (December, January and February).
Overall, the probability of the strong vorticity is several times
higher in winter than in summer.
Meanwhile, the vertical velocity is stronger in winter than in
summer as well. The probability of the strong vertical velocity at
the surface shows a similar variation feature; this is consistent
with the relative vorticity, which has a correlation coefficient of
up to 0.72. However, the probability at 200 m does not show a
seasonal variation, although the probability density varies with
time. In contrast to the relative vorticity variation with the depths,
the vertical velocity is stronger at 200 m than that at 25 m. This
outcome may be attributed to the rapidly changing topography,
as mentioned in the above subsection.
The probabilities of the strong relative vorticity and vertical
velocity reveal a strong seasonal variation of the SMPs, thus implying a higher SMP kinetic energy (KE) in winter than in summer. The SMP KE is calculated after the flow decomposition to
confirm the above-mentioned result. The velocity field is first decomposed into three components with different spatial scales, as
follows:
t = l+ m+ s;

(1)
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where ut is the total velocity; and ul, um and us correspond to the
large-scale, mesoscale, and submesoscale velocities. The partition scales between different flow fields are selected as follows.
Under the baroclinic instability, the disturbance develops at a
scale of
L =

NH
;
f

(2)

where N is the buoyancy frequency; H is the vertical scale of the
disturbance; and f is the Coriolis parameter. According to the water depth and the mixed layer depth (MLD), the scales used to
partition large- and mesoscales, meso- and submesoscales are
defined as 400 and 20 km, respectively. Our evaluation indicates
that the Rossby number calculated based on the submesoscale
velocity field with the partition scale of 20 km is nearly consistent
with the result calculated from the total velocity field. This consistent relationship indicates that the spatial scale used here can
extract most submesoscale energy, though it may be not perfect.
The speed fields (|ul|, |um| and |us|) of the different scales at 5 m
depth on 17 December, 2009 are calculated as an example (Fig. 7)
using the Butterworth filter. The speed field is filtered meridionally and then zonally. The speed patterns depict the large-scale
circulation and mesoscale eddies, and demonstrate the SMP
activity which is consistent with the relative vorticity. Therefore,
the distributions of the different velocities indicate that this
method can distinguish the KE of the different scales well.
The KE densities (KE=ρu2/2) of the different scales at the surface and 200 m depth are calculated and plotted versus time (Fig. 8).
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Most KE is concentrated in the upper layer, and the large- and mesoscale energies are the dominant components of the oceanic KE.
The large- and mesoscale KE near the surface are comparable,
with a variation range from about 200 J/m3 to nearly 600 J/m3.
Both decrease sharply at 200 m depth below 100 J/m3, with inconspicuous temporal variations. Similarly, the submesoscale
energy is much stronger in the upper layer than at 200 m depth.
By contrast, the submesoscale energy is much smaller, which accounts for only 2% of those two components. Nevertheless, the
kinetic energy of the SMPs exhibits an apparent seasonal variation. It can reach 8 J/m3 in winter but decreases by half to 4 J/m3
in summer. This result is consistent with the variation revealed
by the relative vorticity and vertical velocity.
3.3 The generation of submesoscale processes
As mentioned in Section 1, the SMPs can be generated under
different conditions. In the current section, the generation mechanisms are analyzed to determine the reason for the obvious
temporal variation of the SMPs. The generation mechanisms that
include frontogenesis, MLI are investigated according to their
different dynamic features. On the basis of the generation investigation, the potential factors that modulate the seasonal variation of the SMPs are analyzed.
3.3.1 Frontogenesis
The frontogenesis is a common mechanism for generating
submesoscale fronts in the upper mixed layer (Capet et al.,
2008b). The frontogenesis theory reveals that a secondary circulation is induced when the horizontal gradient is strengthened
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Fig. 8. The time series of large-scale (a), mesoscale (b) and submesoscale (c) kinetic energy density (red lines for series at 5 m, while
blue lines for series at 200 m).
continuously (Hoskins, 1982). The induced secondary circulation resists the strengthening of the fronts and restores the geostrophic balance. According to the frontogenesis equation, the
frontogenesis is closely related to the straining field of flow
(Hoskins, 1982), which can be expressed as
S=

q

(ux ¡ vy)2 + (uy+vx )2 ;

(3)

where u and v are zonal and meridional velocities, respectively,
the parameter S measures the straining rate of the flow. A strong
flow straining rate favors the frontogenesis.
According to the calculated results at 5 m on 17 December,
2009 (Fig. 9), the straining field pattern is consistent with the relative vorticity distribution displayed in Fig. 3. The straining fields
induced by meso- and submesoscale velocities are comparable
and are one order of magnitude larger than those induced by the
large-scale velocity. The flow straining causes the frontogenesis
on the premise of the horizontal density gradient, which can be
depicted by the frontogenesis rate, F (Hoskins, 1982),

F= ¢ rh½= ¡ (ux ½x +vx ½y) ½x ¡ (uy½x +vy½y) ½y:

(4)

F measures the changing rate of the horizontal gradient induced by the flow straining. The F being greater than 0 indicates
an increase of front strength, whereas the front strength decreases when F is less than 0. The frontogenesis rate caused by
different velocity fields are calculated, which shows same conclusions with the straining rates. The frontogenesis rate caused by
mesoscale and submesoscale velocities remains comparable and
is one order larger than that caused by the large-scale velocity
(Fig. 10). However, in contrast to the flow straining, the frontogenesis rate has positive and negative values, implying that the
flow straining may play a positive role in the generation of the
submesoscale fronts, and a negative role in the dissipation of the
fronts.
The above-mentioned analysis demonstrates that the flow
straining significantly contributes to generating the submesoscale fronts. Therefore, the mesoscale straining and density
gradient are important prerequisites during the initial stage of
the submesoscale fronts generation. Thus, the probabilities of the
strong flow straining, |S/f |≥0.8, and the strong horizontal density gradient, |r hρ|≥0.05 kg/km, in mesoscale (the density de-
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composition is similar to the velocity decomposition) at different
depths are calculated (Figs 11a, b). Both probabilities have a high
value at the surface and decrease to nearly 0 at 200 m depth. The
strong straining and the density gradient are concentrated in the
upper mixed layer, where the strong velocity and the density fluctuation easily appear. Both time series in the upper mixed layer
have obvious seasonal variations, which are strong in winter and
weak in summer. Given that the strong horizontal density gradient exists in winter, the strong flow straining is potentially in favor of strengthening the front gradients. Therefore, the mesoscale straining and the density gradient are significant factors in
modulating the seasonal variation of the SMPs.
Previous studies have revealed that the density gradient variation can be attributed to the seasonal variation of the MLD (Mensa
et al., 2013; Callies et al., 2015). The MLD is shallow and tends to
be stratified due to the weak summer monsoon while the mixed
layer deepens in winter due to the strong winter monsoon. Consequently, the isopycnals easily outcrop and generate the horizontal density gradient in winter. Our analysis reveals that the
strong flow straining in winter is another significant factor for
modulating the SMPs. In winter, strong Kuroshio intrusions, more
0.08

active mesoscale eddies and stronger monsoon in the SCS lead to
strong straining (Chen et al., 2009; Cheng and Qi, 2010). The in
situ observations in the SCS have revealed that active SMPs are
associated with mesoscale eddies, which play an important role
in forward energy cascade (Yang et al., 2017; Zhong et al., 2017).
The generation of the SMPs at the periphery of eddies is likely related to the strong staining at the periphery of eddies.
3.3.2 Mixed layer instabilities
A careful comparison between the frontogenesis rate and the
relative vorticity indicates more fine structures in vorticity, such
as more smaller eddies and filaments. The bias suggests that the
frontogenesis is not the exclusive mechanism for generating the
SMPs. On the basis of the theoretical analysis, Boccaletti et al.
(2007) presented that the baroclinic disturbance at the submesoscale grows when the horizontal density gradient and the vertical
velocity shear are unstable, namely, MLI. The energy source for
MLI is the release of available potential energy (APE), which can
be measured by the conversion rate from APE to KE (Boccaletti et
al., 2007),
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while blue lines for series at 200 m) (b), and the time series of PK (red lines for series averaged within mixed layer, while blue lines for
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PK =

R

wsbsdv
R
;
dv

(5)

where ws and bs are submesoscale perturbations of the vertical
velocity and buoyancy, respectively. The PK defined here is a domain-average over different depth ranges. This work investigated the PK averaged within the mixed layer and between the
MLD base and 200 m are investigated. The MLD is defined as the
depth at which the temperature change from the surface temperature is 0.5°C.
Figure 11c illustrates that the PK is always positive within the
calculated depth range, implying a release of the APE to the KE.
However, the PK is small below the mixed layer, and little APE is
converted to the KE. In the mixed layer, the PK is small in summer but increases sharply in winter, indicating a strong seasonal
variation in the APE release. In winter, more APE release
provides energy for the development of the SMPs. But in summer, the SMPs can hardly extract the APE in the mixed layer for
their development. Therefore, the MLI is another factor for modulating the seasonal variation of the SMPs (Capet et al., 2008c).
The magnitude of the APE is limited by the thickness of the
MLD (Mensa et al., 2013). The MLD is shallow in summer but is
deepened in winter due to the monsoon variation. The more easily outcropping isopycnals and stronger frontogenesis are in favor of storing more APE within the MLD in winter than that in
summer. Meanwhile, stronger mesoscale eddies and monsoon
favor density gradient due to the difference of water masses and
flow straining, which further increases the APE.
It can be inferred that the frontogenesis and the MLI are
tightly related, rather than mutually independent. The pre-existing density gradient is an essential condition for both generation
mechanisms. However, the pre-existing density gradient is usually too weak for the MLI. When frontogenesis occurs and front
gradients are strengthened, it is usually accompanied by the MLI
due to the unstable strong density gradient and velocity shear.
So, the flow straining and the MLD are the contributors for both
frontogenesis and MLI. Their seasonal variations are the main
factors that modulate the SMP seasonal variation.
4 Summary
The SCS is one of the largest marginal seas in the world and
has abundant and complicated dynamical processes. As the
transitional scale between mesoscale and microscale, the SMPs
are ubiquitous in the upper layer of the SCS. The spatiotemporal
variation features of the SMPs are analyzed, using a high-resolution model in the northeastern SCS.
The results reveal that the SMPs are mainly concentrated in
the upper mixed layer and sharply weaken as depth increases.
Owing to the centrifugal instability, the SMPs with negative vorticity in excess of the local planetary vorticity tend to be dissipated
rapidly. Thus, the vorticity and the vertical velocity are asymmetric, with corresponding PDF skewness of approximately 1.4 and
–1.7. Moreover, the SMPs have an obvious seasonal variation,
which is stronger and more active in winter than in summer. According to the estimation, the submesoscale KE can reach 8 J/m3
in winter, which is two-fold larger than that in summer.
The generation mechanisms of the SMPs play a significant
role in modulating the spatiotemporal variation features. On the
basis of the frontogenesis theory and the energy conversion rate
from APE to KE, we demonstrated that frontogenesis and MLI are
important mechanisms for the generation of the SMPs in the upper mixed layer. Further analysis indicates that the strong seasonal variation of the SMPs is attributed to the seasonal vari-
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ations of flow straining and MLD. The stronger straining and
deeper MLD account for the more active SMPs in winter.
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Abstract

The daily and monthly-mean characteristics of cold water patches (CWPs) off the Jiangsu coast in 35 a of
1982–2016 are examined based on advanced very high resolution radiometer (AVHRR) data. Most of the CWPs are
found to occur in the warm and hot months (May–September), with some CWPs in the cool and cold months
(October–April). The average radius and intensity of the monthly-mean CWPs are about 81 km and 0.6°C,
respectively. The average difference in the sea surface temperature (SST) between the centers of the CWPs and the
nearshore is about 2.0°C. The correlation analysis between the CWPs, winds and tides indicates that most of the
CWPs occurred during the southerly winds, with some CWPs occurring during the northerly winds. The average
intensity of the CWPs during spring tides is slightly stronger than that during neap tides in the warm and hot
months, and the difference is very small in the cool and cold months.
Key words: Jiangsu coast, cold water patch, characteristic analysis, wind, tide
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1 Introduction
The Jiangsu coast (known as the Subei coast) is the east shore
of Jiangsu Province to the southwest of the Yellow Sea and to the
north of the Changjiang Estuary. Coastal waters off the Jiangsu
coast contain the important fishing ground of Lüsi of China. Previous studies demonstrated that cold water patches (CWPs) occur frequently off the Jiangsu coast, which significantly impact
the fisheries (Zhang and Zheng, 1984), the ecological environment (Wei et al., 2011), and concentrations of zooplankton (Liu
et al., 2015) and green macroalgae (Li et al., 2015) in the region.
Several studies were made on the characteristics and mechanisms of the CWPs off the Jiangsu coast. Pu (1986) found the occurrence of CWPs from the field observational data collected during the late spring and early summer of 1959 and also from 1975
to 1981. The main physical processes for these CWPs were
thought to be the southward migration and climbing up against
the slope of deep cold waters from the southwestern part of the
Yellow Sea (Pu, 1986). Su and Su (1996) examined the remote
sensing data of sea surface temperature (SST) from 1984 to 1987,
and concluded that the CWPs were mainly induced by wind-tide
mixing and submarine slope. Qi and Su (1998) conducted a numerical simulation of the tide-induced continental front in summer in the Yellow Sea, and found that the mixing by M2 tidal constituent can lead to the generation of cold waters off the Jiangsu
coast. Zou et al. (2001) suggested that the cold waters off the Jiangsu coast in July 1997 and August 1998 were induced by tidal
mixing. Lü et al. (2010) used a coupled wave-tide-circulation numerical model to study the summertime circulation in the Yel-

low Sea. Their model results suggest that tides play three roles in
the formation of cold waters off the Jiangsu coast. First, the tideinduced residual current generates barotropic upwelling.
Second, the tidal mixing directly reduces the SST. Third, the tidal
mixing front induces baroclinic upwelling. Lü et al. (2010) also
found that the southerly winds have a less important effect on
upwelling than the tidal mixing, and hardly make cold waters
without the tidal mixing. The circulation off the Jiangsu coast was
traditionally thought to flow southward all the year round (Guan,
1994), but Li (2010) and Yuan et al. (2017) found the northward
current using the Lagrangian trajectories of satellite-tracked Argos surface drifters in the summer of 2009 under the forcing of a
southerly monsoon, and their numerical experiments with a
Princeton ocean model (POM) suggest that the upwelling and
cold water off the Jiangsu coast are mainly induced by the southerly wind.
It should be noted that the previous studies focused on the
CWPs off the Jiangsu coast in summer and late spring. Examinations of the CWPs in other seasons have not been made. The research on the daily characteristics of the CWPs also remains to be
done. The main objectives of this study are to analyze the
monthly and daily characteristics of the CWPs in the last 35 a
(1982–2016) and to conduct a correlation analysis of the CWPs
with winds and tides.
2 CWPs from AVHRR and field observation in July 2016
In this study, we use the daily SST data with a resolution of
0.25°×0.25° from NOAA’s AVHRR on polar orbiting satellite to in-
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dicate the characteristics of the CWPs. The observed data from
ships and buoys are also syncretized in the AVHRR data. The
AVHRR SST data have widely been used in many previous studies (Bao et al., 2002; Lü et al., 2006; Reynolds et al., 2007; Winter
and Arkhipkin, 2015; Costoya et al., 2015). The monthly mean
SST field from the AVHRR in July 2016 is presented in Fig. 1,
which indicates a CWP with a center at about 33.46 °N and 122.42 °E.
The SST at the center was 1.2°C lower than that of the outermost
enclosed isotherm, and 2.9°C lower than that at the nearshore
with the same latitude of the center. The average radius of the
outermost enclosed isotherm was about 83.7 km.
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Fig. 1. Monthly mean SST in July 2016 from AVHRR data.
The sea temperature data by a field program in July 2016 are
also used in this study to examine the main characteristics of the
cold waters, and to demonstrate the ability of the AVHRR data in
describing the CWPs. As shown in Fig. 2, the cruise survey along
Sections A to C was carried out by a team from Hohai University
on 18–21 July, and the survey along Sections D to K by the researchers from East China Normal University on 19–28 July. A
conductivity-temperature-depth (CTD) instrument was used in
the field program for measuring the vertical profiles of water temperature and salinity. Figure 2a demonstrates that cold waters at
a depth of 5 m occur near Sta. A4, which is a location similar to
that of the CWP depicted in Fig. 1. As shown in Figs 2b–f, the
main axis of cold waters tilted to the east at deeper depths, with
their centers at 10 m near Sta. A4, at 15 m near Sta. A5, and at 25
m near Sta. A6. Figure 2 also indicates that Section A crosses approximately the cold waters. The vertical distribution of the water temperature along Section A is presented in Fig. 3. Along this
section, waters were well mixed with nearly uniform temperature in the vertical to the west of Sta. A3. There was a cold water
tongue reaching the surface near Sta. A4, which was from the
eastern deep waters. It is demonstrated again that the cold waters are accompanied by upwelling from the Yellow Sea as reported in previous studies (Lü et al., 2010; Li, 2010; Yuan et al., 2017).
The waters to the east of Sta. A5 had a three-layer structure of the
upper mixed layer, thermocline, and lower mixing layer. The
thicknesses of the upper mixed and thermocline layers were both
nearly 10 m.
3 Characteristic analysis of monthly mean CWPs by AVHRR
data in the last 35 a
The ranges and centers of the CWPs can not easily be determined if there are no closed isotherms. In this study, we focus

mainly on the CWP which has a SST difference of 0.2°C (or greater than that value) between its center and the outermost enclosed isotherm. Furthermore, the positions of the cold centers
are restricted to the domain of 32°–34°N, 121°–124°E. Four parameters are used to describe the characteristics of each CWP: its
center position, radius, intensity, and the SST difference between
the cold center and nearshore at the same latitude (SSTD-CN).
The radius of the CWP is defined as the mean radius of the outermost enclosed isotherm, and the intensity of the CWP is defined
as the SST difference between the center and outermost enclosed isotherm.
Table 1 lists 146 CWPs determined from the monthly mean
SSTs in the 35 a period of 1982–2016. The total number of the
CWPs in each year varies, with a maximum of seven in 2003 and a
minimum of three in 10 different years. The centers of the CWPs
are marked in Fig. 4, with water depths represented by the color
image. The centers of most CWPs were located to the east of
122°E, where the terrain is a shelf slope with water depths of
20–40 m. By comparison, the centers of two CWPs were in the
shore shoal, where the water depth is less than 20 m. One of the
CWPs was detected in January 2003 and the other in December
2003. Figure 5a shows the distribution of CWP radii. The CWP
radii were 32–168 km with an average value of about 81 km.
Nearly 80% of CWPs had radii of 32–109 km. The distribution of
the CWP intensity is shown in Fig. 5b. The values of the CWP intensity varied in the range 0.2–1.5°C with an average of 0.6°C. The
SSTD-CNs (Fig. 5c) were 0.2–4.2°C with an average of 2.0°C, and
about 89% of them were in the range 0.6–3.0°C. The CWP in June
1988 had the largest radius of 168 km, with an intensity of 1.2°C
and an SSTD-CN of 2.2°C. The CWP in this month was in the
shape of an ellipse extending from southeast to northwest, and
nearly covered the entire Jiangsu coast (Fig. 6).
The statistics for the seasonal variation of the monthly mean
CWPs from 1982 to 2016 are given in Table 2. In the cold months
(December–February) of winter, there were only two CWPs,
while in the cool months (including March, April, October and
November), there were 16 CWPs. Twenty eight CWPs occurred in
the warm months (May and September) of late spring and early
autumn. There were 100 CWPs in the hot months (June to August) of all 35 a, and no CWPs were detected in only five of these
months. In general, the CWPs in the warm and hot months had
stronger intensities, larger radii and SSTD-CNs than those in the
cold and cool months.
4 Characteristic analysis of daily CWPs by AVHRR data from
2001 to 2010
The AVHRR data in the 10 a period of 2001–2010 were used to
analyze the characteristics of daily CWPs. The seasonal variations in the total number of days, average intensity, and maximum intensity of daily CWPs are given in Fig. 7. The total number
of daily CWPs was 1 369, which was about 38% of the total days in
this 10 a period. The CWPs occurred in about 12% of the days of
cold months, 21% of the days of cool months, and 66% of the days
of warm and hot months. By comparison, the CWPs occurred in
82% of the summer days. Of the 12 months, the daily CWPs in July had the largest number of 273, the strongest average intensity
of 1.0°C and maximum intensity of 2.4°C.
As shown in Table 1, the least monthly mean CWPs were detected in 2001 and the most in 2003. The distributions of daily
CWPs in 2001 and 2003 are plotted in Fig. 8. The monthly mean
CWPs only occurred in May, June, and July 2001, while the numbers of daily CWPs were 3, 0, 2, 3, 21, 21, 31, 28, 11, 2, 0 and 0 from
January to December, respectively, and the longest duration of
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Fig. 2. Water temperatures at different depths constructed from in situ observations in July 2016.
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Fig. 3. Vertical distribution of water temperature (°C) along Section A in July 2016.
the CWP was 51, from June 27 to August 16. The monthly mean
CWPs were found in January, April, May, June, July, August and

December 2003; the total numbers of daily CWPs were 23, 6, 11,
22, 21, 30, 29, 29, 0, 5, 12 and 30 from January to December 2003,
respectively; and the longest duration of the CWP was 56 days,
from May 29 to July 22. Figure 8 also indicates that the generations and extinctions of daily CWPs were quick. Some daily CWPs
may generate and become strong in 1 day and some strong CWPs
may die out in 1 day. There were quite a number of daily CWPs in
some months of 2001 and 2003, but their centers and shapes
were so different that they were smoothed out in the monthly
mean fields, leading to no monthly mean CWPs. For example,
there were 28 daily CWPs in August 2001 with an average intensity of 0.9°C, but their centers occurred in different places (Fig. 9),
so there were only cold waters in the monthly mean SST (Fig. 10)
that did not meet the standard of a CWP in the domain of 32°–34°N
and 121°–124°E.
5 Correlations between CWPs, wind forcing and tides
The wind forcing and tides were thought to have important
effects on the CWPs (Pu, 1986; Su and Su, 1996; Qi and Su, 1998;
Zou et al., 2001; Lü et al., 2010; Li, 2010; Yuan et al., 2017). In this
study, we analyzed the correlations of the CWPs, wind forcing
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Table 1. CWPs determined from monthly mean SSTs of AVRHH data from 1982 to 2016
Year Months when CWP existed
1982
6, 7, 9
1983
6, 7, 8, 10
1984
5, 6, 7, 8, 10
1985
4, 5, 6, 7, 8
1986
5, 6, 7, 8
1987
6, 7, 8, 9
1988
4, 6, 7, 8, 9
1989
4, 5, 6, 7, 8
1990
7, 8, 9

Year Months when CWP existed
1991
5, 6, 7, 8, 9
1992
6, 7, 8
1993
6, 7, 8, 9, 10
1994
4, 6, 7, 8, 9
1995
5, 6, 7, 8
1996
5, 6, 7, 8, 9
1997
6, 7, 8
1998
6, 7, 8, 9
1999
4, 5, 6, 7, 8, 9

Year Months when CWP existed
2000
3, 6, 8
2001
5, 6, 7
2002
6, 7, 8
2003
1, 4, 5, 6, 7, 8, 12
2004
4, 6, 7, 9
2005
6, 7, 8
2006
6, 7, 8, 9, 10
2007
6, 7, 8
2008
6, 7, 8

Year Months when CWP existed
2009
4, 6, 7, 8, 9
2010
3, 6, 7, 8
2011
5, 6, 7, 8
2012
4, 6, 7, 8
2013
6, 7, 8, 9
2014
5, 6, 7, 8, 9
2015
5, 6, 7, 8
2016
4, 6, 7, 8

Note: The numbers of 1–12 represent January to December respectively.
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Fig. 4. Centers of monthly mean CWPs from 1982 to 2016 (the
red asterisks represent the positions of centers).
and tides in the last 35 a. The wind data were from the European
Centre for Medium-range Weather Forecasts (ECMWF), which
were at height of 10 m on the sea surface with a spatial resolution
of 0.25°×0.25° and a time resolution of 6 h. The wind data were
spatially averaged in the domain of 32°–34°N and 121°–124°E.
The tide data were from the ocean tide model of DTU10 developed by the Technical University of Denmark (Cheng and Andersen, 2011).
The time-averaged winds in all days from 1982 to 2016 are
presented in Fig. 11a, together with the time-averaged wind only
when monthly mean CWPs existed (Fig. 11b). Since no monthly
mean CWPs occurred in February and November (Table 2), the
time-averaged winds in these two months are not shown in Fig. 11b.
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An examination of Fig. 11a and Table 2 indicates that the southerly components of the time-averaged winds increase from January to July, and the total number, average intensity, average radius, and average SSTD-CN of the monthly mean CWPs, in general,
also increase. In January, March, September, October and
December, however, the time-averaged winds when monthly
mean CWPs existed were northerly (Fig. 11b). From May to August, although the time-averaged winds when the monthly mean
CWPs existed were southerly, they did not have obviously
stronger southerly constituents than those in all days.
The quick generations and extinctions of the daily CWPs (Fig. 8)
indicate that the daily winds may have more direct correlations
with the daily CWPs. Table 3 gives the time-averaged winds in the
all days and those when the daily CWPs existed from 2001 to
2010. In the all months (January–December), the time-averaged
wind in the all days was northerly, while the time-averaged wind
when the daily CWPs existed was southeasterly. There were daily
CWPs in most days of summer, but there were no daily CWPs in
most days of winter, it is necessary to make further comparisons
between the daily winds and CWPs in different months. In the
warm and hot months (May–September), the southerly constituent of the time-averaged wind when the daily CWPs existed was
150% of that in the all days. Of the 1003 daily CWPs in the warm
and hot months, 525 daily CWPs corresponded to v (the longitudinal component of wind) beyond its average value of 1.2 m/s, and
they had an average intensity of 0.9°C. The other 478 daily CWPs
had an average intensity of 0.6°C. It seems that larger amount
and stronger intensity of the daily CWPs corresponded to
stronger southerly constituent of wind. The time-averaged wind
when the daily CWPs existed had the northerly constituent of
–1.3 m/s in the cool months (March, April, October and November), and the northerly constituent of –3.6 m/s in the cold months
(December–February).
As shown in Fig. 4, most CWPs had the centers around 33.5°N
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Fig. 5. Characteristics of monthly mean CWPs from 1982 to 2016 in terms of the radius (a), intensity (b) and SSTD-CN (c).
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Table 2. Seasonal variations of monthly mean CWPs from 1982
to 2016
Jan.
Feb.
Mar.
Apr.
May
Jun.
Jul.
Aug.
Sep.
Oct.
Nov.
Dec.

Amount

260

Amount of
CWPs
1
0
2
10
13
34
34
32
15
4
0
1

Average
intensity/°C
0.5
–
0.2
0.3
0.4
0.6
0.8
0.7
0.4
0.2
–
0.6

Average
radius/km
58
–
37
54
58
74
97
95
74
50
–
62

Average
SSTD-CN/°C
0.8
–
0.2
1.2
2.1
2.1
2.5
2.3
1.5
0.7
–
0.8

amount
average intensity
maximum intensity

Fig. 8. Intensity of daily CWPs in 2001 (a) and 2003 (b).
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and 122.5°E, The tide level at this station was selected to represent the tidal variation off the Jiangsu coast. The average value of
tidal range was 257 cm during spring tides and 113 cm during
neap tides from 2001 to 2010. The tidal ranges at this location
varied significantly from the neap tide to spring tide. There were
243 spring tides from 2001 to 2010, and 3 d of every spring tide
were picked out to constitute the spring tide period. The neap
tide period was constituted by the similar way. The statistics of
daily CWPs during the spring and neap tide periods are given in
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Table 4. In the all months (January–December), the daily CWPs
during the spring tide period were 107% of those during the neap
tide period. And the average intensity of daily CWPs during the
spring tide period was 0.1°C stronger than that during the neap
tide period. In the warm and hot months (May–September), the
daily CWPs during the spring tide period were 112% of those during the neap tide period. In the cold and cool months
(October–April), the total number of the daily CWPs during the
spring tide period was 7 less than that during the neap tide period, the averaged intensity of daily CWPs during the spring tide
period was nearly same as that during the neap tide period.
6 Discussion and conclusions
Both the AVHRR SST data and the in situ oceanographic ob-
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when monthly mean CWPs appeared (b). The numbers of 1 to 12
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servations in July 2016 were found to support the existence of
CWPs off the Jiangsu coast. This indicates that the AVHRR SST
data can perform reasonably well in describing the CWPs. In the
last 35 a (1982–2016), there have been 146 monthly mean CWPs
in the AVHRR SST data, 128 of them existed in the warm and hot
months (May–September). The daily CWPs occurred in 66% of
the days of warm and hot months. Therefore, the CWPs are the
common hydrographic phenomena in the warm and hot months
in the past 35 a. However, some CWPs were also found during the
cool and cold months (October–April), which were not presented previously.

The effects of southerly winds and tides on the CWPs were
studied previously. The Jiangsu coast lies east of the continent of
Asia in the Northern Hemisphere, and is roughly in the northsouth direction. The ocean currents in the upper waters off the Jiangsu coast induced by the southerly winds turn offshore (eastward) due to the impact of the Coriolis force. Compensation currents in the lower waters flow shoreward (westward), and are
raised by the shelf slope to form the coastal upwelling. Several
previous studies (Li, 2010; Yuan et al., 2017) suggested that the
cold waters off the Jiangsu coast in summer are mainly induced
by southerly winds. The tides in the region can mix the waters
vertically. The waters over the shore shoal and shelf slope were
found to be well mixed, while waters over the deep offshore were
partially mixed, thus the water temperature over the shelf slope
should be lower than those over the shore shoal and deep offshore. The tidal mixing was thought to be the main dynamic of
cold water off the Jiangsu coast in other studies (Qi and Su, 1998;
Zou et al., 2001). It was further found that the tidal mixing front
can induce baroclinic upwelling to form cold water (Lü et al.,
2010). In the studies of low salinity water lens in the Changjiang
River diluted water expansion, the tidal mixing and its increase
from the neap tide to spring tide were also found to have significant effect on the hydrodynamics off the Jiangsu coast (Zhang et
al., 2014; Peng et al., 2014). In this study, the correlation analysis
indicates that the larger amount and stronger intensity of the
daily CWPs generally corresponded to stronger southerly constituent of wind, and the daily CWPs during the spring tide period have slightly larger amount and stronger average intensity
than those during the neap tide period in the warm and hot
months (May–September).
The correlation characteristics of CWPs, winds and tides also
indicate that some CWPs need further studies. First, although
most CWPs correspond to southerly winds from May to August,
the southerly components of time-averaged winds when the
monthly mean CWPs exist are not stronger than those without
monthly mean CWPs (Fig. 11). While in Table 3, the larger
amount and stronger intensity of the daily CWPs correspond to
stronger southerly constituent of wind in warm and hot months.
Therefore, the monthly mean wind may not be a good indicator
as the daily wind in illustrating the effects of winds on the CWPs.
More studies are still needed to determine any additional explanations for the effects of southerly winds. Second, there are also
some daily and monthly mean CWPs corresponding to northerly
winds. One of important issues to be addressed is the effect of

Table 3. Correlation between wind and daily CWPs from 2001 to 2010
Month
Jan. – Dec.
May – Sep.
Mar., Apr., Oct., Nov.
Jan., Feb., Dec.

Amount of all days
3 652
1 530
1 220
902

Time-averaged wind of u,
v in all days
–0.8, –1.1
–1.7, 0.8
–0.6, –1.7
0.3, –3.7

Days when CWPs existed
1 369
1 003
254
112

Time-averaged wind of u,
v when CWPs existed
–1.4, 0.4
–1.6, 1.2
–1.0, –1.3
0.1, –3.6

Note: u and v represent the latitudinal and longitudinal components of wind velocities (m/s), respectively.

Table 4. Statistics of CWPs during spring and neap tides from 2001 to 2010
During spring tide period
During neap tide period
Days when CWPs existed Average intensity of CWPs/°C Days when CWPs existed Average intensity of CWPs/°C
Jan. – Dec.
281
0.7
266
0.6
May – Sep.
208
0.8
186
0.7
Jan., Feb., Dec.
18
0.5
20
0.5
Mar., Apr., Oct., Nov.
55
0.4
60
0.4
Month
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northerly wind on the CWPs in the study region. Third, although
the average tidal range during spring tides is nearly twice of that
during neap tides, but the averaged intensity of the daily CWPs
during spring tides is only slightly stronger than that during neap
tides in the warm and hot months (May–September), and they
nearly have no difference in the cool and cold months
(October–April). The tidal range during neap tide may be strong
enough to well mix up the water columns and produce the CWP.
Are there any other explanations for the effects of tide? Finally, in
the dynamical explanations of the CWP using the upwelling and
mixing, the vertical temperature stratification is a precondition.
The stratification over the Yellow Sea and Jiangsu coast generally
increase from winter to summer (Diao, 2015), which agree with
most CWPs appearing in the warm and hot months. While there
are also considerable amount of monthly mean and daily CWPs
exist in the cool and cold months. Was the stratification considerable strong when the CWPs occurred in the cool and cold
months? Or can the CWPs be explained by any dynamics different from upwelling and mixing? But the data analysis in this
study is difficult to answer these questions. We want to make further dynamical analysis on these CWPs using numerical simulations in the future.
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Abstract

Marine plastic debris has been a pervasive issue since the last century, and research on its sources and fates plays
a vital role in the establishment of mitigation measures. However, data on the quantity of plastic waste that enters
the sea on a certain timescale remain largely unavailable in China. Here, we established a model using material
flow analysis method based on life cycle assessment to follow plastic product from primary plastic to plastic waste
with statistical data and monitoring data from accurate sources. This model can be used to estimate and forecast
the annual input of plastic waste into the sea from China until 2020. In 2011, 0.547 3–0.751 5 million tons of plastic
waste entered the seas in China, with a growth rate of 4.55% per year until 2017. And the amount will decrease to
0.257 1 to 0.353 1 million tons in 2020 under the influence of governmental management. The amount of plastic
waste discharged from coastal areas calculated in this study was much larger than that from river, thus it is
suggested to strengthen the governance and control of plastic waste in coastal fishery activities in China in order
to reduce the amount of marine plastic waste input.
Key words: plastic waste, prediction, China, marine, material flow analysis
Citation: Bai Mengyu, Zhu Lixin, An Lihui, Peng Guyu, Li Daoji. 2018. Estimation and prediction of plastic waste annual input into the sea
from China. Acta Oceanologica Sinica, 37(11): 26–39, doi: 10.1007/s13131-018-1279-0

1 Introduction
After the first piece of plastic debris was discovered in the sea
in the early 1970s (Carpenter and Smith, 1972; Fowler, 1987;
Colton et al., 1974), plastic has been pervasive in all habitat types
worldwide due to its durability, low density and universal use
(Derraik, 2002). Plastic debris has appeared in gulfs (Hinojosa
and Thiel, 2009), bays (Ryan, 2013), and lakes (Free et al., 2014),
on the shores of the remotest islands (Barnes, 2005; Morishige et
al., 2007), in polar waters (Barnes et al., 2010; Bergmann and
Klages, 2012), and in high concentrations in the Great Pacific
Garbage Patch (Lebreton et al., 2018). Marine plastic debris and
microplastics may affect the survival of marine organisms. They
may threaten the health of marine organisms by causing entanglement (Derraik, 2002; Gregory, 2009), destroying habitats
(Donohue et al., 2001; Barnes, 2002), and choking and starving
wildlife (Wright et al., 2013) etc. The United Nations Environment Assembly (UNEA) classified marine plastic debris and microplastics as one of several environmental issues of particular
concern in 2016.
Plastic debris can enter the sea by three ways: direct littering
to rivers, beaches and the seas (Lebreton et al., 2017); dispersal
by water and wind (Kershaw and Rochman, 2015); and losses
during transport or by accident (Barnes et al., 2009). Quantitative
research on the sources and fates of marine plastic debris plays a
very important guiding role in mitigating and minimizing the effects of marine plastic debris on the environment. Eriksen et al.
(2014) calculated the quantity of macroplastics and micro-

plastics using a modeling approach and concluded that the amount of plastic debris in the North Pacific is 0.096 4 million tons
(Mt), while the amount in the South Pacific is 0.021 0 Mt. Jambeck et al. (2015) estimated that in 2010, 1.32–3.53 Mt of mismanaged plastic waste was input from land into the sea in China.
Meanwhile, rivers are a major transport pathway for plastic waste
from land to sea. After summing the inputs from the 5 rivers in
China, Schmidt et al. (2017) concluded that the annual load of
macroplastic input from China into the sea was 0.094 5 Mt.
Lebreton et al. (2017) estimated the aggregate annual macro- and
microplastic input from the Xijiang and Dongjiang Rivers, which
flow into the Zhujiang River Delta and Changjiang River, to be
0.436 Mt.
To investigate the temporal trends of plastic garbage entering
the sea in China over a ten-year time period, in this study, a model was first established based on the material flow analysis method. Material flow analysis (MFA) is a systematic assessment tool
used to determine the flows and stocks of materials within a system defined in space and time (Van Eygen et al., 2017). The main
components of an MFA model include the sources, pathways, intermediates and final sinks of a material. All inputs, stocks, and
outputs of a material within the model are balanced according to
the law of conservation of mass (Brunner and Rechberger, 2004).
This study connected processes ranging from the production of
primary plastic to the discharge of plastic waste into sea in China
using the flows of plastics, evaluated material inputs throughout
the lifecycles of plastic products, and finally, estimated and pre-
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dicted the amount of plastic waste entering the sea from China
from 2011 to 2020.
2 Materials and methods
2.1 Material flow analysis model
The MFA model combined the available datasets on primary
plastic, plastic products, plastic waste and plastic garbage in
China from 2011 to 2017. And it also incorporated opinions from
industry professionals and actual data to improve the accuracy of
the datasets and the consistency of plastic product classification.
Plastic garbage not subjected to harmless treatment which include directly discarded mass was defined as mismanaged plastic
waste. By combining the rates of plastic waste input into the sea,
the total amount of plastic waste entering the sea in China could
be determined. Lastly, this model predicted the amount of plastic
waste that will be discharged into the sea from 2018 to 2020 affected by government laws and regulations. The predicted
amount of plastic waste that will enter the sea from China from
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2018 to 2020 can serve as a reference for the government and inhabitants to provide a better understanding of and means to control plastic waste.
Figure 1 is a simplified schematic of the MFA model adopted
in this study. The “input” in the MFA model has five components:
(1) import of primary plastic, (2) primary plastic production, (3)
import of plastic products, (4) export of plastic products, and (5)
import of plastic waste. The MFA model is divided into Fractions
A and B, which are both complete MFA models. In Fraction A,
the inputs pass through a simple expression of the processes
named “produce and scrap”; thus, the amount of “plastic garbage”, which is the annual amount of plastic garbage generated
in China, can be estimated. The amount of “plastic garbage” is
the output of Fraction A and serves as the input to Fraction B,
while the “Output” of Fraction B and the overall MFA model is
the amount of plastic waste entering the sea. Detailed information about the flows and coefficients in Fractions A and B of the
MFA model is presented in Sections 3.1 and 3.2.

MFA model
Fraction A
inputs

Fraction B
produce
and scrap

plastic
garbage

mismanaged
plastic waste

output

Fig. 1. A simplified schematic model of plastic waste entering the sea in China. Fractions A and B are both complete MFA models.
Fraction A is used to estimate the amount of plastic garbage generated in China, and Fraction B is used to estimate the amount of
plastic waste entering the sea from China. The “inputs” have five components: import of primary plastic, primary plastic production,
import of plastic products, export of plastic products and import of plastic waste. The “output” is the amount of plastic waste entering
the sea from China. “produce and scrap” and “mismanaged plastic waste” are simple expressions of the corresponding processes.
2.2 Dataset for the model
Before 2011, the official statistical data originated from industrial enterprises with annual revenues of more than 5 million
yuan from their main business operations according to the National Bureau of Statistics of the People’s Republic of China
(PRC) and the General Administration of Customs of the PRC.
Since 2011, data have been collected from enterprises with annual revenues of more than 20 million yuan. For data consistency,
the official data from 2011 to 2017 were selected for this study.
Three types of data sources were used in this study: data from
official national statistics, data from relevant reports and publications and data from field surveys. The official national statistics
include data from the National Bureau of Statistics of the PRC,
the General Administration of Customs of the PRC, the Ministry
of Commerce of the PRC, the National Development and Reform
Commission and other governmental agencies. The referenced
reports and publications were mainly compiled by the China
Plastic Processing Industry Association (CPPIA), the China Scrap
Plastics Association (CSPA) and market research firms. Field surveys referred to sampling and investigation conducted in a typical coastal city (Wenzhou, Zhejiang province) in China to obtain
the amount of plastic waste entering sea from coastal areas. Section 2.4, Tables 1 and 2 show the data sources and methods used
to calculate the coefficients.

2.3 Prediction
To predict the amount of plastic waste discharged into the
sea, two conditions were established in this study: Condition 1 is
prediction using only the MFA model, and Condition 2 is prediction based on the MFA model while considering impacts from reducing actions of plastic waste production and import.
In Condition 1, the model inputs were predicted by using the
available data to build trend lines over the years (Fig. 2), and
strong relationships were found (R2 > 0.88). The production, import and export of primary plastic will all increase after 2017,
while the import of plastic products and production of plastic
products will decrease after 2017. All inputs except for the import
of plastic waste originate from data from official sources from
2011 to 2017, as shown in Table 1.
The import of plastic waste exhibits a linear decrease beginning in 2018 because of China’s ban on importing plastic waste;
therefore, we utilized the data predicted by the CSPA (Fan, 2018)
in 2018 and considered the amount of imported plastic waste to
be zero after 2019. By predicting the model inputs from 2018 to
2020 and assuming that the coefficients will not change over
time, the model output, which is the annual amount of plastic
waste entering the sea in China, can be determined accordingly.
In Condition 2, the influences of reducing actions were combined with the results of Condition 1 to forecast the amount of
plastic waste entering the sea in China in response to powerful
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Table 1. Coefficients in Fraction A of the MFA model
Description
WPL ratio of primary plastics made into
plastic products
WI1

WI2

WI3

WI4

WI5

WP1

WP2

WP3

WP4

WP5

WE1

WE2

WE3

WE4

WE5

WW1
WW2
WW3

Calculation method
Mean/% Std/%
Sources
plastic product
73.51
2.48 CPPIA (2012, 2013, 2014, 2015, 2016, 2017);
production/primary plastic
National Bureau of Statistics of the PRC (2018)
production
import ratio of plastic film
amount of plastic film
48.01
5.29 CPPIA (2012, 2013, 2014, 2015, 2016, 2017);
imports/amount of all
General Administration of Customs of the PRC
plastic product imports
(2018); Zhong Jin Qi Xin Beijing International
Information Consultation Co. (2018)
import ratio of plastic foam
amount of plastic foam
4.58
0.42 CPPIA (2012, 2013, 2014, 2015, 2016, 2017);
imports/amount of all
General Administration of Customs of the PRC,
plastic product imports
(2018); Zhong Jin Qi Xin Beijing International
Information Consultation Co. (2018)
import ratio of synthetic leather
amount of synthetic leather 2.90
0.35 CPPIA (2012, 2013, 2014, 2015, 2016, 2017);
imports/amount of all
General Administration of Customs of the PRC,
plastic product imports
(2018); Zhong Jin Qi Xin Beijing International
Information Consultation Co. (2018)
import ratio of plastic commodities
amount of plastic
2.63
0.59 CPPIA (2012, 2013, 2014, 2015, 2016, 2017);
commodity
General Administration of Customs of the PRC
imports/amount of all
(2018); Zhong Jin Qi Xin Beijing International
plastic product imports
Information Consultation Co. (2018)
import ratio of other types
amount of other import
41.10
15.19 CPPIA (2012, 2013, 2014, 2015, 2016, 2017);
types/amount of all plastic
General Administration of Customs of the PRC
product imports
(2018); Zhong Jin Qi Xin Beijing International
Information Consultation Co. (2018)
processing ratio of plastic film
plastic film production/all 17.45
0.61 CPPIA (2012, 2013, 2014, 2015, 2016, 2017);
plastic product production
General Administration of Customs of the PRC
(2018); Zhong Jin Qi Xin Beijing International
Information Consultation Co. (2018)
processing ratio of plastic foam
plastic foam production/all 2.86
0.36 CPPIA (2012, 2013, 2014, 2015, 2016, 2017);
plastic product production
General Administration of Customs of the PRC
(2018); Zhong Jin Qi Xin Beijing International
Information Consultation Co. (2018)
processing ratio of synthetic leather
synthetic leather
4.89
0.56 CPPIA (2012, 2013, 2014, 2015, 2016, 2017);
production/all plastic
General Administration of Customs of the PRC
product production
(2018); Zhong Jin Qi Xin Beijing International
Information Consultation Co. (2018)
processing ratio of plastic commodities plastic commodity
7.98
0.28 CPPIA (2012, 2013, 2014, 2015, 2016, 2017);
production/all plastic
General Administration of Customs of the PRC
product production
(2018); Zhong Jin Qi Xin Beijing International
Information Consultation Co. (2018)
processing ratio of other types
other types production/all 66.97
0.21 CPPIA (2012, 2013, 2014, 2015, 2016, 2017);
plastic product production
General Administration of Customs of the PRC
(2018); Zhong Jin Qi Xin Beijing International
Information Consultation Co. (2018)
export ratio of plastic film
amount of plastic film
15.19
0.95 CPPIA (2012, 2013, 2014, 2015, 2016, 2017);
exports/amount of all
General Administration of Customs of the PRC
plastic product exports
(2018); Zhong Jin Qi Xin Beijing International
Information Consultation Co. (2018)
export ratio of plastic foam
amount of plastic foam
1.88
0.08 CPPIA (2012, 2013, 2014, 2015, 2016, 2017);
exports/amount of all
General Administration of Customs of the PRC
plastic product exports
(2018); Zhong Jin Qi Xin Beijing International
Information Consultation Co. (2018)
export ratio of synthetic leather
amount of synthetic leather 3.84
0.30 CPPIA (2012, 2013, 2014, 2015, 2016, 2017);
exports/amount of all
General Administration of Customs of the PRC
plastic product exports
(2018); Zhong Jin Qi Xin Beijing International
Information Consultation Co. (2018)
export ratio of plastic commodities
amount of plastic
19.12
4.43 CPPIA (2012, 2013, 2014, 2015, 2016, 2017);
commodity exports/amount
General Administration of Customs of the PRC
of all plastic product exports
(2018); Zhong Jin Qi Xin Beijing International
Information Consultation Co. (2018)
export ratio of other types
amount of other types of
57.58
0.73 CPPIA (2012, 2013, 2014, 2015, 2016, 2017);
plastic exports/amount of
General Administration of Customs of the PRC
all plastic product export
(2018); Zhong Jin Qi Xin Beijing International
Information Consultation Co. (2018)
scrap ratio of plastic film
amount of plastic film
68.39
0.00 National Bureau of Statistics of the PRC (2018);
scraps/amount of all plastic
Zhiyan Consulting Group (2015)
product scraps
scrap ratio of plastic foam
amount of plastic foam
98.11
0.00 National Bureau of Statistics of the PRC (2018);
scraps/amount of all plastic
Zhiyan Consulting Group (2015)
product scraps
scrap ratio of synthetic leather
amount of synthetic leather 9.81
0.00 National Bureau of Statistics of the PRC (2018);
scraps/amount of all plastic
Zhiyan Consulting Group (2015)
product scraps
to be continued
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Continued from Table 1
Description
WW4 scrap ratio of plastic commodities
WW5 scrap ratio of plastic scraps
WR

recycling ratio of plastic waste

WUR unrecycled ratio of plastic waste
QPD plastic product production
QPi production of each category of plastic
products
QW waste plastic production

Calculation method
amount of plastic
commodity scraps/amount
of all plastic product scraps
amount of other types of
plastic scraps/amount of all
plastic product scraps
amount of recycled plastic
waste/amount of all plastic
waste
amount of plastic
garbage/amount of all
plastic waste
Q P D = (Q P P + I P P ) £ W P D

Q P 1 = I P W L +Q P DW P i ¡E P W E i

QW =

N
X
i

QR

recycled amount of plastic waste

QUR amount of plastic garbage

Mean/% Std/%
Sources
69.16
0.00 National Bureau of Statistics of the PRC (2018);
Zhiyan Consulting Group (2015)
36.04

0.00

National Bureau of Statistics of the PRC (2018);
Zhiyan Consulting Group (2015)

47.21

2.29

52.79

2.29

Ministry of Commerce of the PRC (2014, 2016,
2017); National Development and Reform
Commission of the PRC (2013)
Ministry of Commerce of the PRC (2014, 2016,
2017); National Development and Reform
Commission of the PRC (2013)
CPPIA (2012, 2013, 2014, 2015, 2016, 2017)
CPPIA (2012, 2013, 2014, 2015, 2016, 2017); Ma
(2018)
National Bureau of Statistics of the PRC (2018)

Q Pi W Wi i = 1 ¡ 5;

N=5
Q R = (Q W + I W ) £ W R

Ministry of Commerce of the PRC (2014, 2016,
2017)
Ministry of Commerce of the PRC (2014, 2016,
2017)

Q UR = (Q W + I W ) £ W UR

Table 2. Characteristic comparison of ten rivers into the sea in China
River
Huangpu River
Liaohe River
Haihe River
Qiantang River
Ouhe River
Huaihe River
Zhujiang River
Changjiang River
Huanghe River
Minhe River

River length/km
113
1 345
1 090
588
384
1 000
2 320
6 397
5 464
562

Runoff*/109 m3
10.00
2.50
3.03
27.64
20.27
28.09
349.30
1 045.00
16.50
100.60

Basin area*/104 km2
2.40
12.64
8.40
2.44
1.81
13.16
41.52
170.54
68.22
5.85

Basin population/104 person
4 001.00
3 473.09
15 150.00
1 607.00
469.00
16 043.00
12 558.00
40 000.00
11 368.23
1 180.00

Note: * The Ministry of Water Resources of the PRC (2017).

reducing actions. Reducing actions will cut down the amounts of
mismanaged plastic waste and imported plastic waste, ultimately reducing the input of plastic waste into the sea. Due to the
powerful governmental control of mismanaged domestic garbage
in terms of improving the ratios of rural and urban domestic
waste that undergo harmless treatment (Ministry of Commerce
of the People’s Republic of China and MOHURD, 2015; Ministry
of Commerce of the PRC and Ministry of Ecology and Environment of the PRC, 2016; Shanghai Administration Department of
Afforestation and City Appearance, 2018), along with classifying
and recycling rural and urban domestic garbage and agricultural
film (Ministry of Agriculture of the PRC, 2017) and other actions
and regulations from 2018, we used a range of decrease rates for
mismanaged plastic based on governmental reducing actions:
15% in 2018, 40% in 2019 and 60% in 2020 comparing with prediction without the effects of reducing actions.
2.4 Ratio of mismanaged plastic waste entering the sea
To determine the ratio of plastic waste input into the sea, the
amounts of plastic waste entering the sea from coastal areas of
China and transported by rivers into the sea in 2017 were estimated. By sampling and conducting surveys in Wenzhou, Zhejiang
Province, which is a typical coastal city in China, the sources of
plastic waste released into the sea in coastal cities were found to
mainly include marine fish aquaculture, coastal tourism and off-

shore fishing boats (which are weakly controlled by the MARPOL
Annex V). To estimate the approximate amount of plastic waste
transported by rivers into the sea in China, Huangpu River which
is the last tributary of the Changjiang River before it empties to
East China sea was selected. Huangpu River is a representative
river into the sea due to the population density on the hydrographic net without dyke protection comparing with other rivers
in China (Table 2). We used the data from the daily collection of
floating garbage from the Huangpu River (Shanghai Administration Department of Afforestation and City Appearance, 2018) and
population living in the area connected with the hydrographic
net of Huangpu River. All coefficients in equations were obtained from field surveys and research papers.
2.4.1 Marine fish aquaculture
Marine fish aquaculture leads to the release of many plastic
foam pontoons and domestic garbage from people engaged marine aquaculture entering the sea. The amount of plastic waste entering into the sea from marine fish aquaculture (AO1, Mt) consists of the amounts of plastic foam pontoons, plastic mesh and
domestic plastic waste generated by the people engaged marine
aquaculture. AO1 was calculated as follows:
A O1 = S £ Y £ 25% £ M 1 + S £ M 1 £ U £ 20% £ 50%+
N 1 £ P 1 £ t 1 £ 100% ;
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Fig. 2. Trend lines between model inputs and year. Input: production of primary plastic (a); input: production of plastic products (b);
input: import of primary plastic (c); input: export of plastic products (d); input: import of plastic products (e); Mt=million tons.
where S is area of marine fish aquaculture (Ministry of Agriculture, Fisheries Bureau of the PRC, 2018). Y is usage amount of
plastic foam pontoons, which is 0.75 plastic foam pontoon/m2
aquaculture area, each plastic foam pontoon weighs 2 kg (M1),
and 25% of damaged plastic foam pontoons will enter the sea; M2
stands for the weight of plastic mesh per square meter is 0.8 kg, U
is usage amount of plastic mesh, 5 m2 plastic mesh/m2 aquaculture area, and 20% of plastic mesh will be replaced while 50% of
replaced plastic mesh will enter the sea; N1 is number of persons
engaged marine fish aquaculture (Ministry of Agriculture, Fisheries Bureau of the PRC, 2018), people engaged marine aquaculture will produce 0.8 kg domestic garbage/person/day (State
Council’s First National Pollution Source General Survey Leading Group, 2008) and plastic weighs 1% in the domestic waste.
Persons engaged marine fish aquaculture work approximately
300 days each year (t 1 ); by conducting field surveys, domestic
garbage from small marine fish aquaculture boats without garbage collection regulations will 100% enter the sea.
2.4.2 Coastal tourism
Coastal tourism will result in plastic garbage leaving on the

beach and into the sea by waves and wind. The amount of plastic
waste entering the sea from coastal tourism (AO2, Mt) was calculated as follows:
A O2 = N 2 £ P 2 £ 96% £ 26% £ t 2 £ 10% ;
where N2 is number of coastal tourists (Ministry of Culture and
Tourism of the PRC, 2018), tourists will produce 0.29 kg garbage/
tourist/day (State Council’s First National Pollution Source General Survey Leading Group, 2008) (P2); non-degradable garbage
weighs 96% in all garbage from tourist while plastic accounts for
26% (Kuniyal et al., 2003); 10% plastic garbage will enter the sea
from coastal areas (Thompson, 2007) and coastal scenic area
busy approximately 180 days a year.
2.4.3 Rivers
Using the data on daily collected floating garbage from the
Shanghai Administration Department of Afforestation and City
Appearance (Shanghai Administration Department of Afforestation and City Appearance, 2018), the amount of plastic waste
transported by rivers to the sea (AO3, Mt) was calculated as fol-
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lows:
A O3 =

M 3 £ 1% + M 4 £ 25%
£ N4 ;
N3

where M3 and M4 are annual amount of domestic garbage from
crews and floating garbage on the Huangpu River (Shanghai Administration Department of Afforestation and City Appearance,
2018), plastic accounts for 1% in domestic waste from crews and
plastic waste accounts for 25% in floating garbage on the Huangpu River; N3 and N4 are population of the Huangpu River basin
and basin of all rivers into the sea of China (Table 3, National
Bureau of Statistics of the PRC, 2018).
2.4.4 Offshore fishing boats
Coefficients and data were obtained from field survey and the
People’s Republic of China ministry of agriculture, fisheries bureau (Ministry of Agriculture, Fisheries Bureau of the PRC, 2018).
The plastic waste generated in offshore fishing boats which include domestic waste and plastic foam boxes (AO4, MT) is calculated via:
A O4 = N 5 £ P 1 £ 1% £ t 3 £ 50% + N £ q £ M 5 ;
where N5 is number of crew in fishing boats (Ministry of Agriculture, Fisheries Bureau of the PRC, 2018), and crews will produce
0.8 kg domestic garbage/person/day (State Council’s First National Pollution Source General Survey Leading Group, 2008) (P1)
while plastic accounts for 1%; 50% domestic garbage may enter the
sea; crew in fishing boats work approximately 180 days a year due
to fishing bans and weather; N is number of offshore fishing boats
and fishing boats unintentional damaged almost 30 plastic foam
boxes (q) annually with each plastic foam box weights 0.5 kg (M5).
For 2017, A O1 was calculated to be 0.670 7 Mt, AO2 was 0.012 0 Mt,
AO3 was 0.159 1 Mt and AO4 was 0.003 9 Mt. The sum of AO1, AO2,
AO3 and AO4 is considered equal to the amount of plastic waste
entering the sea from China in 2017 (Table 3); therefore, the ratio
of plastic waste entering the sea was 31.80%.
Wenzhou is a coastal city with a highly developed marine
fishery and coastal tourism, which may lead to a large quantity of
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plastic waste entering the sea from marine fish aquaculture and coastal tourism, and that the status of floating garbage collected in
the Huangpu River does not represent the national average, meanwhile the sources of plastic waste enter the sea calculated in this
study are not comprehensive enough, this ratio of 31.80% may be
an approximation. Considering yearly fluctuations of unpredictable plastic waste volume is about 5%, we used 31.80% as a medium ratio of mismanaged plastic waste entering the seas in China,
5% downward fluctuating to 26.80% and 5% upward to 36.80% as
the minimum and maximum ratios respectively to obtain a reasonable range of input of plastic waste into the sea from China.
3 Results and discussion
3.1 Fraction A of the MFA model
According to data from the CPPIA (CPPIA, 2013) and the National Bureau of Statistics of the PRC (National Bureau of Statistics of the PRC, 2018), we divided plastic products into five categories according to production type: plastic film, plastic foam,
plastic synthetic leather, plastic commodities and other types of
plastic (Free et al., 2014; Ma, 2018). Table 4 shows the specific information on these plastic product types.
At the end of its service life, a plastic product becomes plastic
waste. Some plastic waste will be recycled, whereas the unrecycled portion will become plastic garbage. The coefficients indicated by red lines in Fig. 3 are the ratio of primary plastics
made into plastic products (WPD), the processing ratio of each
type of plastic product (W Pi ), the import ratio of each type of
plastic product (WIi), the scrap ratio of each type of plastic product (WWi) and the ratio of unrecycled plastic waste (WUR), and
these coefficients are all positively correlated with the output.
The coefficients marked with blue lines are the export ratios of
each type of plastic product (WEi), and these coefficients are negatively correlated with the output. By combining the positive and
negative coefficients, the minimum, medium and maximum values of the output of the Fraction A in model can be determined.
The inputs to Fraction A are the import of primary plastic (IPP)
(General Administration of Customs of the PRC, 2018), primary
plastic production (QPP) (National Bureau of Statistics of the PRC,
2018), import of plastic products (IP) (CPPIA, 2012, 2013, 2014,

Table 3. Amount of marine plastic waste input in China in 2017
Categories
Marine aquaculture (AO1)

Coastal tourism (AO2)
Rivers (AO3)
Offshore fishing boats (AO4)

Components
plastic foam pontoons
plastic mesh
plastic garbage generated by people engaged marine aquaculture
mismanaged plastic garbage generated by the tourists
plastic garbage generated by the crews of boats in rivers
mismanaged plastic waste generated by inhabitants living in river basins
plastic foam boxes
domestic plastic garbage generated by the crews of offshore fishing boats

Total

Amount/Mt
0.670 7

0.012 0
0.159 1
0.003 9
0.845 7

Table 4. Specific descriptions of the five types of plastic products considered in this study
Type
Plastic film
Plastic foam
Plastic synthetic leather
Plastic commodities
Other types of plastic

Specific items
agricultural, industrial and commercial plastic films; packaging and other plastic film items
plastic foam boxes, plates, pipes and other plastic foam items
leatherette, synthetic leather
kitchenware and sanitary ware plastic products, plastic clothing, plastic decorations and other plastic
products for daily use
plastic plates, pipes, ropes, containers, components, artificial turf (except for the above plastic materials)
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2015, 2016, 2017; Ma, 2018), export of plastic products (EP) (CPPIA, 2012, 2013, 2014, 2015, 2016, 2017; Ma, 2018) and import of
plastic waste (IW) (Feijiu.net, 2017; Jiang, 2014). The output of
Fraction A is plastic garbage (Q UR ). Calculation method and
sources of coefficients in Fraction A of MFA model are shown in
Table 1.
3.2 Coefficients in the MFA model
Reliable datasets from 2011–2017 in China were used as the
input. The data were processed, and model simulation tests were
conducted to determine the value of each coefficient in the model. The value distributions and outliers for each coefficient are
shown in Fig. 4.
It can be seen from Fig. 4 that the coefficients in the MFA
model vary within certain ranges. For consistency, the ranges of
the coefficients are defined as the mean±standard deviation
(StDev) without outliers. For the calculation, positive coefficients
are defined as the mean + StDev, and negative coefficients are

defined as the mean – StDev to get the range of model estimation.
3.3 Quality assessment of the model
Because the output of Fraction A is the amount of plastic
garbage generated in China based on official statistical data and
the amount of plastic waste entering the sea has not been subject
to official monitoring, the quality assessment of the MFA model
was performed by assessing the accuracy of Fraction A in the
MFA model (Fig. 5). In this study, data on the generation of municipal domestic garbage (MOHURD, 2017a) were combined
with the percentage of plastic waste in household garbage that is
11.16%±5.01% (Table 5) to determine the true amount of plastic
garbage generated in China.
Figure 5 indicates that: (1) the model can predict the annual
amount of plastic garbage generated in China with reasonable
accuracy and (2) among the maximum, medium and minimum
predicted amounts of plastic garbage, the maximum predicted
values deviate the least from the real values (t-test, p=0.311).
I
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Fig. 3. Fraction A of the MFA model. WPi represents processing ratio of each type of plastic product, WIi import ratio of each type of
plastic product, WEi export ratio of each type of plastic product, and WWi scrap ratio of each type of plastic product. The specific
descriptions of the coefficients and processes are given in Table 1.
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Therefore, the coefficients that lead to the maximum amount of
plastic garbage should be chosen for use in Fraction A of the
model (Table 6).
3.4 Fraction B of the MFA model
The output of Fraction A, the maximum values of plastic

garbage (QUR), will enter Fraction B (Fig. 6) of the MFA model as
the input. China currently promotes the harmless treatment (HT)
of domestic garbage, which includes landfill, incineration and
compost treatment processes (Zhang et al., 2011).
We assumed that all plastic waste that underwent HT would
remain on land because the amounts of plastic waste residues

true value
model average

22
Amount of unrecovered plastic waste/Mt

33

20

18

16

14

2011

2012

2013

2014

2015

2016

Year

Fig. 5. Model-predicted amounts of plastic garbage versus true values. The blue dots represent the medium amounts of plastic
garbage calculated from Fraction A of the model, and the red dots represent the real amounts of plastic waste generated in China. The
top lines represent the predicted maximum amounts of plastic garbage, and the bottom lines represent the predicted minimum
amounts of plastic garbage.
Table 5. Ratios of plastic in domestic garbage in cities of China
Regions

Cities

Eastern China1) Beijing

Central China1)

Plastic in domestic
Sources
garbage/%
19.47
Li et al. (2001)

Regions

Cities

Plastic in domestic
Sources
garbage/%
10.00
Zhang et al. (2007)

Tianjin

17.91

Western China1) Inner
Mongolia
Peng et al. (2014)
Chongqing

12.00

Yu et al. (2014)

Hebei
Shanghai
Jiangsu

9.10
13.98
11.20

NA2)
Li et al. (2001)
Zhou et al. (2000)

Sichuan
Guangxi
Guizhou

15.40
12.40
2.49

Fu et al. (2014)
Zhang et al. (2014)
Jiang and Liu (2004)

Zhejiang
Fujian
Shandong
Guangdong

23.86
9.55
11.20
20.15

Li et al. (2001)
NA2)
Li et al. (2001)
Liu et al. (2005)

Yunnan
Tibet
Shannxi
Gansu

5.00
11.90
7.93
13.00

NA2)
Ci et al. (2007)
Li et al. (2001)
Gou et al. (2012)

Hainan
Shanxi
Anhui
Jiangxi
Henan

10.10
8.90
10.80
9.10
10.32

Ningxia
Qinghai
Xinjiang
Heilongjiang
Jilin

2.60
2.80
9.60
4.50
15.00

Li et al. (2000)
NA2)
Chen et al. (2010)
NA2)
Liu et al. (2005)

Hubei

9.29

NA2)
NA2)
NA2)
NA2)
Zhang et al.
(2014)
Li et al. (2001)

Liaoning

14.55

Ren et al. (2011)

Northeastern
China1)

Hunan
11.72
NA2)
1)
Note: According to the definition of classification 3 (based on the natural geographical location) in the Ministry of Housing and UrbanRural Development (MOHURD) yearbook (MOHURD, 2017a); NA2 means no analysis in papers, determined the value according to ratio of
plastic in domestic waste from cities with similar GDP and population.

Table 6. Coefficients used in Fraction A of national model
Coefficients
WPD
WP1
WP2
WP3
WP4
WP5

Value/%
76.00
18.06
3.21
5.45
8.26
67.18

Coefficients
WI1
WI2
WI3
WI4
WI5

Value/%
53.30
4.99
3.24
3.22
46.74

Coefficients
WE1
WE2
WE3
WE4
WE5

Value/%
14.24
1.79
3.54
14.69
56.85

Coefficients
WW1
WW2
WW3
WW4
WW5
WUR

Value/%
68.39
98.11
9.81
69.16
36.04
55.08

34

BAI Mengyu et al. Acta Oceanol. Sin., 2018, Vol. 37, No. 11, P. 26–39

WI

incineration
amount (QI)

WII

incineration
HT plastic
waste (QHT)

Landfill

WHT
harmless
treatment

plastic
garbage
(QUR)

plastic
waste
staying
on land
amount
(AL)

WL

WC
compost

PL
WNHT
no harmless
treatment

mismanaged
plastic waste
(QNHT)

plastic
waste
entering
ocean
amount
(AO)

PO

Fig. 6. Fraction B of the MFA model. HT represents harmless treatment. The specific descriptions of the coefficients and processes
are given in Table 2.
from landfilling, composting and incineration that may enter the
sea are negligible compared to the total amount of plastic waste
that undergoes HT. Plastic garbage not subjected to HT, which
include directly littered plastic waste (defined as 2%× plastic
garbage (Keep America Beautiful WD, 2009)) and the percentage
of plastic waste in household garbage (11.16%)× domestic garbage without HT (MOHURD, 2017a), was identified as mismanaged plastic waste. The average ratio of plastic garbage not subjected to HT and maximum values of plastic garbage from Fraction A are used in Fraction B to obtain the annual amount of
plastic waste entering the sea from China. Calculation method

and sources of coefficients in Fraction B of MFA model are shown
in Table 7.
3.5 Amount of plastic waste entering the sea
The annual amounts of plastic waste entering the sea from
2011 to 2020 are shown in Fig. 7.
In 2011, the amount of plastic waste entering the sea in China
was 0.547 3 to 0.751 5 Mt, with an average growth rate of 4.55%
each year until 2017. In 2016, the amount of plastic waste entering the seas was the highest at 0.721 9–0.991 3 Mt. Rapid decreases begin in 2017 in both Conditions 1 and 2. Due to redu-

Table 7. Coefficients in Fraction B of the MFA model
WHT
WNHT
WI
WL
WC
QHT
QNHT
QI
AL
AO
WII
PL
PO

Description
ratio of plastic garbage
subjected to HT
ratio of plastic garbage
not subjected to HT
incineration ratio of
plastic waste
landfill ratio of plastic
waste
compost ratio of plastic
waste
amount of plastic waste
subjected to HT
amount of mismanaged
plastic waste
amount of incinerated
plastic waste
amount of plastic waste
remaining on land
amount of plastic waste
entering the sea
ratio of generated
incineration residue
ratio of mismanaged
plastic waste remaining
on land
ratio of mismanaged
plastic waste entering
the sea

Calculation method
–
(amount of plastic waste not subjected to
HT +2×total plastic garbage)/total plastic
garbage
amount of incinerated plastic waste/total
HT of plastic waste
amount of landfilled plastic waste/total
HT of plastic waste
amount of composted plastic waste/total
HT of plastic waste
Q HT = Q G £ W HT

Mean/%
87.41

–

Sources
Ministry of Commerce of the PRC
(2014, 2016, 2017); MOHURD (2017a)
Keep America Beautiful WD (2009);
Ministry of Commerce of the PRC
(2014, 2016, 2017); MOHURD (2017a)
MOHURD (2017a)

–

MOHURD (2017a)

–

MOHURD (2017a)

12.59

MOHURD (2017a)

Q NHT = Q G £ W NHT

MOHURD (2017a)

Q I = Q HT £ W I

MOHURD (2017a)

A L = Q L £ W II + Q HT £ W L + Q C + Q NHT £ P L

A O = Q NHT £ P O
–

Zhiyan Consulting Group (2015)

–

Section 2.4

26.80
31.80
36.80

Section 2.4
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Fig. 7. Estimated and predicted annual amounts of plastic garbage entering the sea from China. Reducing action*: MOHURD and
other departments comprehensively promote the management of rural domestic waste(Ministry of Commerce of the People’s
Republic of China and MOHURD, 2015), National Urban Ecological Protection and Construction Planning (2015–2020)(Ministry of
Commerce of the PRC and Ministry of Ecology and Environment of the PRC, 2016), etc. All reducing actions are shown in Table 7. For
years before 2017, we used the MFA model to estimate the amount of plastic waste entering the sea. For the predicted amounts
between 2018 and 2020, the results based on only the MFA model and those considering the effects of government regulations are
compared in this figure. The yellow area reflects the impact of government regulations on the amount of plastic waste entering the sea.
cing measures that strictly forbid the import of waste plastic of
both industrial and domestic origin (General Office of the State
Council of the PRC, 2017; Ministry of Ecology and Environment
of the PRC, 2017, 2018; Ministry of Ecology and Environment of
the PRC and Ministry of Commerce of the PRC, 2017; Standing
Committee of the National People’s Congress, 2017, 2018) and
promote the classification of domestic waste (MOHURD, 2017b;
National Development and Reform Commission of the PRC and
MOHURD, 2017), the results of Conditions 1 and 2 exhibit quantitative differences that represent the impacts of the reducing
measures (Fig. 7). For 2018, the result of Condition 2 is 0.094 3 to
0.129 5 Mt less than that of Condition 1, and for 2020, the result of
Condition 1 is 0.642 8 to 0.882 7 Mt, while that of Condition 2 is
0.257 1 to 0.353 1 Mt. Table 8 shows the governmental policies,
action plans and regulations related to the amount of plastic
waste in China. It is noteworthy that the amount of floating
plastic debris accounts for about 1% of all plastic waste.
By tracing the sources of marine plastic garbage, we found
that the amount of plastic waste entering the sea is largely dependent on the effectiveness and level of HT and management of
domestic waste and the collection and treatment of mismanaged
plastic waste. To reduce the input of plastic waste from the human environment to the natural environment, it is necessary to

enhance the construction of urban infrastructure, promote public awareness of marine environmental issues, and establish
waste management strategies and reducing measures for mismanaged plastic waste.
However, it is noteworthy that according to Table 4, the coastal fishery activities produced 0.674 6 Mt marine plastic waste in
2017, which accounts for 79.77% of the total amount of plastic
waste discharged into the sea in 2017, while the amount of plastic
waste discharged into the sea by rivers was 0.159 1 Mt, accounting for 18.81% of the total amount. The amount of plastic waste
discharged from coastal areas was much larger than that from
rivers. The reason may be that China’s major rivers, such as the
Yangtze River, are located in plains with a dense population, but
the rivers all have flood control levees and there is little direct input of marine plastic waste. Much of the plastic waste discharged
into the sea comes from poor control over the waste generated by
water activities, including fisheries and shipping. The amount of
plastic waste produced by coastal fisheries and aquaculture
activities is huge with a high replacement rate which is about 20%
every year and the effect of typhoon or other climatic factors, the
total amount of plastic waste produced every year is as high as
0.674 6 Mt, which deserves close attention.
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Table 8. Governmental policies and regulations related with amount of plastic waste
Legislations
Embodiment about Domestic Garbage Classification
Notice on Accelerating the Classification of Domestic Garbage in Key Cities
Embodiment about Banning Import of Foreign Garbage into China to Promote the
Reform of Solid Waste Import Management
Customs Law of the People’s Republic of China
Administration of Environmental Protection Relating to Solid Waste in the Category
of Import Restriction Usable as Raw Material
Catalogue for the Administration of the Import of Solid Waste
Measures for the Inspection, Quarantine, Supervision and Administration of
Imported Solid Waste That Can Be Used as Raw Materials (2017) [Revised]
Law of the People’s Republic of China on Import and Export Commodity Inspection
(2018 Amendment) [Effective]
National Urban Ecological Protection and Construction Planning (2015–2020)

Standing Committee of the National People’s
Congress (2017)
Ministry of Ecology and Environment of the PRC
(2017)
Ministry of Ecology and Environment of the PRC
and Ministry of Commerce of the PRC (2017)
Ministry of Ecology and Environment of the PRC
(2018)
Standing Committee of the National People’s
Congress (2018)
Ministry of Commerce of the PRC and Ministry of
Ecology and Environment of the PRC (2016)
Ministry of Commerce of the People’s Republic of
China and MOHURD (2015)
Ministry of Agriculture of the PRC (2017)
Shanghai Administration Department of
Afforestation and City Appearance (2018)
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Fig. 8. A graphical abstract of this model.
3.6 Comparison with other studies
The amount of plastic waste predicted in this study to enter
the sea in 2011 was 0.55 to 0.75 Mt, and the quantities predicted
by Jambeck et al. (2015) in 2010 was 1.32–3.53 Mt, which is almost 2 to 5 times the annual input of China in this study.
There are two explanations for the differences between these
two studies. The first is the use of different statistical methods.
Jambeck et al. (2015) used Gross National Income (GNI) values
and geographic regions to estimate the ratios of inadequately
managed waste in different countries and came to the conclusion that 74% of all domestic waste in China is inadequately managed. Jambeck et al. (2015) estimated the mismanaged plastic
waste generated by people living within 50 km of the coast, while
the population of coastal cities accounts for 43% of China’s total
population, and regional GDP is almost 60% of the China’s GDP
in 2016. The characteristic of economic prosperity in coastal
areas in China is part of the reason China was the biggest contributor worldwide of plastic waste enter the sea in 2010. In the
present study, detailed data in each stages of plastic products
were used to build an MFA model based on LCA to follow plastic

products from primary plastic to plastic waste that may be mismanaged and subsequently enter the sea. The results of this
study show that only 12.59% of the plastic waste in China is mismanaged and may enter the sea. This study estimated the input
of plastic waste into the sea from people living in coastal cities
and plastic waste transported by rivers, and these two sources
covered almost the whole emission of plastic waste from all population in China. The second explanation is the use of different
data sources. The data used in the paper by Jambeck et al. (2015)
are mainly from the World Bank (Hoornweg et al., 2005), USA.
Environmental Protection Agency and NPO. And the monitoring
data of municipalities in the San Francisco Bay watershed was
used to evaluate the ratio of uncaptured plastic waste and thus
available to enter the sea. The ratio was used in countries despite
different economical levels, regulatory policies and living habits
of residents near rivers and thus may cause inaccuracy estimate.
Data sources in this study were more comprehensive and detailed which include annual reports of government agencies in
China, market research reports, industry associations, field sampling and investigation. Data from government agencies and oth-
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er sources can be tested and confirmed by each other, such as the
amount of plastic products from China Plastic Processing Industry Association (CPPIA) are determined by import and production amount of primary plastic from National Bureau of Statistics,
and they can verify each other’s data to ensure data accuracy.
4 Conclusions
This study is the first to estimate the annual production of
plastic waste in China categorized by types of plastic products.
There are estimations and inferences located in coefficients and
equations building stages in this study, however the prediction
results of the model strongly correspond with the actual statistical data. Comparing with other studies about the emissions of
plastic waste into the sea from China, the results in this study
show a more detailed situation in China.
The results of this study suggest that the annual input of plastic waste into the sea from China continuously increase before
2017, the amount of plastic waste produced by coastal fishery is
far greater than that from rivers. After 2017, plastic waste discharged to the sea will be reduced by China’s efforts in solid
waste and domestic waste management and control. With the
promotion of China’s ban on importing plastic waste and the
construction of ecological civilization, the amount of plastic
waste discharged into the sea will be greatly reduced in the future.
China plays an important role in investigating and controlling marine plastic debris. Overestimation of the amount of
plastic waste entering the sea from China will ultimately lead to
overestimation of the global input of marine plastic waste. Thus,
studies on the quantity of marine plastic debris input should be
continuously conducted until a precise amount can be determined. As for the control and management of marine plastic waste
in China, it is suggested to strengthen the governance and control of plastic waste in coastal fishery aquaculture activities,
which will greatly reduce the amount of marine plastic waste in
China.
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Abstract

The Huanghe River captures the Diaokou River in 1964 and forms a deltaic lobe in the subsequent 12 a. The
progradational process of the Diaokou lobe is in associated with complicated evolution of riverine sheet flooding,
merging, and swinging. On the basis of 11 borehole cores and 210 km high resolution seismic reflection data set,
the sedimentary sequence and dynamic environment of the Diaokou lobe (one subdelta lobe of the modern
Huanghe River Delta) are studied. The stratigraphy of the lobe is characterized by an upward-coarsening ternary
structure and forms a progradational deltaic clinoform. Totally six seismic surfaces are identifiable in seismic
profiles, bounded six seismic units (SUs). These SUs correspond to six depositional units (DUs) in the borehole
cores, and among them, SUs 4–6 (DUs D to F) consist of the modern Diaokou lobe. Lithological and seismic
evidences indicate that the delta plain part of the Diaokou lobe is comprised primarily by fluvial lag sediments
together with sediments from sidebanks, overbanks, fluvial flood plains and levees, while the delta front part is a
combination of river mouth bar sands (majority) and distal bar and deltaic margin sediments (minority). As a
result of the high sedimentation rate and weak hydrodynamic regime in the Huanghe River Delta, the sediments
in the delta front are dominated by fine-grained materials. The grain size analysis indicates the Huanghe River
hyperpycnal-concentrated flow shows the suspension, transportation and sedimentation characteristics of gravity
flow, and the sediment transportation is primarily dominated by graded suspension, while uniform suspension
and hydrostatic suspension are also observed in places. The strength of the hydrodynamic regime weakens
gradually offshore from riverbed, river mouth bar, sidebank, distal bar subfacies to delta lateral margin and
flooding plain subfacies.
Key words: modern Huanghe River Delta, sedimentary facies, sediment dynamics, grain size
Citation: Gao Wei, Liu Shihao, Liu Jie, Xu Yuanqin, Li Ping. 2018. The sedimentary facies and dynamic environment of the Diaokou lobe in
the modern Huanghe River Delta of China. Acta Oceanologica Sinica, 37(11): 40–52, doi: 10.1007/s13131-018-1332-z

1 Introduction
Fluvial delta is a comprehensive sedimentary system; its sedimentation, suspension and reworking of the sediments are heavily influenced by both river system (Coleman and Wright, 1975)
and marine forces (e.g., tide and wave) (Wright et al., 1986a;
Wang et al., 2010). As formed and evolved in the coastal area, a
transition of the marine and terrestrial environments, the fluvial
delta is sensitive to the global environmental change (Bianchi
and Allison, 2009). Deltaic sedimentary and geomorphological
processes are dominated by both marine (wave and tide) and fluvial forces (Wright, 1985; Wang et al., 2007). During the regressive period, the fluvial clinoform migrated into the prior neritic
and littoral settings, resulting in a series of different sedimentary
facies. Therefore, the deltaic sequence stratigraphic study can reveal the sedimentary evolution as well as the geomorphology that

is associated with the sediment dynamics of the regressive delta.
A grain size is an important environmental proxy for such studies; its distribution characteristics is a result of sedimentary input
sources and hydrodynamic (both fluvial and marine forces) regimes (Visher, 1969). Particularly, the distribution characteristics
of the grain size are related to the difference of transportation
and sedimentation mechanism in different geological surroundings (Stevenson et al., 2014). Studies (Yamaguchi et al., 2005;
Flood et al., 2015) that adopted a grain size analysis to reveal the
sediment transportation mechanism, source of sediment input,
sedimentation process as well as sediment dynamic conditions
have been widely reported.
The modern Huanghe River Delta is a representative hyperpycnal-dominated delta in the world (Li et al., 1998a, 2000; Liu et
al., 2004, 2016; Necker et al., 2005). The sedimentary characterist-
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ics of the modern Huanghe River Delta can be generalized as the
following four points: (1) the deltaic clinoform is consisted
mainly of silty sediments, and most of which originated from the
Loess Plateau (Gao et al., 2014a); (2) the water depth in the
Huanghe River subaqueous delta is too shallow to form completely-developed deltaic sequences by the hyperpycnal concentrated flow; (3) vertical and/or oblique tidal currents, gyres near
the estuary, shear front as well as the orbital (wave) effects contribute to a unique hydrodynamic environment that strongly impacts on the development of the deltaic sequence (Wright et al.,
1986b; Li et al., 1998b; Yang et al., 2011; Ramirez and Allison,
2013); (4) the above conditions and the wide deltaic elongation
range result in a special deltaic structure, where various deltaic
and/or estuarine sedimentary facies were formed and developed
(Li et al., 1998a, 2000).
The modern Huanghe River Delta has been formed since
June 1855, after a prior channel valley rechanneled from the Jiangsu Province, the southern Yellow Sea, to its modern position
with the vertex at the Tongwaxiang County, Lanyang, Henan
Province. A subaerial delta plain was generated in the Lijin County, Dongying, Shandong Province (Fig. 1a) (Zhou, 1987; Pang
and Jiang, 2003a, b; Qiao et al., 2011). Since 1855, totally 11 major
tail swings of the Huanghe River have been observed on the
modern Huanghe River Delta, forming eight large sub-deltas
118°30′

118°00′

(Fig. 1b) (Fan et al., 2006). Averagely, the evolution of a single sub
delta fan is 16 a, which is much faster than the Mississippi sub
deltas (≈115–175 a in average) (Wells and Coleman, 1987; Meade
and Moody, 2010). After 1949, strong artificial impact reduced
the frequency and influence range of the channel tail swings. The
top of the swing fan was limited into the vicinity of the Yuwa
County (Fig. 1b).
The Diaokou lobe of the modern Huanghe River Delta was a
sub delta fan that formed and evolved between 1964 and 1976
(i.e., No.7 subdelta, Fig. 1b). Its evolution was dominated by natural process with limited artificial influences (Gao et al., 2014b),
and it kept a nearly intact sedimentary sequence of a sub delta
(nearly all the sub deltaic facies can be observed in the Diaokou
lobe) (Cheng and Xue, 1997), making it an ideal research area to
study (1) the sedimentary and dynamic evolution of the Huanghe
River sub deltas, and (2) how the hyperpycnal flow influences the
sedimentation of the Huanghe River sub deltas. Although the
downcore distributions of lithological facies and grain size characteristics have been reported by many previous studies (e.g., Liu
et al., 2009, 2014, 2016; Zhou et al., 2016), less emphasis have
been made on the study of the modern (since 1855) sedimentary
and dynamic evolution of the Huanghe River Delta. A comprehensive seismic and borehole survey is of importance to further
reveal the post-glacial evolutionary mechanism (particularly, the
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Fig. 1. Map for the modern Huanghe River Delta (HRD) on the China’s eastern coast (a); distribution of the modern Huanghe River
sub-delta lobes since 1855 (after Cheng and Xue, 1997) (b); and location for the borehole cores in the sub bottom seismic reflection
profiles in and near the Diaokou lobe (c). In Panel a, the red box stands for the location of our study area. In Panel b, the orange
dashed line indicates the boundary of the modern HRD. The river channels with numbers marked on the top indicate the stages of the
Huanghe River’s rechanneling; the age of each stage is shown below Panel b. In Panel c, the blue lines show the seismic survey track,
while the orange lines indicate the representative seismic profiles that shown in Fig. 2. Yellow, green and red circles indicate the
location of the borehole cores analyzed in this study.
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modern mechanism) of the Huanghe River Delta.
2 Materials and methods
2.1 Sub bottom seismic reflection data
The sub bottom seismic survey of the Diaokou lobe was conducted by using a GeoChirp sub bottom profiler (Geoacoustics,
INC, British). A total of 210 km seismic data set was collected
within the subaqueous deltaic lobe (Fig. 1c). The profiler was
fired at a power level of 60 J, and a frequency of 16 Hz, resulting
in a vertical resolution of 10 cm. The seismic interpretation was
conducted by using Triton’s perspective software (Triton Imaging, INC, USA); time-varied grains, bandpass filtering, and swell
filtering were applied to all data. The correlation between seismic and borehole data and different bandpass, stack, and other
filtering (e.g., sea floor smoothing) methods was conducted to
improve the interpretation accuracy.
2.2 Borehole core samples
A total of 11 borehole cores with overall 190 m in length were
collected in the subaerial and subaqueous delta within the
Diaokou lobe. The locations and basic descriptions are exhibited
in Fig. 1c and Table 1, respectively. In the laboratory, the cores
Table 1. Basic information of borehole cores derived in this
survey
No.
1
2
3
4
5
6
7
8
9
10
11

Core name
ZK 10–1
ZK 10–2
ZK 10–3
ZK 10–4
ZK 20–1
ZK 20–2
ZK 20–3
ZK 20–4
ZK 20–5
ZK 20–6
ZK 30

Location
38°04′37.7″N, 118°54′28.6″E
38°04′30.0″N, 118°51′23.0″E
38°03′06.3″N, 118°46′24.8″E
38°01′59.8″N, 118°44′50.1″E
38°05′33.1″N, 118°54′51.6″E
38°05′45.0″N, 118°50′39.1″E
38°07′07.9″N, 118°51′00.2″E
38°05′38.2″N, 118°48′34.3″E
38°04′19.2″N, 118°47′33.9″E
38°19′42.3″N, 118°51′47.8″E
38°08′20.0″N, 118°48′29.7″E

P

Core length/m
8.7
10.0
8.4
10.2
20.3
20.5
21.0
20.7
19.2
18.6
30.2

Thickness/m

2.3 Bathymetric data
Bathymetric data sets were derived from 1959, 1966, 1968,
1972, 1974, 1976 topographic charts for the last 50 a topographic
evolution of the Diaokou lobe. The correlation between the topographic change and the subsurface structure (established by seismic and borehole data sets) is subsequently adopted to analyze
the sedimentary evolution of the Diaokou lobe.
3 Results
3.1 Seismic and sedimentary stratigraphy
Totally six seismic surfaces were interpreted in the shallow stratigraphy within 30 m below sea floor (Seismic line P–P′ in Fig. 1),
corresponding T3, T3′, T2, T1, T1′ and T0 from the oldest to the
youngest, respectively (Fig. 2). Therefore, six seismic units (SUs),
SU1 to SU6 from top to bottom, were identifiable among these
surfaces. Besides, we also interpret six depositional units (DUs),
P′

ZK 20-6

0
5

were split, described and photographed. Since the original split
sediment surface is too fuzziness to reveal the small-scale sedimentary structure. Therefore, before photograph and description, all the core surfaces were smoothed and all the contaminants were removed.
The borehole cores were resampled in 5 cm interval (totally
3 372 samples) for a grain size analysis. The measurement was
conducted by using a Mastersizer 2 000 laser particle analyzer
(Malvern Inc, British) with a measure range of 0.02–2 000 μm.
The grain size was analyzed following Liu et al. (2016) after pretreating the samples with 10% H 2 O 2 and 0.1 mol/L HCl to remove organic matter and biogenic carbonate. To reduce systematic and artificial errors, the measure was repeated until such error is less than 3%.
The calculation of grain size parameters, i.e., medium diameter (Md), mean size (Mz), sorting coefficient (σi), skewness
(Ski) and kurtosis (Kg), was obtained after Folk and Ward (1957).
In order to address relative hydrodynamic condition, the distribution curves and probability accumulative curves of each
sample were established by the software.
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Fig. 2. Interpreted (top) and uninterpreted (bottom) seismic reflective profile along the dip direction on the Diaokou lobe (Fig. 1).
The inset on the right exhibits representative DUs in the boreholes.
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DUA to DUF from bottom to top, in the borehole cores. The correlation between DUs and the SUs are also exhibited in Fig. 2.
T3 is characterized by high-amplitude, less than 0.5 relief,
continuous reflectors. SU1 was truncated and bounded above by
this surface, but its bottom surface is not identifiable in our seismic profiles. SU1 is dominated by seismic transparent materials
with some chaotic reflectors in places. Several cut-and-fill structures are observable in SU1 (Fig. 2). SU1 corresponds to DUA,
which is characterized by pyknotic yellowish brown sediments
with scattered shell fragments and calcareous concretions. On
the basis of the above correlations as well as previous stratigraphic studies reported by Liu et al. (2009, 2014, 2016), and Zhou et al.
(2016), we interpret DUA/SU1 as the lowstand (most probably
formed during or near the last glacial maximum (LGM)) fluvial/
lacustrine deposits.
SU2 consists of medium- to high-amplitude, stratified acoustic materials, bounded below by T3 and above by T3′. T3′ is a
high-amplitude, low-relief, sub-horizontal, continuous surface,
and it is approximately parallel to T3 (Fig. 2). SU2 corresponds to
DUB, which is dominated by yellowish and grey brown slit with
scattered fish-bone structures and organic muds. Radioactive
carbon-14 dating results of two samples in DUB are 8 800 and
10 210 a BP, respectively. We interpreted SU2/DUB as the tidal
plat deposits that formed during post-LGM transgression.
SU3 is a medium-amplitude, semi-transparent acoustic package that overlies SU2, bounded above by T2, which is a highamplitude, continuous, seaward-dipping surface. Therefore, SU3
consists of a seaward-dipping wedge (Fig. 2). This unit corresponds to DUC in the borehole cores, which is characterized by
grey brown slit with scattered grey black clay and grey brown fine
sand and plenty of shell fragments. We interpreted SU3/DUC as
the combined neritic and deltaic deposits that formed since MidHolocene, and thus T2 probably corresponds to the maximum
flooding surface (MFS).
SU4 also consists of a seaward-dipping wedge but with a
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steeper gradient than SU3. It is characterized by medium- to
high-amplitude, semi-transparent to chaotic reflectors, and some
stratified reflections in places (Fig. 2). It is bounded above by a
medium-amplitude, high-relief, continuous surface (T1) with the
steepest dipping gradient within the subsurface. SU4 corresponds to DUD in the borehole cores, which is dominated by grey
brown slit with 1–2 cm thick yellowish slit and scattered shell
fragments. Given the Huanghe River shifted its main course into
the southern Yellow Sea, and our study area at time experienced
erosive mechanism, an erosion unconformity surface is widely
recognized within or near this region (e.g., Liu et al., 2016), which
probably corresponds to the bottom boundary of SU4. Thus, we
are confident to interpreted SU4/DUD as the modern Huanghe
River deposits that formed between 1855 and 1964, i .e., the deltaic
deposits before the formation and evolution of the Diaokou lobe.
On the basis of the above interpretation, we interpret that the
combination of SUs 5 and 6 as the front deltaic deposits of the
Diaokou lobe that has formed since 1964. SU5 situates on the
bottom of the Diaokou lobe deposits, characterized by mediumto low-amplitude, semi-transparent, acoustic materials. It corresponds to DUE, a red-brown-slit-dominated slit with a distinguished upward-coarsening structure. SU6 is a progradational
clinoform located on the top, dominated by seaward-dipping,
cross bedding, and wavy bedding reflectors to chaotic reflectors
(Fig. 2). SU6 corresponds to DUF, which is dominated by yellowish grey fine sand and yellowish brown slit with some red brown
clayey laminas. T1′ is a low-amplitude, sub-horizontal acoustic
transition that separates such two units. It is discontinuous in
places in the distal of the Diaokou lobe deposits. We hypothesize
that it probably corresponds to the flooding events in 1967.
3.2 Subdivision of Diaokou lobe deposits and their grain size
characteristics
On the basis of downcore distribution of grain size parameters (e.g., Xue, 1994; Liu et al., 2014) as well as lithological (e.g.,
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color, small-scale structures) characteristics (Fig. 3), the Diaokou
lobe deposits of the modern Huanghe River Delta (i.e., the
DUF/SU5 and SU6) can be further subdivided into three sedimentary facies (SFs). They are the delta plain facies, the delta
front facies, and the prodelta facies (e.g., Xue, 1994). Within
them, eight subfacies are identifiable. The grain size characteristics are detailed described in the descriptions of each subfacies.
3.2.1 Delta plain facies
The delta plain facies keep the most intact structure in the
Diaokou lobe among the entire Huanghe River Delta system. In
the borehole cores, its average thickness is approximately 5 m. A
binary lithological structure (coarser sediment on the bottom
and finer sediments on the top) (Fig. 4) can be observed, indicating that it was presumably a result of fluvial vertical and lateral
accretion which preserved within riverbed and flood plain environments, respectively. On the basis of a lithological analysis as
well as well-established sedimentary mode of the delta plain facies in literatures (e.g., Tye and Coleman, 1989; Xue, 1994; Allison et al., 2003), the facies can be further divided into four subfacies, which were interpreted as the riverbed sediments (e.g.,
Fig. 4), the overbank sediments, the flood plain sediments and
the natural levee sediments, respectively.
The riverbed subfacies is relatively coarse in the binary structure, consists of very fine sand and coarse silt with some red- to
brown-clayey silt interlayers. Scattered charcoals, plant frag-

ments and a few shell fragments are common. We identified a
parallel bedding structure and overlying these fine-grained sediments consist of a cross bedding structure, indicating a high-velocity of fluvial depositional environment. Such structure is
bounded below by a significant unconformity surface (Fig. 4). We
observed a “flame” structure overlies those structures. Specifically, the “flame” structure is characterized by tongue-shape clay
layers that penetrates into the overlying sandy layers (Fig. 4). We
hypothesize that such structure is formed with the lateral migration and gradual accumulation of the fluvial channel. The fluvial
towing effect makes the underlying clayey silt deform. The axis
direction of such “flame” is an indicator of the direction of fluvial
flow. On the basis of previous borehole survey onshore and nearshore of the HRD, the stratified fine sand layer and the “flame”
structure are indicative of the sedimentation in the channel axis
which represents the riverbed environment (Gao et al., 2014b).
The sediments on the river base within the riverbed subfacies
are primarily characterized by very fine sand; the components of
sand, silt and clay account for 58.0%, 37.0% and 5.0% of the total
sediments, respectively. The sediments were poorly sorted with a
sorting coefficient of 1.01–1.90 and the median grain size varies
from 3.4Ф to 4.0Ф. The sediments on the flanks of the same subfacies exhibit slightly different grain size characteristics. They are
mainly composed of sandy silt and silty sand. Sand, silt and clay
account for 35.0%, 57.0% and 8.0%, respectively. Among these
sediments, the average contents of coarse silt and fine silt are
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47.0% and 10.0%, respectively. The median diameter varies from
3.6Ф to 4.7Ф, which is a little finer than channel basement sediments, although their sorting coefficient is identical.
The overbank subfacies is mainly composed of coarse silt,
with clayey silt laminations scattered. The subfacies is characterized by fine-grained sediment (e.g., silt) with climbing bedding
structures. The average contents of sand, silt and clay are 14.0%,
76.0% and 10.0%, respectively. Among them, coarse silt and fine
silt account for 59.0% and 17.0% of the entire sediment components, respectively. The median grain size varies from 4.5Ф to
5.5Ф, and the standard deviation (i.e., sorting coefficient) ranges
from 1.20 to 1.80, indicating poor sorting. According to the criteria modified by Zhu (2008), the subfacies below are all marked by
poor/extremely poor sorting. On the basis of the binary structure
of the grain size characteristics and the scattered climbing bedding, we interpret this layer as the overbank subfacies because
such features were often observable at the transition of the riverbed and floodplain. The thickness of subfacies varies between 1.0
and 3.0 m. Generally, thicker part was observed in the channel
axis while thinner part in the channel flanks. Four to five sedimentary cycles with approximately 0.2 to 0.5 cm thick were identified in the subfacies, each of the cycle is characterized by a
coarse slity interlayer with the scattered climbing bedding, parallel bedding structure and plant roots, and approximately 2 mm
thick, yellowish brown, clayey silt laminations. We hypothesize
that the parallel beddings and the climbing beddings are indictors of a rapid depositional process that driven by a hyperpycnal
flow during the flooding period. On the top of the subfacies, we
observed a 2–5 cm thick, red-brown layer that dominated by silty
clays or clayey silts with scattered plant roots. On the basis of the
pervious hypothesis, we presume that it is result of weak hydrodynamic (presumably lenitic) condition after flooding event and
consists of top boundary of the overbank sediments.
The flood plain subfacies is mainly composed of clayey silt, of
which the average contents of sand, silt and clay are 5.0%, 73.0%
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and 22.0%, respectively. The median diameter varies from 5.8Ф
to 7.6Ф, and the standard deviation ranges from 1.6 to 1.9. The
thickness of this subfacies changes generally between 0.15 and
1.10 m. Two types of lithological combinations are identifiable.
One is observed within shallower depression (e.g., Cores ZK 20–4
and ZK 10–4) and occasionally exposed subaerially. Its thickness
varies between 0.15 and 0.50 m, characterized by red-brown
clayey silt with some light yellowish silt and horizontal beddings
scattered. Another is usually observed in the deeper depressions
near the fluvial channel (e.g., Cores ZK 20–1 and ZK 20–2). Its
thickness is usually over 1.0 m, and it is characterized by a multiple-cycles structure, as known as positive rhythm structure
(e.g., Shi et al., 2016), where the bottom of each cycle is dominated by light yellowish silt with the parallel beddings and the clay
content increases upward. The top layer is characterized by redbrownish sandy clay with the horizontal beddings, indicating the
layer was deposited within the flood plain environment. This
subfacies generally overlies the riverbed subfacies and is underlied by the sidebank subfacies (Fig. 5). We hypothesize that it is
result of the abandoning and rechanneling of fluvial distributaries which contribute to depression morphology in the previous
place.
The natural levee subfacies is usually exposed subearially and
formed a bulge/crest. On the basis of the outcrops, they can be
easily recognized as the natural levee sediments. In the Diaokou
channel, such sediments are mainly characterized by yellow silt
or clayey silt and several-centimeter thick silty clay interlays
(Wang and Ye, 1990). The median diameter of the levee sediment varies from 5.0Ф to 6.5Ф. Near the main channel valley,
such subfacies is averagely 1.1 m in thickness, and almost composed by 100.0% silt with cross bedding and climbing bedding
structures; on the flank away from the valley, the thickness of the
subfacies decreases gradually and eventually truncated by the
flooding depression deposits. The levee sediments usually overlie the sidebank or riverbed subfacies.
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3.2.2 Delta front facies
In the early stage of the Huanghe River rechanneling, the river
was in the wandering state. The shallow water resulted in frequent change of the channel valley, and the location and scale of
the river mouth estuary was not stable during that time, causing
the frequent variation of the sedimentary environment as well as
the hydrodynamic condition, which resulted in a complicated
sedimentary delta front structure. In the borehole cores, the delta
front facies in the Diaokou lobe deposits can be further divided
into the sheet flood subfacies, river mouth bar subfacies, distal
bar subfacies and delta lateral margin subfacies.
The sheet flood subfacies is characterized by silt and clayey
silt with many sporadic-distributed sedimentary beddings and
structures (e.g., parallel beddings, convolute beddings and flame
structures). The down-core grain size distribution changes dramatically in this subfacies. The average content of sand (ranges
from 2.6% to 70.2%), silt (ranges from 27.6% to 77.5%) and clay
(ranges from 2.1% to 31.6%) are 15.7%, 69.9% and 14.4%, respectively. The median diameter ranges from 3.7Ф to 7.2Ф, and the
standard deviation varies between 1.00Ф and 2.00Ф. We interpret it as the sheet flood subfacies because the identification of
several thin beddings and structures as well as the superposition
of the subfacies itself. Its underlying strata are usually the delta
lateral margin subfacies or the distal bar subfacies that presumably formed in the Shenxiangou channel during the early stage of
the Diaokou lobe evolution. The sheet flood subfacies is covered
by the riverbed, the river mouth bar, and/or the distal bar deposits that probably accumulated along the estuary of the Diaokou
channel.
The river mouth bar subfacies is mainly composed of very
fine sand and silt with yellow-brown clayey silt laminations, and
parallel beddings and small cross beddings are common. The average contents of sand, silt and clay are 29.0%, 64.0% and 8.0%,
respectively. The median diameter ranges from 4.2Ф to 5.5Ф, and
the majority vary between 4.2Ф and 4.8Ф. The sediments become finer off the estuary. The standard deviation varies from
1.10 to 1.80. Its lithological characteristics is mostly similar to the
distal bar subfacies, but we can interpreted it as the river mouth
bar subfacies due to the water depth it developed, particularly
the identification of plant root is an important marker for this
subfacies.
The distal bar subfacies is usually observed on the distal (toward the sea) flank of the river mouth bar. The distal bar dips
slightly toward the impounded basin. The sediment is finer than
that in the estuary. It is mainly composed of silt with small
amount of clay which forms several clayey silt layers. Vertically,
the subfacies is covered by the river mouth bar subfacies, and
they jointly consist of an upward-coarsening delta accretion sequence. The average contents of sand, silt and clay are 10.0%,
75.0% and 15.0%, respectively. The median diameter ranges from
4.5Ф to 6.5Ф with the majority varying from 5.0Ф to 5.5Ф. The
standard deviation varies from 1.20 to 1.80. We observed interbeds of coarse-grained layers and fine-grained layers in the subfacies, which is probably caused by the migration of the estuary
as well as the alternation of the flood and drought. A transition of
such structure occurred as the clayey silt with silt laminations
changed into silt with clayey silt laminations along the seaward
direction of the river mouth.
The delta lateral margin subfacies is mainly composed of
clayey silt and silty clay with silt layers that presumably driven by
storm surge (Fig. 6). Since the Huanghe River is characterized by
high sediment flux, the lateral margins were usually very thick
and impacted seriously the storms. Thus, with the thickness and

grain size characteristics of this subfacies, we can interpret it as
the delta lateral margin sediments. The average contents of sand,
silt and clay are 4.0%, 70.0% and 26.0%, respectively; in the silt
component, the coarse and fine silt accounts for 34.0% and 36.0%
of the entire subfacies. Such grain size content probably indicates weak hydrodynamic conditions (e.g., Xu et al., 2013). The
median diameter ranges from 5.2Ф to 7.6Ф with the majority are
more than 6.0Ф. The standard deviation varies from 1.34 to 2.15,
indicating poor to extremely poor sorting.
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Fig. 6. Representative photograph of the delta lateral margin
subfacies (ZK 20-2) (thickness unit: cm).
3.2.3 The prodelta facies
The prodelta subfacies, as its definition (e.g., Xue, 1994), is
usually observed in the external part of the Diaokou lobe within
12–16 m water depth, below the wave base. The average contents
of sand, silt and clay are 2.0%, 70.0% (30.0% of coarse silt and
40.0% of fine silt) and 28.0%, respectively. The median diameter
ranges from 6.5Ф to 7.8Ф. The standard deviation varies from
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1.58 to 1.95. The prodelta facies is characterized by red-brown to
gray-brown clayey silt and silty clay with scattered light yellowish
silt laminations; it is most probably originated from suspended
fine-grained mud. The parallel beddings are common, and the
thickness of such structure is usually over 3 m, indicating a high
sedimentation rate and a weak dynamic condition. A significant
color boundary is noticeable on the bottom of subfacies which
separates the prodelta from the underlying dark-gray neritic facies (Fig. 7).
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Fig. 7. Representative photograph of the prodelta facies and the
shallow sea facies (ZK 20-1) (thickness unit: cm).
4 Discussion
4.1 Distribution and evolution of sedimentary facies/subfacies
The basement of the modern Huanghe River deltaic sediments is well defined in literatures (e.g., Liu et al., 2009, 2016;
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Zhou, 2016). In the nearshore area, the basement is approximately 16 m below sea level, which consists of our interpretation of
the dark gray neritic facies (SU2/DUC and SU3/DUD) (Fig. 2).
Such facies are abundant with shell fragments (Liu et al., 2006);
its thickness is usually more than 2.0 m and dips gradually seaward. As noted previously, the Diaokou lobe primarily received
sediments from the Shenxianggou channel during 1934–1964,
and from the Diaokou channel during 1964–1976. It also received fine-grained input from these channels during 1855–1889
and 1964–1976 (Xue et al., 2009; Wu et al., 2015). The Diaokou
lobe experienced a complicated deltaic evolution, including
sheet flooding, merging, braiding and swinging, and thus resulted in spatial distributions of facies/subfacies. In many analogs
(Fan et al., 2001), the riverbed subfacies were mainly deposited
along the river channel. The overbank subfacies is located on
both sides of the riverbed subfacies, while the out of which, the
flood plain subfacies is deposited. Generally, the proximal delta
plain is comparatively narrow due to the stability of the river
channel, while the distal delta plain is wide because the frequent
swing of the distributary channel. The delta front subfacies and
the prodelta subfacies are widely deposited in the subaqueous
delta (Blair and McPherson, 2008). Since our dense seismic and
core data covered the majority regions of the Diaokou lobe, both
dip and strike distribution of the sedimentary subfacies (Fig. 8)
are analyzed to construct a working hypothesized facies evolution of the Diaokou lobe (Purkait and Majumdar, 2014).
Along the dip direction (along the channel valley), we observed the sedimentary facies/subfacies are distributed as the riverbed, the river mouth bar, the distal bar and the prodelta from
proximal to distal (AA′ profile in Fig. 8). The evolutionary process
of facies/subfacies is hypothesized as following.
In the early stage of the Huanghe River rechanneling during
1964 to 1966, the river was characterized by overflowing and/or
wandering with a shallow and wide valley. A large amount of riverine inputs were deposited in the depressions and embayment
of the channel valley, creating many sand sheet structures. At the
breaking point, many fine-grained materials were deposited,
forming a couple of subfacies associated with the sheet flooding.
After 1967, the prior estuarine embayment was buried and a
steep deltaic shoreface (deepest part is 12 m below the sea level)
formed off the river mouth. With such process, the sands were
transported to the distal part and formed the river mouth subfacies. Subsequently, the river mouth bar extended gradually seaward and covered on prodelta facies. The gradient of the delta
front facies was steep (usually more than 0.002). Owing to the
rapid extension of the river mouth, the delta lateral margin subfacies was formed in the circulation region of the estuary, and
was mainly composed of fine-grained materials (Wang et al.,
2010). During the flood period, the riverbed facies was deposited
rapidly that contributed to the flooding of the main channel and
thus resulted in the flood plain subfacies at the top of the
Diaokou lobe.
Along the strike (perpendicular to the channel valley) direction, we interpreted (1) the fine sediment formed the first lobe
that deposited during 1855–1889, (2) the fourth lobe that deposited during 1904–1929 and (3) the Shenxiangou lobe that formed
during 1953–1964. They jointly formed the prodelta facies within
water depth of 14–16 m below the sea level. Behind the prodelta
facies, we observed the distal bar subfacies and the river mouth
bar subfacies that are probably associated with the Shenxiangou
River input. We interpreted the overlying structures as the
Diaokou lobe deposits that have probably deposited since 1964.
Since the majority accumulation spaces have been occupied by
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Fig. 8. Distribution of sedimentary facies/subfacies and sedimentary pattern in the Diaokou lobe.
the Shenxiangou deposits, the Diaokou lobe is comparatively
thin (less than 5 m) on its southeast flank (BB′ profile in Fig. 8).
Within the subaqueous delta, the lobe is thin and its slope is gentle, probably because such lobe is far away from the estuary and
therefore experienced strong erosion. We observed prodelta facies and delta lateral margin subfacies in the distal part while
thicker distal bar subfacies and river mouth bar subfacies in the
proximal area. Since the Diaokou channel was abandoned in
1976, we hypothesize that the external part of the Diaokou lobe
has been seriously reworked and erode by marine forces (CC′
profile in Fig. 8) (Gao et al., 2014a; Ma and Li, 2010).
An upward-coarsening structure was identified as the vertical
distribution of facies/subfacies is marked by the prodelta facies
(clayey silt) on the bottom, the delta front facies (silt) in the
middle, and the subaerial delta plain facies (coarse silt with some
very fine sands). Along the strike direction, the river mouth bar
subfacies is absent in places probably due to the frequent swing
of the river channel. Besides, the delta lateral margin subfacies
accounted for the majority accumulation space, indicating the
Diaokou lobe is dominated by fluvial impacts (Dalrymple et al.,
2012).
4.2 Grain size distribution and sedimentation of the Diaokou lobe
The delta plain facies are usually approximately 5 m in thickness. It is a result of the fluvial vertical and lateral accretion and is
characterized by a binary grain size structure. As noted previously, the median diameter of the delta plain facies varies from
3.5Ф to 5.5Ф, marked primarily by silty (particularly coarse silty)
sediments, presumably caused by the low gradient and high sedimentation rate of the Huanghe River’s downstream. As a result,

the riverbed lifted fast and frequently led to overflow flooding
during the flood period. The rechanneling of distributary channel valley usually occurred every 2 a during the evolution of the
Diaokou lobe (Cheng and Xue, 1997), leading to the formation
and development of the overbank subfacies. After the channel
was abandoned, the depression areas of the channel valley provided sufficient spaces for these clayey silts.
The delta front facies are characterized by the greatest sedimentation rate and the largest amount of heavy minerals in the
delta system. As developed in neritic environment with a water
depth between 3 and 16 m, the delta front facies can be further
divided into two types of micro-sequences: (1) a vertical sequence of the river mouth bar, and (2) a vertical sequence of the
estuarine sand sheet to delta lateral margin, and consisted
primarily of distal bars, river mouth bars, and/or delta lateral
margin sediments. As noted above, the median diameter of the
delta front sediment ranges mainly from 4.5Ф to 5.5Ф, marked by
coarse silt; the median diameter of the lateral margin sediments
is greater (more than 6.0Ф), marked by clayey silt. We hypothesize that such grain size distribution is a result of the Huanghe
River’s high sedimentation rate in the river mouth areas. Given
that the river mouth extends seaward and is dominated by a long
and narrow beak shape, the riverine input sediments diffuse to
the two side as such process continued, and finer sediments are
deposited in these regions due to the weaker hydrodynamic conditions there.
The prodelta facies is characterized by clayey silt, with a median diameter from 6.5Ф to 7.8Ф. We hypothesize that such grain
size characteristics is a result of special dense flow of the
Huanghe River. Instead of the diffuse of the fine particles that ob-
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served in other places, the dense flow of the Huanghe River presumably kept high density and suspended load even after the
deltaic deposition. During the flooding period, the dense fluid extended into the prodelta and probably contributed to an approximately 3 m thick silty and clayey silty package.
4.3 Hydrodynamic environments of sedimentary facies
The Huanghe River hyperpycnal flow is a representative gravity flow, and thereby the most samples exhibit gravity flow characteristics in the C-M plot (the letters C and M denote the grain
size corresponding to the cumulative 1% and the median grain
size, respectively), i.e., all the spots located approximately paral10 000
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Fig. 9. C-M plot of the sediments from representative sedimentary facies/subfacies in the Diaokou lobe.
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lel to the C-M line (Fig. 9) (Heller and Dickinson, 1985; Wright et
al., 1988). Besides, the C-M plot (e.g., Liu et al., 2015) indicates
the Huanghe River Delta sediments also differ from the representative turbidity flow and mud flow (Nittrouer et al., 2012; Gao
et al., 2014a; Maren, 2015). We can interpret from the C-M plot
(Fig. 9) that (1) the transportations of the sediments from the riverbed, the river mouth bar and the sidebank subfacies are dominated by graded suspension, (2) those from the distal bars, the
delta lateral margin subfacies and the prodetlta facies are dominated by the uniform suspension, and (3) those from flood plains
and sidebank (or overbank) subfacies are driven by the lenitic
suspension. Graded suspension indicates that the grain sizes of
the suspended sediments decrease from lower to upper, while
uniform and lenitic suspension indicates that the grain size of
suspended sediments turned smaller than their original status
(Gao et al., 2014b). Thus, our observation indicates that the dynamic conditions weaken gradually offshore. With the progradation (seaward migration) of the Huanghe River Delta sediments,
the transportation/migration modes of the sediments transform
from grade suspension into uniform suspension.
The cumulative probability plot (Fig. 10) (e.g., Endo et al.,
1996; Yuan et al., 2003) indicates that the Diaokou lobe sediments primarily consist of saltation and suspension components,
while traction components are seldom observed. With the variation of the current strength and the water depth, we observed
the saltation and suspension components start to mutually transfer. The sediments from all the subfacies/facies exhibit arch cumulative curves and the section points of the finer-grained materials are characterized by smooth curves instead of intersected
lines, probably indicating turbulence and gravitational differentiation (Wang and Ye, 1990) are driven factors for the sedimentation of the suspended sediments. Since those factors have impacted less on the coarse-grained materials and only keep finer
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sediments suspending and drifting, the accumulative plot
thereby exhibits steeper curves for the coarser components
whereas gentle and smooth curves for the finer components.
On the basis of the grain size cumulative plot (Fig. 10) as well
as the distribution plot (Fig. 11), the Diaokou lobe sediments can
be further divided into two sedimentary types: (1) sediments de-

posited in strong hydrodynamic regimes (i.e., seriously impacted
by fluvial forces), represented by the riverbed, river moth bar,
sidebank and distal bar subfacies; and (2) sediments deposited in
comparatively weaker dynamic regimes, represented by the flood
plain, delta lateral margin subfacies as well as the prodelta and
neritic facies.
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Fig. 11. The grain size distribution plot of the sedimentary facies/subfacies in the Diaokou lobe.
We observed in the cumulative plot (Fig. 10) that the sediments deposited in the strong dynamic regime (Type–1 sediments) are characterized by saltation and suspension loads. The
saltation curves of those sediments are steeper with a dipping
gradient of 60°–68°, indicating that such sediments are well sorted and the distribution of the grain size is concentrated. The suspension curves are much gentler with a dipping gradient of
11°–18° and the cumulative probabilities varied from 7.0% to
30.0%. The median grain size (Ф) increases gradually from the riverbed, river mouth bar, sidebank subfacies to the distal bar subfacies. Compared with sediments from other major river deltas
(Lee Caldwell, 2013), the values of the fine materials’ intercept
points in the Diaokou lobe are much greater. The distribution
plot (Fig. 11) reveals that Type–1 sediments are characterized by
a prominent single-peak curve with coarse grain size, very leptokurtic and very coarse skewness, probably indicating that they
are driven by unitary, strong dynamic regimes and/or their input
sources are single and unitary (e.g., Visher, 1964).
Not surprisingly, Type–2 sediments (those deposited in weaker dynamic regimes) are dominated by clayey materials with the
dipping gradient usually stayed in 45° (Fig. 10), presumably because they are deposited far away from the river mouth and the
hyperpycnal flows turn weaker (Li et al., 1998b). In the distribution plot (Fig. 11), although they are also dominated by singlepeak curves, the gentler peak-shape and mesokurtic and coarse

skewness indicate weak and uniform dynamic regimes.
5 Conclusions
The modern Huanghe River Delta is generally characterized
by an upward-coarsening to ternary progradational delta, while a
normal graded (downward-coarsening) bed sequence was observed at the edge of the delta. The grain size and lithological
evidences indicate that the sedimentary mode of the Diaokou
lobe can be divided into several categories: (1) vertically, the
mode dominated by the river mouth bar and the delta lateral
margin is observable, and (2) horizontally, the main steam valley
and distributary valley types are observable. In the cross section,
we identified the stack of river mouth bar, and delta lateral margin units. The front of the delta is characterized by fine-grained
materials; the grain size analysis indicates that such area is dominated by fluvial regimes, and jointly influenced by the hyperpycnal flow and the marine forces.
The Huanghe River Delta plain is primarily comprised by fluvial lag sediments, sidebanks and overbanks subfacies, together
with flood plains and natural levees subfacies. The delta front facies mainly consists of the river mouth bar and distal bar subfacies with delta margin deposits on its both flanks. With the progradation of the Huanghe River Delta during the regressive settings, we identified clayey-silt prodelta sediment, silty and highmoisture delta front sediments and silty to fine sandy delta plain
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sediments from bottom to top. Although the Huanghe River
keeps a wedge form like other deltas in the world, our survey
within the Diaokou lobe indicates that the edge of the delta is
dominated by a special clayey-silt delta lateral margin subfacies.
As a result of the high sedimentation rate and weak/lenitic
hydrodynamic regime in the Huanghe River Delta, the sediments there are dominated by fine-grained materials and marked as clayey silt and silt. These sediments exhibit poor sorting,
very coarse skewness and leptokurtic, indicating that the sedimentation in the Huanghe River Delta is dominated by single
provenance that from the Huanghe River. Grain size distribution
plots and accumulation plots indicate that the Diaokou lobe sediments are mainly composed of saltation and suspension components, but the lack of bedload components. The C-M plot indicates that (1) the Huanghe River hyperpycnal flow shows the
suspension, transportation and sedimentation characteristics of
gravity flow, and (2) the sediment transportation is primarily
dominated by graded suspension, while uniform suspension and
hydrostatic suspension are also observed in places. The strength
of the hydrodynamic regime weakens gradually offshore from the
riverbed, river mouth bar, sidebank, distal bar subfacies to the
delta lateral margin and flooding plain subfacies.
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Abstract

The plate flexure and normal faulting characteristics along the Tonga, Japan, Izu-Bonin and Mariana Trenches are
investigated by combining observations and modeling of elastoplastic deformation of the subducting plate. The
observed average trench relief is found to be the smallest at the Japan Trench (3 km) and the largest at the
Mariana Trench (4.9 km), and the average fault throw is the smallest at the Japan Trench (113 m) and the largest
at the Tonga Trench (284 m). A subducting plate is modeled to bend and generate normal faults subjected to three
types of tectonic loading at the trench axis: vertical loading, bending moment, and horizontal tensional force. It is
inverted for the solutions of tectonic loading that best fit the observed plate flexure and normal faulting
characteristics of the four trenches. The results reveal that a horizontal tensional force (HTF) for the Japan Trench
is 33%, 50% and 60% smaller than those of the Mariana, Tonga and Izu-Bonin Trenches, respectively. The normal
faults are modeled to penetrate to a maximum depth of 29, 23, 32 and 32 km below the sea floor for the Tonga,
Japan, Izu-Bonin and Mariana Trenches, respectively, which is consistent with the depths of relocated normal
faulting earthquakes in the Japan and Izu-Bonin Trenches. Moreover, it is argued that the calculated horizontal
tensional force is generally positively correlated with the observed mean fault throw, while the integrated area of
the reduction in the effective elastic thickness is correlated with the trench relief. These results imply that the HTF
plays a key role in controlling the normal faulting pattern and that plate weakening can lead to significant increase
in the trench relief.
Key words: normal fault, geodynamic model, plate weakening, flexural bending, elasto-plastic deformation
Citation: Zhou Zhiyuan, Lin Jian, Zhang Fan. 2018. Modeling of normal faulting in the subducting plates of the Tonga, Japan, Izu-Bonin
and Mariana Trenches: implications for near-trench plate weakening. Acta Oceanologica Sinica, 37(11): 53–60, doi: 10.1007/s13131-0181146-z

1 Introduction
The subduction zone is a critical component of the earth’s recycling system. During subduction, a downgoing plate sinks into
the deep mantle and bends in response to its plate flexure, producing an extensional stress in the upper plate and a compressional stress in the lower plate (e.g., de Bremaecker, 1977; Hilde,
1983; Melosh, 1978; Parsons and Molnar, 1976). Numerous studies have revealed that the normal faulting caused by plate bending in the subduction zones plays an important role in upper
mantle serpentinization, intraplate earthquakes, fluid flows in
the plate, and tsunamis induced by outer-rise faulting (e.g.,
Christensen and Ruff, 1983; Kobayashi et al., 1998; Lefeldt et al.,
2012; Masson, 1991; Ranero et al., 2003, 2005).
The normal faulting earthquakes in the subduction plates often occur close to coastlines and can thus pose great tsunami

threat. In 1933, for example, a Mw 8.4 earthquake at the Japan
Trench, which is the largest magnitude of an outer-rise normal
faulting earthquake ever recorded, triggered a tsunami in the
coastal area of Sanriku, Japan (Kanamori, 1971; Kao and Chen,
1996). In September 29, 2009, a Mw 8.1 outer-rise normal faulting
earthquake occurred at the Tonga Trench and triggered a devastating tsunami (Beavan et al., 2010; Lay et al., 2010). Therefore, it
is of great importance to study the dynamic mechanism of normal faulting in the subducting plate.
The normal faults have been observed to be pervasive between the outer rise and the trench axis. Observations revealed
that the bending-related normal faults might be reactivated
abyssal hill faults that formed at mid-ocean ridges or new faults
that were generated during plate bending (Masson, 1991). Numerical modeling and analogue studies have inferred that the
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normal faults start to form at a distance from the trench axis,
where the maximum stresses reach first and then grow toward
the trench axis (Naliboff et al., 2013; Supak et al., 2006; Zhou et
al., 2015).
Many deep trenches are located in the western Pacific, including the Tonga, Japan, Izu-Bonin and Mariana Trenches.
There are large variations in the tectonic characteristics of these
subduction zones, including trench depth, subduction dip angle,
intra- and inter-plate seismicity, making them ideal for studying
trench dynamics and plate interactions. More importantly, highresolution bathymetry data are available for these trenches, making it possible to investigate fine-scale faulting characteristics.
In this study, we first quantified the plate bending flexure and
normal faulting characteristics of the subducting plate along the
Tonga, Japan, Izu-Bonin and Mariana Trenches using high-resolution multibeam bathymetry data. We then modeled the development of the normal faults as elasto-plastic deformations in the
subducting plate. Finally, by comparing the modeling results
with the observations, we inverted to obtain the best-fitting solutions of tectonic loading along these trenches and calculated the
reduction in effective elastic plate thickness due to plastic yielding and the development of the normal faults.
2 Normal faulting observations
The Tonga, Japan, Izu-Bonin and Mariana Trenches are all
located in the western Pacific and have relatively old (more than
100 Ma) subducting plates, implying that the initial plate thickness might be relatively large and varies only slightly among the
four trenches. Therefore, it is advantageous to compare their normal faulting characteristics to reveal their common features.
The normal faulting characteristics, including fault throw and
density, are the results of plastic yielding during plate bending.
We investigated the average fault throw and density from the
high-resolution multibeam bathymetry data which were obtained from the multibeam bathymetry database (MBBDB) of the
NOAA National Centers for environmental information and the
global multi-resolution topography synthesis of the marine
174°
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geoscience data system (Fig. 1) (Ryan et al., 2009). We first identified the areas of abrupt slope changes as potential faults on 2-D
topographic profiles, and then confirmed these faults on 3-D topographic maps. Finally, we digitized the top and bottom points
of a fault to calculate the fault throw and density. The average
resolution of the multibeam grid data is approximately 100 m. We
extracted 14, 9, 15 and 15 across-trench profiles along the Tonga,
Japan, Izu-Bonin and Mariana Trenches, respectively, to calculate the average fault throw and density. The profile locations
were chosen manually considering the following factors: (1)
availability of high-resolution multibeam data; (2) ensuring that
the profiles are long enough (typically greater than 120 km) to include all of the visible faults on the topography; and (3) maintaining relatively uniform spacing between adjacent profiles.
The high-resolution multibeam bathymetry data reveal that
the normal faults are pervasive at the four trenches (Fig. 1). The
average fault throw at the Tonga Trench was observed to be the
largest, with a maximum value of 420 m and a mean value of 284 m
(Fig. 2a). The fault throws at the Izu-Bonin and Mariana Trenches were similar in size, with the same maximum value of 320 m
and mean values of 238 and 148 m, respectively. The fault throw
at the Japan Trench was the smallest, with a maximum value of
210 m and a mean value of 113 m. Identifiable faults were observed to initiate at 85, 80, 100 and 115 km from the trench axis at
the Tonga, Japan, Izu-Bonin and Mariana Trenches, respectively.
The normal faults were observed to be most dense at the Mariana Trench and least dense at the Izu-Bonin Trench (Fig. 2b).
The fault density started to increase significantly from 80 km
from the trench axis at the Mariana Trench, but it started to increase at almost 50 km from the trench axis for all other trenches.
This suggests that the normal faulting zone is the widest and the
fault density is the greatest at the Mariana Trench.
3 Numerical modeling
A finite-element modeling software fast lagrangian analysis of
continua (FLAC) (Cundall, 1989; Poliakov et al., 1993) was implemented to simulate the elasto-plastic deformation of the subducting plate. The FLAC incorporats a temperature- and strain144°
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Fig. 1. Study regions with high-resolution bathymetry at the Tonga (a), Japan (b), Izu-Bonin (c) and southern Mariana (d) Trenches.
The white lines indicate the analyzed profiles.
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Fig. 2. The average fault throw (a) and fault density (b) per 5 km along the across-trench profiles at the Tonga, Japan, Izu-Bonin and
Mariana Trenches.
rate-dependent visco-elastoplastic rheology and is capable of
calculating the time-dependent stress and displacement fields at
geological time scales (Buck and Poliakov, 1998; Lavier et al.,
1999, 2000; Poliakov and Buck, 1998).
In our models, the lithosphere is assumed to be an elastoplastic plate with an initial effective elastic thickness, and a substrate asthenosphere is modeled as a non-Newtonian Maxwell
viscoelastic layer (Fig. 3a). A horizontal domain is 1 200 km. A
vertical domain is 48 and 20 km, respectively, for the lithosphere
and the asthenosphere. A horizontal mesh size is 0.5 km for the
left 250 km, and 9.8 km for the right domain. A vertical mesh size
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is 0.5 and 2 km, respectively, for the lithosphere and the asthenosphere. The top surface is stress free, whereas the boundary
between the lithosphere and the asthenosphere is subjected to a
lithostatic pressure with zero shear stress. The left boundary, at
the trench axis, is subjected to three types of tectonic loading: (1)
a vertical loading V0, (2) a bending moment M0 and (3) a horizontal tensional force F0 (HTF). The right boundary is fixed with
zero displacement and is set at a sufficiently long distance to
minimize its effects on the model domain.
To minimize the effects of the substrate asthenosphere on the
overriding lithospheric plate, we applied an abrupt temperature
change from 450°C to 1 300°C at the boundary between the lithosphere and the asthenosphere. The Mohr-Coulomb yielding criterion was incorporated to produce plastic yielding of the brittle
lithosphere (Jaeger and Cook, 1979): τ=C+σtanϕ, where τ is the
shear stress, C is the cohesion of the lithosphere, σ is a normal
stress, ϕ is an internal friction angle, and μ=tanϕ is the coefficient
of friction. To facilitate the formation of the normal faults, we adopted a criterion that requires the cohesion to decrease with an
increasing plastic strain. The initial cohesion C0 was assumed to
decrease linearly to a residual cohesion C r before the plastic
strain reaches a critical plastic strain εc. To facilitate the normal
faulting in the subduction zone, we set a smaller value of the critical plastic strain relative to those used in previous studies of
mid-ocean ridges (e.g., Behn and Ito, 2008; Buck et al., 2005; Poliakov and Buck, 1998). The other modeling parameters follow
Lavier et al. (2000) (Table 1). We ran 735 model experiments with

20

40

0.02
60

0.04
80

Distance from trench axis/km

Fig. 3. Model setup and resulting topography, plastic strain, and
relative velocity. a. Model setup and boundary conditions. An
elasto-plastic lithosphere overlies a viscous asthenosphere. The
top surface is stress free; tectonic loading is applied along the left
boundary of the lithosphere; the right boundary is fixed with zero
displacement; and the asthenosphere is subjected to lithostatic
pressure with zero shear stress along the lithosphere-asthenosphere boundary; b. an example model of modeled topography;
and c. modeled plastic strain and relative velocity illustrating the
formation of normal faults under tectonic loading.

Parameter
Te
E
G
g
ν

Description
initial plate thickness/km
Young′s modulus/MPa
shear modulus/MPa
gravitational acceleration/m·s–2
Poisson′s ratio

Value
48
7.5×104
3.0×104
9.81
0.25

ρ
τ
σ
μ
T

density/kg·m–3
shear stress/MPa
normal stress/MPa
coefficient of friction
temperature/°C

0.6
0–1 300

V0
M0

vertical load/N·m–1
bending moment/N

F0
C0
Cr
εc

horizontal tensional force/N·m–1
initial cohesion/MPa
cohesion after faulting/MPa
critical plastic strain

44
4
0.03

56
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a combination of tectonic loads for comparison with the observations at the four trenches. The parameter space of the three types
of tectonic loading includes the vertical loading in the range of
0–6.7×1012 N/m, the bending moment in the range of 0–1.2×1017 N,
and the HTF in the range of 0–9.6×1012 N/m.
Our models predict the time-dependent topography (Fig. 3b)
as well as the plastic strain and the relative velocity (Fig. 3c). It
was observed that the normal faults in the subducting plate developed at various time frames under the tectonic loading and that
the plastic strain accumulated through time. The models will eventually become steady-state when the whole system reaches equilibrium. The models predict a plate flexure and a fault distribution
on the surface, which are used to compare with the observations.
4 Results

Topography/km

4.1 Tectonic loading constrained by plate flexure and normal
faulting
The observed sea floor topography consists of various components, including sediment thickness, subsidence due to plate
cooling, and Airy local isostatically compensated topography.
a

0
-2

b

c

d

observation
best-fitting model

-4

Tonga
0

Fault throw/m

Therefore, we approximated the plate flexure by using the nonisostatic topography (Zhang et al., 2014), in which all of the above
effects were estimated and removed from the original topography (Figs 4a–d). We combined both the plate flexure and normal faulting characteristics to constrain the models and inverted
for the best-fitting tectonic loading for the four trenches (Fig. 4).
First, we calculated the root-mean-square (RMS) of the difference between the modeled topography and the observed plate
flexure, which allows us to isolate a group of models with relatively smaller RMS values. This group of models with relatively
smaller RMS was then compared with the observed fault throw
distributions to further narrow down the best-fitting solutions.
The inverted best-fitting parameters for the four trenches are
shown in Table 2. The results show that the vertical loading V0 for
the Tonga and Japan Trenches is 26% smaller than that for the
Izu-Bonin and Mariana Trenches. The bending moment M0 is
significantly smaller for the Izu-Bonin Trench than it is for the
other three trenches. Notably, there is a large variation in the horizontal tensional force F0 among the four trenches. The HTF for
the Japan Trench is 33%, 50% and 60% smaller than those for the
Mariana, Tonga and Izu-Bonin Trenches, respectively.

100
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Japan
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f
best-fitting model
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g

Mariana
0
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Distance from trench axis/km
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Fig. 4. Comparisons between the observed average non-isostatic topography (black lines) and best-fitting model topography (red
lines) as a function of the across-axis distance from the trench axis (a–d), and comparisons of the fault throws between the
observations (black curves) and the best-fitting models (red curves) (e–h). The gray lines indicate the errors in the observations.
Table 2. Comparisons of the model results for the Tonga, Japan,
Izu-Bonin and Mariana Trenches
V0/1012 N·m–1
M0/1016 N
F0/1012 N·m–1
W0/km
Mean fault throw/m
Cumulative fault throw/m

Tonga Japan Izu-Bonin Mariana
4.3
4.3
5.8
5.8
9.6
7.7
3.8
9.6
4.8
2.4
6.0
3.6
3.5
3.0
4.2
4.9
284
113
238
148
2 993 1 118
1 714
3 121

Area of Te reduction SΔTe/km2

1 120

1 028

1 143

1 289

Our models predicted the horizontal deviatoric stress in the
subducting plate, which is directly responsible for the development of the normal faulting. There are two turning points in the
depth profiles of the deviatoric stress: the boundary between the
upper plastic yield zone and the middle elastic core and the
boundary between the elastic core and the lower ductile zone
(Fig. 5). The stress in the extensional yield zone generally increases with depth, except at locations with individual normal
faults with fluctuating stresses. The stress varies almost linearly
with depth in the elastic core from extensional to compressional

and decreases abruptly to nearly zero in the ductile zone. The horizontal deviatoric stress at the Japan Trench is calculated to be
consistently smaller than that of the other three trenches, which
is consistent with the observation that both the mean and maximum fault throw values are the smallest at the Japan Trench.
4.2 Reduction in effective elastic thickness
Our models calculated the horizontal deviatoric stresses of the
subducting plate during the evolution of plate bending. On the basis of the best-fitting models, the normal faulting patterns in the
subducting plates for the four trenches are predicted (Figs 6a–d).
The normal faults were calculated to develop within the upper
plastic yield zone. The results reveal that most normal faults are
dipping trenchward in the Japan, Izu-Bonin and Mariana
Trenches but both trenchward and oceanward dipping faults are
calculated for the Tonga Trench. The normal faults were calculated to be shallower in the Japan and Tonga Trenches than the
Izu-Bonin and Mariana Trenches. The available relocated outerrise normal faulting earthquakes within the study areas from
Emry and Wiens (2015) are all located within the calculated extensional yield zone (Figs 6b and c).
On the basis of the calculated horizontal deviatoric stress, we
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Fig. 5. The calculated horizontal deviatoric stress (σxx) as a function of depth, derived from the best-fitting models for the four
trenches, at 10 km (a), 30 km (b), 50 km (c), 70 km (d), 90 km (e) and 110 km (f) from the trench axis.
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Fig. 6. Calculated horizontal deviatoric stresses and effective elastic plate thickness. a–d. Calculated horizontal deviatoric stresses of
the models, illustrating the development of normal faults based on the best-fitting models for the Tonga, Japan, Izu-Bonin and
Mariana Trenches, respectively. The dashed black curves denote the maximum depths of extensional yielding zones. The black circles
with error bars show the available relocated outer-rise normal faulting earthquakes within the study area from Emry and Wiens (2015).
e–h. The calculated Te (black curves) and the calculated areas of Te reduction SDTe (white regions) for the four trenches.
calculated the resulting effective elastic plate thickness Te due to
plate bending and normal faulting (Figs 6e–h), following the
methods of Hunter and Watts (2016) and Turcotte and Schubert
(2014). The results reveal that the effective plate thickness decreases gradually toward the trench axis, with a maximum Te reduction of 25, 24, 22 and 26 km at the Tonga, Japan, Izu-Bonin
and Mariana Trenches, respectively. We then calculated the area
of the Te reduction SΔTe by integrating the Te reduction over the
across-axis distance. SΔTe was calculated to be the largest for the
Mariana Trench and the smallest for the Japan Trench. Meanwhile, the width of the Te reduction region was calculated to be
the largest for the Japan Trench and almost the same for the other three trenches. Thus, the mean Te reduction was the smallest

for the Japan Trench and the largest for the Mariana Trench.
The observed trench relief W0 is, on average, 3.5, 3.0, 4.2 and
4.9 km for the Tonga, Japan, Izu-Bonin and Mariana Trenches,
respectively. The observed trench relief W0 is generally positively
correlated with SΔTe (Fig. 7a). This result implies that the plate
weakening (i.e., SΔTe) can lead to the significant increase in the
trench relief.
5 Discussion
5.1 Uncertainties in data analysis
In this study, we have conducted comprehensive experimental runs with a large range of combinations of the three types of
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Fig. 7. The relationship between tectonic loading and observation. a. The relationship between the calculated area of Te reduction
SDTe and the observed trench relief W0, the error bars are shown as crosses; b. the relationship between the observed mean fault
throw and the calculated horizontal tensional force F0.
tectonic loading to compare with the observations of plate flexure and normal faulting characteristics. As each model typically
took tens of hours to complete, we have chosen reasonable parameter intervals to reach a balance between the model resolution
and computational time: 0.48×1012 N/m for the vertical loading,
1.92×1016 N/m for the bending moment, and 0.6×1012 N/m for
the HTF. Therefore, these parameter intervals were used as the
error bars of the best-fitting models (Fig. 7). However, there are
also uncertainties associated with the observations. We manually extracted profiles perpendicular to the trench axis and calculated their average values. Since there are large variations among
the individual profiles, the error bars of the observed normal fault
throws and plate flexure are relatively large (Fig. 4).
5.2 Importance of horizontal tensional force
Most of the studies that utilized the thin plate flexure theory
have recognized the importance of the vertical loading and the
bending moment. However, few studies have investigated the
importance of the horizontal tensional force (e.g., Garcia-Castellanos et al., 2000; Zhou et al., 2015; Zhou and Lin, 2018). Our previous study reveals that the HTF is crucial for explaining both the
plate flexure and the fault throw, particularly in controlling the
across-axis distance of the maximum fault throw (Zhou et al.,
2015). Here, we illustrate that the calculated HTF correlates positively with the observed mean fault throw of the four trenches
(Fig. 7b). This result indicates that larger HTF facilitates the development of larger normal faults in the subducting plate. On the
basis of the above results, we infer that the HTF plays a key role in
controlling the normal faulting pattern. Since this study only investigated the subduction zones of relatively old plates, further
studies are needed to test if the above inference still holds true for
young subducting plates.
5.3 Normal faulting depths and mantle serpentinization
The normal faults in the subducting plate could provide potential channels for fluids penetrating into the crust and mantle,
causing serpentinization of the upper mantle (e.g., Grevemeyer
et al., 2005, 2007; Key et al., 2012; Ranero et al., 2003, 2005;
Tilmann et al., 2008). Multi-channel seismic surveys have revealed that the bending-related normal faults can penetrate the
Moho with a maximum depth of over 20 km below the sea floor
(e.g., Han et al., 2016; Ranero et al., 2003; Ranero and Sallares,
2004).
From the calculated normal faulting patterns of the best-fitting models (Figs 6a–d), the normal faults could penetrate into

maximum depths of 29, 23, 32 and 32 km below the sea floor for
the Tonga, Japan, Izu-Bonin and Mariana Trenches, respectively.
If we assumed a normal crustal thickness of 6 km, the calculated
normal faults would cut through 23, 17, 26 and 26 km into the upper mantle for the four trenches, thus potentially causing massive
mantle serpentinization.
We also calculated the cumulative down-dip fault lengths
(i.e., the sum of the individual identifiable faults) to be 240, 260,
360 and 450 km for the Tonga, Japan, Izu-Bonin and Mariana
Trenches, respectively. Through a seismic reflection study at the
Cascadia Trench, Han et al. (2016) estimated the width of a water-penetrated fault zone surrounding an individual fault to be in
a range of ~75–600 m. Assuming the same fault zone widths as
Han et al. (2016), we estimated the volumes of the water-penetrated fault zone to be 18.0–144.0, 19.5–156.0, 27.0–216.0 and
34.0–270.0 km2, yielding percentages of mantle serpentinization
of 0.4%–3.4%, 0.4%–3.1%, 0.6%–5.1% and 1.4%–10.8% for the
Tonga, Japan, Izu-Bonin and Mariana Trenches, respectively.
This result implies that the degree of mantle serpentinization of
the Mariana Trench may be significantly larger than that of the
other three trenches, which is equivalent to 350% of both the
Tonga and Japan Trenches and 230% of the Izu-Bonin Trench.
If the serpentine minerals near the fault zones in the mantle
are chemically bound with 13 wt% water as suggested by previous studies (e.g., Faccenda, 2014; Ranero et al., 2003), then the
serpentinized mantle regions would contain 0.052%–0.44%,
0.052%–0.40%, 0.078%–0.66% and 0.18%–1.40% mass fraction of
water, which is equivalent to columns of 0.035–0.290, 0.026–0.200,
0.060–0.500 and 0.140–1.060 km of water per unit length of the
trench axis of the Tonga, Japan, Izu-Bonin and Mariana Trenches, respectively. The above estimations are of the same order of
magnitude as the estimations for the Cascadia Trench (0.023–
0.18 km, Han et al., 2016) but are less than that for the Middle
America Trench (0.17–1.7 km, Ranero et al., 2003).
6 Conclusions
(1) The tectonic loading for the Tonga, Japan, Izu-Bonin, and
Mariana Trenches were inverted by comparing the observed
plate flexure and normal faulting characteristics with the
elastoplastic models, revealing that the horizontal tensional force
for the Japan Trench is 33%, 50% and 60% smaller than that of the
Mariana, Tonga, and Izu-Bonin Trenches, respectively.
(2) The normal faults were modeled to penetrate to a maximum depth of 29, 23, 32 and 32 km below the sea floor for the
Tonga, Japan, Izu-Bonin and Mariana Trenches, respectively,
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which is consistent with the depths of relocated normal faulting
earthquakes in the Japan and Izu-Bonin Trenches and implies
the significant serpentinization of an upper mantle layer.
(3) The calculated horizontal tensional force and the area of
the effective elastic thickness reduction are in general positively
correlated with the observed mean fault throw and trench relief,
respectively, implying that the HTF plays a key role in controlling
the normal faulting pattern and that the plate weakening can
lead to the significant increase in the trench relief.
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Abstract

The ultraslow-spreading Southwest Indian Ridge (SWIR) to the east of the Melville fracture zone is characterized
by very low melt supply and intensive tectonic activity. Due to its weak thermal budget and extremely slow
spreading rate, the easternmost SWIR was considered to be devoid of hydrothermal activity until the discovery of
the inactive Mt. Jourdanne hydrothermal field (27°51′S, 63°56′E) in 1998. During the COMRA DY115-20 cruise in
2009, two additional hydrothermal fields (i.e., the Tiancheng (27°51′S, 63°55′E) and Tianzuo (27°57′S, 63°32′E)
fields) were discovered. Further detailed investigations of these two hydrothermal sites were conducted by
Chinese manned submersible Jiaolong in 2014–2015. The Tiancheng filed can be characterized as a lowtemperature (up to 13.2°C) diffuse flow hydrothermal field, and is hosted by fractured basalts with hydrothermal
fauna widespread on the seafloor. The Tianzuo hydrothermal field is an inactive sulfide field, which is hosted by
ultramafic rocks and controlled by detachment fault. The discovery of the three hydrothermal fields around
Segment #11 which receives more melt than the regional average, provided evidence for local enhanced
magmatism providing heat source to drive hydrothermal circulation. We further imply that hydrothermal activity
and sulfide deposits may be rather promising along the easternmost SWIR.
Key words: Southwest Indian Ridge, ultraslow-spreading, hydrothermal field, local enhanced magmatism, heat
source
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1 Introduction
Seafloor polymetallic sulfides are rich in elements such as Fe,
Cu, Zn, Au and Ag, and they are widely found along the midocean ridges (MORs), arcs and back-arc basins (Baker, 2017). It is
estimated that the total accumulation of sulfides in these areas is
on the order of 6×108 tons, which contained about 3×107 tons of
copper and zinc. This is equivalent to that of the massive sulfide
deposits formed during the Cenozoic Era on land (Hannington et
al., 2011). Therefore, seafloor polymetallic sulfides should be
considered highly valuable as a potentially strategic metallic resource in the future.
Polymetallic sulfides are the products of seafloor hydrothermal activities. According to the latest database from InterRidge (http://www.interridge.org/), more than 680 hydrothermal vent fields or anomalies have been found worldwide, and more
than half of them occur along the MORs. In the last three decades, investigations of seafloor hydrothermal vent fields have
been conducted along MORs, primarily focused on the fastspreading East Pacific Rise (e.g., Haymon et al., 1991; Baker et al.,
1994), the intermediate-spreading Southeast Indian Ridge (e.g.,

Scheirer et al., 1998; Baker et al., 2014), the slow-spreading MidAtlantic Ridge (e.g., Rona et al., 1986; Tao et al., 2017) and the
Central Indian Ridge (e.g., Pluger et al., 1990; Son et al., 2014).
The ultraslow-spreading (full spreading rate <20 mm/a)
Southwest Indian Ridge (SWIR) and Arctic ridges, which account
for more than 20% of the total length of the MORs, have also been
investigated during the last 20 years (e.g., German et al., 1998;
Münch et al., 2001; Bach et al., 2002; Edmonds et al., 2003; Baker
et al., 2004; Tao et al., 2012). However, only approximately 40 hydrothermal fields/anomalies have been found along these two
ridges, accounting for 10% of the total number of hydrothermal
fields along the MORs (data from InterRidge).
The easternmost SWIR (full spreading at 12–14 mm/a), to east
of the Melville fracture zone, is characterized by very low melt
supply with a relatively low mantle temperature and thin crust
(e.g., Cannat et al., 1999, 2003; Seyler et al., 2003; Minshull et al.,
2006; Sauter et al., 2013). Due to its weak thermal budget and extremely slow spreading rate, this portion was considered devoid
of hydrothermal activity (Baker et al., 1996). The earliest evidence of hydrothermal activity in this area (Plume 5 and Plume 6
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2018YFC0309901, 2016YFC0304905, 2017YFC0306803 and 2018YFC0309902; the China Ocean Mineral Resources Research and
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in Fig. 1a) was the detection of water-column anomalies obtained in 1997 during the FUJI cruise (German et al., 1998). During the INDOYO cruise with submersible Shinkai 6500 in 1998,
the inactive Mt. Jourdanne hydrothermal field located at 27°51′S,
60°

62°

63°56′E was discovered, and samples of massive sulfide and
chimney were collected (Münch et al., 2001). This evidence suggests that hydrothermal activities do exist in the easternmost
SWIR.
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Fig. 1. Satellite-derived topographic map (a) and along-axis bathymetric profile (b) of the Southwest Indian Ridge (SWIR) between
60°E and 70°E. On the topographic map (a), Plume 5 and Plume 6, hydrothermal water-column anomalies, are marked by black
diamonds. The Mt. Jourdanne hydrothermal field is marked by a black circle. The Tiancheng and Tianzuo hydrothermal fields are
marked by a red star and a blue pentagon, respectively. The black dotted box shows the areas shown detailed by the bathymetric map
in Fig. 2. The segments cited in the text and/or in other figures are identified by their number, following the nomenclature of Cannat et
al. (1999). RTJ: Rodrigues Triple Junction; Melville FZ: Melville fracture zone; CIR: Central Indian Ridge; SEIR: Southeast Indian Ridge.
The bathymetric profile (b) shows the location and water depth of the Plume 5, Plume 6, Mt. Jourdanne, Tiancheng and Tianzuo
hydrothermal fields, based on bathymetric data collected by Patriat et al. (1997). It is notable that Segments #8, #11 and #14 all have a
relief of more than 2 km.
Two additional hydrothermal fields, named the Tiancheng
(27°51′S, 63°55′E) and Tianzuo (27°57′S, 63°32′E), were discovered around 63°E during the COMRA DY115-20 cruise conducted by R/V Dayang Yihao in 2009 (Tao et al., 2014). Further
detailed investigations of these two hydrothermal sites were carried out by Chinese manned submersible Jiaolong during the
COMRA DY115-35 cruise conducted by R/V XiangYang Hong 9 in
2014–2015. According to the investigations from the R/V Dayang
Yihao and the direct observations during the Jiaolong 87th and
88th dives, the geological and environmental characteristics of

Tiancheng and Tianzuo hydrothermal fields are described in detail. In addition, details pertaining to the formation of the hydrothermal fields are also provided.
2 Geological setting
Between the Bouvet (0°E) and Rodriguez (70°E) Triple Junctions, the SWIR is the divergent plate boundary between the Antarctic and Nubian/Somalian plates with a total length of 7 700
km. The SWIR is among the world’s ultraslow spreading ridges
with a full spreading rate of 12–18 mm/a (Dick et al., 2003;
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Horner-Johnson et al., 2005). At such a slow spreading rate, the
lithosphere of the SWIR is thicker and colder than faster spreading ridges, then the effect of conductive cooling reducing the melt
supply and enhancing tectonics (Cannat et al., 1999; Dick et al.,
2003; Standish and Sims, 2010; Hebert and Montési, 2010).
The easternmost SWIR is at an angle of approximately 60° to
the spreading direction, over which no transform fault is observed (Fig. 1a). This part of the SWIR represents a melt-poor
endmember of the MOR system, supported by bathymetric, sidescan sonar imagery, gravity, seismic and geochemical data
(Meyzen et al., 2003; Seyler et al., 2003; Cannat et al., 2006;
Minshull et al., 2006; Sauter et al., 2013; Momoh et al., 2017).
Near-bottom sonar images indicated intensive tectonism with
exhumation and widespread exposure of mantle rocks (Sauter et
al., 2013). The long-lived detachment faults, which dip into the
lower crust and extend to the surface, accommodate most of the
plate separation (Cannat et al., 2003; Sauter et al., 2013; Smith,
2013). However, several magmatic segments with high relief (i.e.,
Segments #8, #11 and #14) were observed along the easternmost
SWIR (Fig. 1b). In general, these segments display a volcanic
structure, and are several tens of meters high with a lateral extension of several tens of kilometers. Accordingly, they are considered to be ideal for hydrothermal activity and the formation of
sulfide deposits (Münch et al., 2001; Baker et al., 2004).
The Tiancheng, Tianzuo and Mt. Jourdanne hydrothermal
fields are located at Segment #11 (Fig. 2). This segment has an
hourglass shape that extends more than 20 km in the north-south
direction, and has an axial volcanic ridge (AVR) bounded in the
east and the west by nontransform discontinuities (NTDs). The
AVR is approximately 300 m high with the peak reaching a water
depth of about 2 670 m. The along-axis variations of topography
and mantle Bouguer anomaly (MBA) of Segment #11 is estimated to be approximately 2 700 m and 53 mGal, respectively,
which suggests that the melt supply must be focused beneath the
segment center, decreasing toward the segment ends (Cannat et
63°30′

63

al., 1999). On the other hand, the crustal thickness is more than 6
km under the center of the high relief Segment #11, corresponding to a negative residual MBA (RMBA), whereas the maximum
crustal thicknesses under adjacent segments (i.e., Segments #9
and #10) are only 2–3 km thick (Fig. 3) (Cannat et al., 2003). Melt
distribution around Segment #11 is therefore high and focused,
which may be dominated by a strong melt-focusing process, similar to other strong melt-focusing segments along the SWIR (e.g.,
Segments 14, 20–22 and PE-1) (Cannat et al., 1999; Sauter et al.,
2001; Sato et al., 2013).
3 Hydrothermal fields with submersible observations
3.1 Tiancheng low-temperature diffuse flow filed
The Tiancheng hydrothermal field is located at the center of
Segment #11 with a water depth of 2 750 m, and is situated to the
west of the inactive sulfide field Mt. Jourdanne with a water depth
of 2 950 m (Fig. 4). The Tiancheng field was detected by water
temperature and turbidity anomalies with hydrothermal mussels
and crabs during the COMRA DY115–20 cruise (Tao et al., 2014).
During the Jiaolong 87th dive, the main outcrop of the field was
confirmed and is characterized by basaltic rocks (Fig. 5a). The
summit of Mt. Jourdanne is also characterized by a series of extrusive units (Münch et al., 2001), principally alternating sheet
flows, lobate flows, tubes, and pillow basalts, which comprise the
main outcrop of the northeastern part of the AVR. In the underwater view, basaltic rocks were generally fractured by surface
faults and fissures (Figs 5b and c). The Tiancheng field is a lowtemperature (low–T) diffuse flow hydrothermal field, with temperatures measured up to 13.2°C (Figs 5d and e). Numerous hydrothermal animals were observed on and around the diffuse
vent, with a distribution range of 70–100 m in diameter from the
vent, including mussels, gastropods, crabs, shrimps, barnacles
and anemones (Figs 5b, c and d), indicating a possibility of
nearby high-temperature hydrothermal activities. Many hydro-
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thermal precipitates (Figs 7a and b), with no significant signs of
activity or no typical vent fauna. These alterated ultramafic rocks
were serpentinized iherzolite, which primarily contain olivine,
pyroxene, and their alterated serpentine (Tao et al., 2014). The
opal and red-brown sediments were widely observed on the sea
floor with a distribution range of approximately 800 m×530 m,
and the surface massive sulfides showed significant weathering,
and the seafloor outside the field is covered by thick sediments
(Figs 7b, c and d), indicating that the ancient hydrothermal activity have ceased for a long time. Samples of the massive sulfide,
collected during DY115–20 cruise, are mainly comprised of minerals like pyrrhotite, pyrite and chalcopyrite (Tao et al., 2014).
The Tianzuo hydrothermal field is therefore an inactive sulfide
site which is hosted by ultramafic rocks and controlled by detachment fault along the SWIR.
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Fig. 4. Three-dimensional view around the Tiancheng and Mt.
Jourdanne hydrothermal fields, viewed from the SSE with a vertical exaggeration of 2. The white line indicates the segment axis.
The red star indicates the location of the Tiancheng hydrothermal field and the Jiaolong 87th dive. The black circle indicates the
location of the Mt. Jourdanne hydrothermal field.
thermal fields, such as TAG and Longqi fields, include both hightemperature vents in the center and low-temperature vents near
the perimeter (Lalou et al., 1995; Tao et al., 2012). The low-temperature hydrothermal products (opal) were locally observed
(Fig. 5f).
3.2 Tianzuo inactive sulfide field
The Tianzuo hydrothermal field is located at approximately
14 km southeast to the Tianzuo Seamount, with a water depth of
3 630 m (Fig. 6). It is situated on the top of a dome-shape structure, which is a typical architecture associated with oceanic detachment faults. The hydrothermal activity of the Tianzuo field is
supposed to be controlled by the detachment fault, similar to
Logatchev and Rainbow hydrothermal fields along the Mid-Atlantic Ridge (MAR) (German et al., 1996; Schmidt et al., 2007).
During the Jiaolong 88th dive, the main outcrop of the Tianzuo
field was characterized by alterated ultramafic rocks and hydro-

4 Discussion
The easternmost SWIR is characterized by very low melt supply and tectonic processes locally accommodate almost all of the
plate divergence (Sauter et al., 2013; Smith, 2013). Magmatism
plays a minor role in the plate spreading of this part of the SWIR.
However, the injection of small amounts of melt into the plate,
local enhanced magmatism, could drive the hydrothermal circulation (Tao et al., 2012; Sauter et al., 2013). This local magmatism
provides sufficient heat sources for hydrothermal circulation,
and may play a primary role in controlling the distribution of hydrothermal activities at the ultraslow-spreading ridges (Baker et
al., 2004; Tao et al., 2012).
The discovery of the Tiancheng, Tianzuo and Mt. Jourdanne
hydrothermal fields around Segment #11 confirmed that local
enhanced magmatism at the ultraslow-spreading ridges could facilitate the formation of hydrothermal activities. Segment #11 receives more melt than the regional average of the easternmost
SWIR, which appears to be capable of driving hydrothermal circulation, similar to Segment #27 of the SWIR (Cannat et al., 2003;
Yang et al., 2017). The Tiancheng and Mt. Jourdanne fields are
located at segment center where the melt supply is most focused
and basalts are widespread on the seafloor (Fig. 5a), suggesting a
sufficient heat source in this area. The Tianzuo field has ceased
for a long time, as supported by the observation of significantly
weathered sulfides and the presences of a thick sediment layer
(Figs 7b and d), implying that the heat supply may be insufficient
to maintain the hydrothermal circulation of this field. This could
be related to the Tianzuo field close to NTD and far from the heat
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Fig. 7. Jiaolong 88th dive, showing seafloor features of the Tianzuo hydrothermal field. a. Ultramafic sample (highly serpentinized); b. opal, red-brown sediments, and weathered massive sulfides; c. Opal and red-brown sediments in detail; and d. thick sediments outside the Tianzuo field.
source center (center of Segment #11).
Owing to the extremely slow spreading rate, the hydrothermal system at the easternmost SWIR is generally more stable than
that at faster spreading ridges (Lalou et al., 1995). The hydro-

66

CHEN Jie et al. Acta Oceanol. Sin., 2018, Vol. 37, No. 11, P. 61–67

thermal activity can be preserved for tens of thousands of years.
For example, the age data of the Mt. Jourdanne indicated the hydrothermal activity lasted more 50 000 years (Münch et al., 2001).
It provides favorable conditions for the formation of large sulfide
deposits (Lalou et al., 1995; German et al., 2016). Furthermore,
Segments #8 and #14 which are characterized by similar magmatism, might be the most promising areas of searching for new
hydrothermal activities or sulfide deposits along the easternmost
SWIR.
5 Conclusions
This paper reported the investigations of the Tiancheng and
Tianzuo hydrothermal fields around 63°E along the SWIR during
manned submersible Jiaolong 87th and 88th dives. The Tiancheng filed is a low-temperature diffuse flow hydrothermal field
with hydrothermal fauna widespread on the seafloor. The Tianzuo hydrothermal field is an inactive sulfide field, which is hosted by ultramafic rock and controlled by detachment fault. These
study results provide evidence that hydrothermal activity or sulfide deposits might be widely distributed where local enhanced
magmatism drives hydrothermal circulation along the easternmost SWIR.
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Abstract

A three-dimensional time-domain potential flow model is developed and applied to simulate the wave resonance
in a gap between two side-by-side rectangular barges. A fourth-order predict-correct method is implemented to
update free surface boundary conditions. The response of an up-wave barge is predicted by solving the motion
equation with the Newmark-β method. Following the validation of the developed numerical model for wave
radiation and diffraction around two side-by-side barges, the influence of up-wave barge motion on the gap
surfaceresonance is investigated in two different locations of the up-wave barge relative to the back-wave barge at
various frequencies. The results reveal that the freely floating up-wave barge significantly influences the
resonance frequency and the resonance wave amplitude. Simultaneously, the up-wave barge located in the
middle of the back-wave barge leads to a reduction in the resonance wave amplitude and motion response when
compared with other configurations.
Key words: side-by-side barges, gap resonance, time-domain model, up-wave barge motion
Citation: Jin Ruijia, Ning Dezhi, Bai Wei, Geng Baolei. 2018. The influence of up-wave barge motion on the water resonance at a narrow
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1 Introduction
Recently, the fast development of ocean engineering has led
to the increasing attention on hydrodynamic research on the narrow gap between two floating structures due to the possible violent resonance phenomenon of the fluid within the narrow gap. In
reality, the two-body system can correspond to ship-to-ship
cargo transfer, a liquefied natural gas (LNG) carrier alongside a
terminal and offloading from a floating production storage and
offloading (FPSO).
With respect to the fluid resonance between two side-by-side
barges, several pioneering studies focused on two-dimensional
configurations by assuming the gap of infinite length. In the
framework of the potential flow theory, the wave interaction with
two adjacent rectangular barges were modelled by Newman and
Sclavounos (1988) and the high wave elevations in the narrow
gap between the barges as well as the large hydrodynamic forces
were reported. Miao et al. (2000, 2001) studied the influence of
the gap between two fixed rectangular caissons on wave forces
using the boundary element method. The results indicate that
the resonance wave forces on each caisson could be several times
the forces on an isolated caisson. In addition, a theoretical analysis was also performed by Miao et al. (2000, 2001) to demonstrate the occurrence of resonance.

However, it is well known that the gap resonance is simulated
as over-predicted by the potential flow theory owing to the ignorance of fluid viscosity. Lu and Chen (2012) estimated the associated dissipation coefficient obtained by the equivalence ofdissipated force and friction force. For the purpose of suppressing the
inaccurate resonanceamplitude in the narrow gap, a straightforward investigation of the gap resonance problem might use the
viscous fluid model by solving the Navier-Stokes equation. Lu et
al. (2010) examined the fluid resonance between three identical
bodies with two narrow gaps by a numerical method based on
the aforementioned method, and the results were in good agreement with the experimental data reported by Iwata et al. (2007).
In the numerical model proposed by Kristiansen and Faltinsen
(2012), the computational domain for the Navier-Stokes solver
was fully submerged in the fluid to capture the viscous effects,
while the free surface was simulatedusing the potential flow theory. Moradi et al. (2015) applied OpenFOAM to study the influence of the gap inlet configuration on the resonance wave amplitude and frequency. Additionally, the geometrical properties of
the fixed bodies significantly influence gap resonance characteristics. Jiang et al. (2017) examined the influence of the heaving
frequency and amplitude with respected to various moonpool
configurations on fluid resonance behavior by employing a two-
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dimensional numerical wave flume based on OpenFOAM package with Re-Normalization Group (RNG) turbulent model. To
utilize the efficiency of the potential flow theory, an artificial
damping was introduced in the potential flow theory, including
linear damping terms by Newman (2004) and a linear dissipative
term in the free surface boundary condition by Chen (2004). The
method proposed by Chen was employed by other scholars including Pauw et al. (2007), Bunnik et al. (2009) and Lu et al.
(2011), and good agreements between numerical predictions and
experimental data were observed. In addition, several scholars
investigated the issue by a semi-analytical solutionin order to
study the fluid resonance in the gap simply and effectively, for instance, Miao et al. (2001), Yeung and Seah (2006) and Liu and Li
(2014).
However, the aforementioned two-dimensional (2-D) models are limited in capturing the real three-dimensional (3-D)
characteristics of the fluid in the gap. With respect to the 3-D situation, Molin et al. (2010) performed experiments to recordcenterline wave elevations in the narrow gap between two fixed rectangular barges in waves, and the results were widely used in numerical model validation. In the 3-D numerical simulation, the
potential flow theory model is applied owing to the huge calculation of the viscous flow theory model, for example, Sun et al.
(2010), Watai et al. (2015), Perić and Swan (2015) and Jin et al.
(2017). Specifically, Perić and Swan (2015) also experimentally
examined the wave excitation in the gap between two adjacent
bodies and provided a detailed description of the spatial variation of the water surface elevation in the gap between a fixed
body and a floating body. Feng and Bai (2015) applied a fully
nonlinear potential flow model to investigate the wave resonances in the gap between two side-by-side barges in beam seas,
in which the main focus was put on the nonlinear behaviors and
the stiff/soft spring properties of the gap resonances. Furthermore, a second-order potential flow model was applied in Jin et
al. (2017) to investigate the influence of wave directionality on
the gap resonance, and the results revealed that the incident
wave angleonly affected the resonance wave amplitude, but not
the resonance frequency.
Most previous numerical studies on the gap resonance between 2-D or 3-D barges were limited to the fixed ones. However,
in reality, the up-wave barge may be free to move in waves. For
instance, when the LNG carrier and the FPSO are in close proximity, the FPSO is considered as fixed due to its huge volume and
mass while the LNG carrier is expected to respond to the wave
action. Studies focused on the gap resonance between two moving barges in the 2-D situation. Fredriken et al. (2014) investig-
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ated the behavior of piston-mode resonance in the moonpool at
low forward/ incoming current speeds. Li and Teng (2015) studied the coupled effects of roll motion and fluid resonance
between two rectangular barges based on a CFD package OpenFOAM. The results indicated that the resonance frequency of the
fluid in the narrow gap between two rolling barges decreased
when compared to that between two fixed barges, but the resonance wave height appeared to be in the same magnitude.
However, there is a paucity of numerical investigations on the
gap resonance in the gap between 3-D side-by-side moving
barges, and it is important to improve the understanding of the
3-D problem requirements. Therefore, the aim of the present
study involves examining the influence of up-wave barge motion
on the wave resonance in the gap between two 3-D side-by-side
barges. In order to achieve this, a time domain potential flow
model is developed and applied. In the numerical model, the
waves in a circular computational domain with the structure at
its center are simulated. A damping zone is placed on the free
surface at the outskirts of the domain to absorb the outgoing scattering wave. The developed numerical model is first validated by
wave radiation and diffraction problems. The wave elevation in
the gap and motion response of the up-wave barge over various
incident wave frequencies are discussed. Furthermore, the influences of the up-wave barge location on the hydrodynamic characteristics of the two-body system are also assessed in this study.
2 Mathematical formulation
For the purposes of studying the wave-structure interaction
problem, a numerical simulation is performed in a circular fluid
domain, as shown in Fig. 1. An annulus damping zone is used to
dissipate the scattered wave energy to satisfy the radiation
boundary condition. The origin of the coordinate system Oxyz is
placed at the center of the gap on the still water surface with the
z-axis pointing upwards and the x-direction parallel to the gap.
The incident wave angle (denoted by β) is measured from the
positive x-direction in the counterclock direction and the damping zone exhibits a width of one wavelength.
In the time domain model, the fluid is assumed as ideal, i.e.,
inviscid and irrotational in the fluid domain, and thus the flow
velocity potential satisfies the Laplace equation and boundary
conditions. In this study, the velocity potential is decomposed into the incident potential ϕi and scattered potential ϕs. Thus, the
scattered potential satisfies the Laplace equation in the domain
as follows:
r2 Ás = 0:
b

(1)

z
y

y

incident wave

x

β

width

O

x

length

damping zone

Fig. 1. Computational domain for wave interaction with two side-by-side rectangular barges. a. Plan view, and b. 3-D view.
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It is subjected to the body boundary condition：
Ás
Ái
=¡
+ f b;
~n
~n

(2)

the free surface are obtained by solving integral Eq. (9).
Once the velocity potential on the body surface is obtained,
the wave forces on a body can be computed by integrating the
fluid pressure over the mean body surface. The total force can be
divided into two terms:

where ~n denotes the unit normal vector, pointing out the fluid; fb
denotes the forcing term of the body boundary condition as follows:

F~ = F~ E + F~ R ;

(10)

where the exciting force is expressed as

³
´
_
f b = ~ + ~_ £ (~x ¡ ~x 0) ¢ ~n;

(3)

with respect to the freely floating up-wave barge, ~ = ( 1; 2; 3) ;
and ~ = ( 1; 2; 3) = ( 4; 5; 6) denote the translation and
rotation motion of the moving barge, respectively, ~x 0 denotes the
rotation center;
f b = 0;

(4)

F~ E = ¡½

ZZ

Át~nds ;

(11)

Sb

and the form of restoring force is
F R = ¡½g

ZZ

f[

3

3

+

+

4(y

¡ y 0) ¡

5(x

¡ x 0)] ~n + z~
®£n
¹ g ds

Sb

with respect to the fixed back-wave barge.
Linear kinematic and dynamic free surface boundary conditions are
´s
Ás
=
;
t
z

(5)

Ás
= ¡g´s;
t

(6)

where ηs denotes the scattered wave elevation, and g denotes the
gravity acceleration.
To numerically solve the boundary value problem, we employ a Rankine source and its image about the seabed as the
Green’s function:
G (~x r; ~x r0) = ¡

1
4

µ

1
1
+
R
R1

¶

;

(7)

where ~x r0 = (x r0; y r0; zr0) and ~x r = (x r; y r; zr) denote the source
point and the field point, respectively, and
9
>
=
(x r ¡ x r0)2 + (y r ¡ y r0)2 + (zr ¡ zr0)2
:
q
>
R 1 = (x r ¡ x r0)2 + (y r ¡ y r0)2 + (zr + zr0 + 2d)2 ;
R =

q

(8)

= ¡½gA wp[

ZZ ·
S

Ás (~x r)

¸
G (~x r; ~x r0)
Ás (~x r)
¡ G (~x r; ~x r0)
dS ; (9)
~n
~n

where αr denotes the solid angle coefficient, which is dependent
on the surface shape of the body surface. A higher-order boundary element method is used to numerically solve the boundary
integral equation on eight-node quadrilateral elements.
In the calculation, the normal derivative of thescattered potential on the body surface and scattered potential on the free
surface are known, and thus the scattered potential on the body
surface and the normal derivative of the scattered potential on

¡ y 0) ¡

5(x f

¡ x 0)]~k:

(12)

where ρ denotes the fluid density, Awp denotes the area of mean
water-plane surface, (x f; y f) denotes the coordinates of the center
of mean water-plane surface when the body is at rest and ~k denotes the unit vector in the z direction. It is noted that the restoring force is 0 for fixed bodies.
Furthermore, the motion equation is required fora floating
body as follows:
n o
~Ä +

n o
~_ +

n o n o
~ = F~ E ;

(13)

where M denotes the generalized body mass matrix, B denotes
the viscous damping matrix and C denotes the restoring force
matrix.
In the time domain, the simulation is advanced by using a
time marching scheme. The detailed procedure used here includes the following steps.
Step 1: At time t, in the case of themoving body, the displace_
Ä
ment ~ (t) , velocity ~ (t) and acceleration ~ (t) are known. On the
free surface, the wave elevation ´s(t) and velocity potential Ás(t)
are also known from the previous time step, the kinematic and
dynamic free surface boundary conditions can thus be written in
a general form as follows:

The second theorem of Green is applied to the scattered potential and Green’s function, and thus the above boundary value
problem is converted to the following boundary integral equation:
®rÁs (~x r0) =

4(y f

Ás
= f (Ás; ´s; t)
t
´s
= g(Ás; ´s; t)
t

9
>
>
=
>
>
;

:

(14)

Step 2: At time t+Δt, the displacement ~ (t+¢t) , velocity
~_ (t+¢t) and acceleration ~Ä(t+¢t) for the moving body motion
are predicted by the unconditional stable Newmark-β method as
follows：
~Ä(t + ¢t) = ~Ä(t)
_
Ä
(t + ¢t) = (t) + ¢t~ (t) + 0:25 £ ¢t 2~ (t)+
Ä
0:25 £ ¢t 2~ (t + ¢t)
~_ (t + ¢t) = ~_ (t) + 0:5 £ ¢t~Ä(t) + 0:5 £ ¢t~Ä(t + ¢t)

9
>
>
>
>
>
>
=
>
>
>
>
>
>
;

: (15)
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The fourth-order Adams-Bashforth method is used to predict
the wave elevation and velocity potential on the free surface as
follows:
¢t
[55f (t) ¡ 59f (t ¡ ¢t)+
24
37f (t ¡ 2¢t) ¡ 9f (t ¡ 3¢t)]
¢t
´s(t + ¢t) = ´s(t) +
[55g(t) ¡ 59g(t ¡ ¢t)+
24
37g(t ¡ 2¢t) ¡ 9g(t ¡ 3¢t)]
Ás(t + ¢t) = Ás(t) +

9
>
>
>
>
>
>
=
>
>
>
>
>
>
;

:

(16)

Step 3: At time t+Δt, the integral equation is implemented,
and the velocity potential on the body surface and the normal derivative of potential on the free surface are obtained. The obtained normal derivative of the potential on the free surface and
the potential on the body surface are used to update the boundary conditions and calculate the wave forces, respectively. As the
wave-body interaction is a coupled problem, one possible way to
decouple this relationship is the implementation of an iteration
procedure.
_
Ä
In the case of a moving body, ~ (t+¢t), ~ (t+¢t) and ~ (t+¢t)
are available for the evaluation of the coefficient on both sides of
the incremental motion equation for the floating body. Additionally, the increment in displacement ±~ (t + ¢t) is defined to determine the termination of the iteration loop, which can be expressed for the floating body as follows：
·

¸
4
2
~ + ¢t)¡
+
+
±~ (t + ¢t) = F(t
¢t 2
¢t
h
i
~Ä(t + ¢t) + ~_ (t + ¢t) + ~ (t + ¢t) :

(17)

Step 4: With the predicted increment in displacement, the
_
body displacement ~ (t+¢t), velocity ~ (t+¢t) and acceleration
~Ä(t+¢t) at time t+Δt are corrected as follows：
~ (t + ¢t) = ~ (t + ¢t) + ±~ (t + ¢t)

9
>
>
>
>
=

(18)

On the free surface, the fourth-order Adams-Moulton method is used to correct the wave elevation and velocity potential as
follows:
¢t
[9f (t + ¢t) + 19f (t)¡
24
5f (t ¡ ¢t) + f (t ¡ 2¢t)]
¢t
´s(t + ¢t) = ´s(t) +
[9g(t + ¢t) + 19g(t)¡
24
5g(t ¡ ¢t) + g(t ¡ 2¢t)]

gA cosh k(z + d)
£ sin(kx cos ¯ + ky sin ¯ ¡
cosh kd
´i = A cos(kx cos ¯ + ky sin ¯ ¡
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>
>
>
>
>
>
=
>
>
>
>
>
>
;

:

(19)

We define the difference values of displacement, scattered
potential and elevation at the time t+Δt as ±~ , ¢Ás and ¢´s , then
go back to Step 3 and execute the iteration until they are small
enough. Go to Step 2 for a new time step.
Furthermore, the velocity potential and wave elevation of the
incident wave are expressed as:

t);

t);

(20)
(21)

where ηi denotes the incident wave elevation; k denotes the wave
number; ω denotes the wave frequency and A denotes the wave
amplitude.
3 Model validation
For the purpose of validation, a 2-D numerical model is applied to solve the radiation problem, while a 3-D numerical model is applied for the diffraction problem. In the 2-D numerical
model, the governing equation and boundary conditions are the
same as those in the 3-D model with the exception that the
Green’s function in the 2-D model has the following form:
G 1 (~x 2; ~x 02) =

1
(ln R 2 + ln R 12) ;
2

(22)

where ~x 02 = (x 0; z0) and ~x 2 = (x; z) denote the source point and
the field point in the 2-D model, respectively, and the expressions are as follows:
9
>
=
(x ¡ x 0)2 + (z ¡ z0)2
:
q
>
R 12 = (x ¡ x 0)2 + (z + z0 + 2d)2 ;
R2 =

q

(23)

The wave radiation around twin boxes with a gap is first investigated, and compared with the 2-D experimental results (Fredriken et al., 2014). The breadth of the box B is 36 cm, draft T is 18
cm and gap width b is 18 cm, as shown in Fig. 2. Four wave
gauges are installed in the tank: two in the gap and one on each
side. The wave gauges in the gap were located 6.0 cm from the
hull on each side (Fig. 2 for more information). Among the two
boxes, the right one is fixed and the left one undergoes a forced
motion in the heave direction, specified by
z

~_ (t + ¢t) = ~_ (t + ¢t) + 2 ±~ (t + ¢t)
:
¢t
>
>
>
4
>
~Ä(t + ¢t) = ~Ä(t + ¢t) +
±~ (t + ¢t) ;
¢t 2

Ás(t + ¢t) = Ás(t) +

Ái =

71

= A z cos t;

(24)

where Az denotes the forced motion amplitude and corresponding to 0.002 3 m.
The comparisons of non-dimensional wave elevations at
wave gauges 1 and 2 relative to the forced motion period are
shown in Fig. 3. It is observed that the present wave elevation at
the wave gauge 1 agrees well with the experimental data. The frequencies of the peak wave elevations at the wave gauge 2 are coincident at T=1.175 s. However, the numerical result is overestimated when compared to the experimental data, because the energy dissipation due to the fluid viscosity is not considered in the
present potential flow model.
In order to simulate the resonance amplitude more accurately, a damping coefficient μ is added to the free surface in the
narrow gap. The damping coefficient is determined by the comparisons between experimental results and numerical results,
which are shown in Fig. 4. According to the calculation, the coefficient μ is 0.07. Therefore, in the subsequent calculation, the results contain those with damping μ=0.07 and without damping in
the free surface.
To validate the 3-D numerical model, two identical stationary
rectangular barges with square bilges presented in Feng and Bai
(2015) are simulated. The configuration of the side-by-side
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Fig. 2. Sketch of the wave radiation around two-dimensional twin boxes with a gap (unit: cm).
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Fig. 5. 3-D meshes generated for the water interaction with two
fixed side-by-side barges.

Fig. 3. Comparisons of non-dimensional wave height at wave
gauges 1 and 2 for the two-dimensional wave radiation problem.
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Fig. 4. Comparisons of wave height at wave gauge 2 for the twodimensional wave radiation problem: experimental results and
numerical results with different damping coefficients.
barges at the model scale is identical to that used by Feng and Bai
(2015). The main parameters include a barge length L of 2.47 m,
width of 0.6 m, draft D of 0.18 m and gap width 0.12 m. The water
depth is set as 3 m and the beam sea situation is considered. The
sway force on the up-wave barge is calculated and compared
with the numerical results in Feng and Bai (2015). The symmetry
of the configuration is used, and only a quadrant of the domain is
considered, with 1 016 points and 350 elements on the barges,
2 512 points and 785 elements on the free water surface per
quadrant, as shown in Fig. 5.
Figure 6 shows the non-dimensional sway force with a wave
steepness kA=0.003 4 (same as the one in Feng and Bai (2015)). It
is observed that the present results are almost identical to the

5.5

6.0
6.5
ω/rad⋅s-1

7.0

7.5

Fig. 6. Comparison of maximum sway force on the up-wave
barge in the beam sea. F is the sway force on the up-wave barge.
results of the fully nonlinear numerical model over the range of
simulated wave frequency.
4 Influence of up-wave barge motion on the wave elevation in
the gap
When a ship berths in front of the wharf or two side-by-side
ships are moored adjacently in beam seas, the up-wave barge
moves in waves. In this situation, the influence of up-wave barge
motion on the wave elevation in the gap may be significant, and
this is investigated in the section. The two barges considered here
are not identical, and the moving up-wave barge is relatively
smaller than the fixed back-wave one, as shown in Fig. 7a. The
specific dimensions are defined in Table 1. In addition, the upwave barge is constrained by the linear spring with the stiffness
k11 and k33 being 100 N/m
First, the floating up-wave barge is located at the middle of
the fixed back-wave barge as shown in Fig. 7a. Figure 7b shows
the computational mesh with 835 points and 291 elements on the
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Fig. 7. Numerical simulation of the case with a moving up-wave barge in the middle. a. Sketch diagram, and b. 3-D mesh diagram.
Table 1. The parameters of the up-wave and back-wave barges
Width/m
0.3
0.6

Draft/m
0.4
0.4

Gravity center height/m
–0.2
–0.2

18
moving upwave barge
moving upwave barge (µ = 0.07)
fixed upwave barge
fixed upwave barge (µ = 0.07)
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Fig. 8. Dimensionless maximum wave amplitude in the gap at
the midpointin the case with the fixed and moving up-wave
barges in the middle (with and without damping coefficient μ in
the free surface).
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fixed up-wave barge, it is noted that the resonance frequency
shifted to a high frequency and the maximum wave amplitude is
also significantly reduced in the case of the floating up-wave
barge. The decrease in the resonant wave amplitude is due to the
absorption of wave energy through the movement of up-wave
barge, leading to less wave energy entering the gap. Furthermore,
a relatively less volume of fluid flows into the gap due to the reduction in the wave energy in the narrow gap, and this causes the
movement of the resonance frequency to a high frequency. The
contours of the surface elevation near the barges at resonance
mode are displayed in Fig. 9 and depict comparisons of wave elevation.
In summary, the movement of the up-wave barge significantly influences the resonance wave amplitude and frequency in
the gap.
Subsequently, the up-wave barge is aligned with one side of
the fixed back-wave barge, as shown in Fig. 10a. In this case, the
computational mesh shown in Fig. 10b includes 2 608 points and
921 elements on the barges, 5 436 points and 1 741 elements on
the free water surface. The maximum wave amplitude (with and
without damping coefficient μ=0.07 in the free surface) in the gap
is shown in Fig. 11, which shares the similar trend as in Fig. 8,
and the same reasons can explain. Furthermore, the contours of
surface elevation near the barges at resonance mode are dis-

barges, 3 485 points and 1 109 elements on the free water surface
in the harf domain per half. The dimensionless maximum wave
amplitude (with and without damping coefficient μ=0.07 in the
free surface) in the gap at the midpoint is shown in Fig. 8 as the
function of incident wave frequency, in which η cr denotes the
crest value of fluid in the gap. Compared with the case of the
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Fig. 9. Contours of surface elevation near the barges in resonance mode in the case with fixed and moving up-wave barges in the
middle. a. Fixed up-wave barge, ωa=4.90 rad/s; and b. moving up-wave barge, ωb=6.80 rad/s.
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Fig. 10. Numerical simulation of the case with the moving up-wave barge aligned with one side of the back-wave barge. a. Sketch
diagram, and b. 3-D mesh diagram.
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Fig. 11. Dimensionless maximum wave amplitude in the gap at
the midpointin the case with fixed and moving up-wave barges
aligned with one side of the back-wave barge (with and without
damping coefficient μ in the free surface).
played in Fig. 12. However, the reduction in the resonance wave
amplitude is less significant when compared to the case of floating up-wave barge in the middle.
The influences of the position of the up-wave barge on the
maximum wave amplitude in the narrow gap and the surge motion of up-wave barge, are shown in Figs 13 and 14, respectively.
It is observed that when the up-wave barge is located at the

5 Conclusions
In this study, the influences of the motion and location of the
up-wave barge on the water resonance in the gap between two
side-by-side barges are numerically investigated based on the
time-domain potential flow model. A relatively small floating up-
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middle of the back-wave barge, both the maximum wave amplitude in the narrow gap and the surge motion of up-wave barge
decrease when compared to the case of the up-wave barge
aligned with one side of the back-wave barge. It suggests that the
placement of the up-wave barge in the middle of back-wave
barge provides more favourable hydrodynamic features for the
two-body system.
The previous simulations are based on the condition of two
barges with same drafts. In order to reflect the influence of drafts
on the gap resonance, the draft of up-wave barge is maintained
as constant (i.e., T1=0.4 m), and three drafts of back-wave barge,
i.e., T 2 =0.2 m, 0.4 m and 0.8 m, are considered in the present
study. The results for the distribution of surface crest at the gap
are shown in Figs 15 and 16 with two positions of up-wave barge,
respectively. It is observed that when the draft of the back-wave
barge is smaller than the up-wave one, the resonance frequency
moves to a higher frequency and the resonance amplitude will be
larger. Conversely, there are less changes for resonance frequency and resonance amplitude.

moving upwave barge
fixed upwave barge
fixed upwave barge (µ = 0.07)
moving upwave barge (µ = 0.07)

14

Fig. 12. Contours of surface elevation near the barges at resonance mode in the case with fixed and moving up-wave barges aligned
with one side of the back-wave barge. a. Fixed up-wave barge, ωa=5.0 rad/s; and b. moving up-wave barge, ωb=6.80 rad/s.
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Fig. 13. Dimensionless maximum wave amplitude in the gap at
the midpointin the cases with the moving up-wave barge at the
middle and aligned with one side of the back-wave barge.
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Fig. 16. Dimensionless maximum wave amplitude in the gap at
the midpoint for the case with up-wave barge aligned with one
side of the different draft back-wave barges.
also influence on the resonance wave amplitude and frequency
in the gap. All the research results provide helpful recommendations for the narrow gap resonance phenomenon in fluid hydrodynamics research.

1.2
1.0
0.8
ξ1/A

T2/T1 = 2.0
T2/T1 = 1.0
T2/T1 = 0.5

6

5

References

0.6
0.4
up-wave barge at the middle
up-wave barge aligned with one side

0.2
0.0
4.5

5.0

5.5

6.0

6.5
7.0
ω/rad⋅s-1

7.5

8.0

8.5
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wave barge and a relatively large fixed back-wave barge subjected to regular wave conditions are simulated. The results indicate that the resonance frequency increases to a higher frequency
when the up-wave barge moves, and the resonance wave amplitude is significantly reduced irrespective of whether the upwave barge is at the middle or aligned with one side of the backwave barge. Additionally, when the up-wave barge is located in
the middle of the back-wave barge, the resonance wave amplitude in the narrow gap and the motion of the up-wave barge are
smaller than the case of the up-wave barge aligned with one side
of the back-wave barge. Furthermore, the back-wave barge draft
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Abstract

Polarimetric synthetic aperture radar (SAR) oil spill detection parameters conformity coefficient (μ), Muller
matrix parameters (|C|, B0), the eigenvalues of simplified coherency matrix (λnos) and the influence of SAR
observing parameters, ocean environment and noise level are investigated. Radarsat-2 data are used to make
systematic analysis of polarimetric parameters for different incidences, wind speeds, noise levels and the ocean
phenomena (oil slick and look likes). The influence of the SAR observing parameters, the ocean environment and
the noise level on the typical polarimetric SAR parameter conformity coefficient has been analyzed. The results
indicate that conformity coefficient cannot be simply used for oil spill detection, which represents the image
signal to the noise level to some extent. When the signals are below the noise level for the oil slick and the look
likes, the conformity coefficients are negative; while the signals above the noise level corresponds to positive
conformity coefficients. For dark patches (low wind and biogenic slick) with the signal below the noise,
polarization features such as conformity coefficient cannot separate them with oil slick. For the signal above the
noise, the oil slick, the look likes (low wind and biogenic slick) and clean sea all have positive conformity
coefficients, among which, the oil slick has the smallest conformity coefficient, the look likes the second, and the
clean sea the largest value. For polarimetric SAR data oil spill detection, the noise plays a significant role. So the
polarimetric SAR data oil spill detection should be carried out on the basis of noise consideration.
Key words: multi-polarimetric SAR, oil spill, conformity coefficient, noise
Citation: Song Shasha, Zhao Chaofang, An Wei, Li Xiaofeng, Wang Chen. 2018. Analysis of impacting factors on polarimetric SAR oil spill
detection. Acta Oceanologica Sinica, 37(11): 77–87, doi: 10.1007/s13131-018-1335-9

1 Introduction
The development of satellite remote sensing technology has
brought up more and more polarimetric SAR data to us, from the
SIR-C of US space shuttle, Radarsat-2, TerraSAR, ALOS PALSAR,
UARSAR, China GF-3 and so on. The investigation of the polarimetric SAR data for oil spill monitoring has been carried out
widely. Proposed polarimetric SAR oil spill detection methods include coherent matrix eigen composition, Muller matrix parameters, co-polarized phase difference standard deviation, and
the conformity coefficient and so on (Nunziata et al., 2008, 2015;
Migliaccio et al., 2009, 2011, 2012; Zhang et al., 2011; Liu et al.,
2011; Li et al., 2013, 2017; Buono et al., 2016; Song et al., 2017).
There is a promising application for the polarimetric SAR data oil
spill detection.
Although many methods for the polarimetric SAR oil spill detection have been proposed, the determination criteria of oil
slick, free surface and look likes under different observing conditions and ocean environment are inconsistent. Especially, there
is the lack of systematic analysis of the noise influence on the polarimetric SAR oil slick detection. The currently used polarimetric SAR data are featured with different noise levels, depending
on antenna patterns, remitting power and receiver noise (Velotto

et al., 2011). For example, the different modes of TerraSAR-X
have the noises between –19 and –26 dB, an averaged noise for
ALOS PALSAR –30 dB, Radarsat–2 (–36.5±3) dB, C band of SIRC/X SAR –28 dB and UAVSAR –35 to –53 dB (Nunziata et al., 2012,
2013; Minchew et al., 2012). Velotto Domenico et al. (2011) used
two polarized TerraSAR-X images to analyze the influence of the
noise on co-polarization phase difference, and pointed out that
most low SNR pixels came from oil. Minchew Brent used the polarimetric SAR data for deep water horizon oil spill analysis and
proposed that additive noise could be featured using the fourth
eigenvalue of T4 matrix. Skrunes Stine et al. (2014) compared
NRCS (normalized radar cross section) and NESZ (noise equivalent sigma zero) of co-polarization and cross-polarization channels of the clean sea surface, plant oil, emulsified oil and crude
oil using two Radarsat–2 images acquired with different incidences in Norwegian oil-on-water exercise in June 2011. The result shows that cross-polarization is significantly influenced by
noises with averaged SNR –2 dB, so co-polarization is chosen for
polarization parameters extraction and oil detection. The co-polarization data could reduce the impacts of the noise to some extent, but the noise still could not be ignored at all. Additionally,
the co-polarization coherency matrix could not make full use of
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the advantages of quad-polarization. Generally speaking, the systematic analysis of the influence of observing condition, environment parameters and the noise level on the polarization parameters has not been done for oil spill identification. Meanwhile,
the simultaneous consideration of observing conditions, environment parameters and image noises has not been carried out
for polSAR oil spill detection.
The paper collects Radarsat–2 polarization data of different
incidences, wind speeds, noise levels and surface phenomena
(oil and look likes) to analyze the impacts of the observing conditions, the environment parameters and the noise levels on the
polarization parameters of the oil spill detection. The paper concludes the following sections. Section 1 is a brief introduction.
Section 2 describes the data used in the paper. Section 3 introduces three polarimetric parameters, and Section 4 makes the
analysis of the three parameters and the influence of the observing conditions, the environmental parameters and the image
noises on the polarization parameters. The verification is also in-

cluded. Finally, a conclusion is given in Section 5.
2 SAR data
Eight Radarsat–2 images of the China offshore, the Gulf of
Mexico and the North Sea from 2008 to 2012 have been used. The
phenomena in SAR images include oil slick, low wind area and
biogenic slicks. The images cover incidence 29°–50°, NESZ –31 to
–36 dB, and wind speed 1.6–9.0 m/s, as shown in Table 1. The incidence angle and the NESZ are acquired from head file, where
the incidence increases with the beam number, and the NESZ increases with incidence. The wind speed is obtained from literature and NCEP forecast wind. Two typical SAR images are used in
Section 4.1 to investigate the three polarimetric parameters mentioned in Section 3, and all of the eight images are used in Section 4.1 to analyze the influence of the observing conditions, the
environmental parameters and the image noises on the polarization parameters.

Table 1. Polarization SAR data
No.
1
2
3
4
5
6
7
8

UTC time
2010–05–15 11:56
2011–06–08 17:27
2008–07–13 10:49
2012–08–18 22:12
2011–05–16 10:09
2010–05–08 12:01
2012–08–13 22:57
2008–08–23 10:53

Location
28.5°N, 88.3°W
60.0°N, 2.3°E
18.2°N, 109.8°E
20.7°N, 116.7°E
38.3°N, 118.8°E
26.8°N, 92.0°W
20.7°N, 116.6°E
18.2°N, 109.6°E

Mode
FQ10
FQ15
FQ15
FQ10
FQ25
FQ23
FQ31
FQ21

NESZ/dB
–33.3 to –35.6
–33.0 to –35.0
–33.1 to –35.8
–33.1 to –35.7
–31.5 to –32.8
–32.0 to –33.0
–31.3 to –32.1
–32.1 to –34.2

3 Polarimetric parameters
The paper lays emphasis on the polarization SAR parameters
representing the relative magnitudes of co-polarization and
cross-polarization powers, including the conformity coefficient
(μ), the Muller parameters (|C|, B0) and the eigenvalues (λnos) of
the simplified coherency matrix.
3.1 Conformity coefficient
The concept of the conformity coefficient originates from the
inversion of soil moisture from compact polarimetry data (DuboisFernandez et al., 2008). The parameter can discriminate surface
scattering, double-bounce scattering and volume scattering. The
conformity coefficient is expressed as
h
i
2 R e (S HHS V¤ V ) ¡ jS HV j2
´;
¹¼ ³
jS HHj2 + 2 jS HV j2 + jS V V j2

(1)

where SHH, SHV and SVV are the complex amplitudes of the scattering matrix, subscripts H and V represents remitting and receiving polarization.
For land surfaces, S HV is small, S HH and S VV are relevant,
phase difference is close to 0, so conformity coefficient is positive,
t1<μ<1, where t1 is a threshold value larger than 0.
For double-bounce scattering targets, SHH and SVV are relevant, phase difference is close to 180°, so conformity coefficient is
negative, –1<μ<t2, where t2 is threshold value below 0.
For volume scattering, SHH and SVV are weakly correlated, SHV
is large, so t1<μ<t2, t1, t2 are determined by statistics.
When the sea surface is well modeled by Bragg scattering
(Schuler et al., 1993; Zhang et al., 2011), SHV is small, close to 0,
and SHH and SVV are highly correlated with phase difference close
to 0, so μ>0; when it is non-Bragg scattering, vessels for example,

Incidence/(°)
29.2–30.9
34.5–36.1
34.4–36.0
29.2–30.9
43.6–44.9
41.9–43.3
48.3–49.5
40.1–41.6

Wind speed/m·s–1
9.0
1.6–3.3
2.0–3.0
2.0–2.3
2.0–3.0
6.5
3.0–5.0
3.0

Dark phenomena
oil slick
oil slick
low wind area
low wind area
low wind area
oil slick
biogenic slick
low wind area

SHH and SVV are weakly correlated with phase difference close to
180°, so μ<0.
3.2 Muller parameters
Muller matrix gives the relationship between an incident
Stokes vector and a reflecting Stokes vector (Van Zyl et al., 1987;
Guissard, 1994), which could be expressed by a 4×4 matrix:
¿*À
*
g s = hMi g i ;
*

(2)

*

where g i and g s are the incident Stokes vector and the reflecting
Stokes vector, respectively.
For the sea surface, there are only eight non-zero elements in
the Muller matrix, considering the low correlation between coand cross-polarization (Cloud, 1985; Van Zyl, 1989; Nghiem et al.,
1992; Ulaby et al., 1992),
0

A + B0
B
0
B
B
A
¡
B
0
0
M =B
@
0
0
C + B0
0
0
¡D

1
0
C
0
C;
A
D
C ¡ B0

(3)

where
A=

E
1D
jS HHj2 + jS V V j2 ;
2

(4)

B =

E
1D
jS HHj2 ¡ jS V V j2 ;
2

(5)
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D
E
B 0 = jS HV j2 ;

(6)

C = h< (S HHS V¤ V )i ;

(7)

D = h= (S HHS V¤ V )i :

(8)

|C| is related to S HH and S VV , and B 0 are related to S HV . For the
clean sea, Bragg scattering is dominated for sea surface, SHH and
SVV are highly correlated, SHV is small, so |C|>B0 (Nunziata et al.,
2008). For the oil slick, S HH and S VV are weakly correlated, so
|C|<B0 (Nunziata et al., 2008).
3.3 Eigenvalues of simplified coherency matrix
For natural medium, such as soil and forest, the correlation
between the co-polarization and the cross-polarization is nearly
0 under the reflecting symmetry hypothesis (Nghiem et al., 1992;
Allain et al., 2005; Wang et al., 2015).
The scattering matrix based on Pauli basis is expressed as
=

£

S HH + S V V

S HH ¡ S V V

2S HV

¤

:

(9)

The coherency matrix of polarization SAR data is

= ¤

¤
T

2

16
= 6
24

jx 1j2

x 1x 2¤

2S HV x 1¤

2S HV x 2¤

2x 1S HV ¤

jx 2j2

x 2x 1¤

3

7
2x 2S HV ¤ 7
5;
2
4 jS HV j

(10)

where x1=SHH+SVV, x2=SHH-SVV.
The simplified coherency matrix considering the reflecting
symmetry hypothesis is

=

2

jx 1j2

16
6 x x ¤
24 2 1
0

x 1x 2¤

0

jx 2j2

0

0

4 jS HV j2

3

7
7:
5

(11)

The eigenvalue could be acquired by Eigen decomposition
(Guissard, 1994):
1
1; nos =
2

(

1
2; nos =
2

(

x3 +

x3 ¡

r

2

r

2

D

¤ 2

E

D

¤ 2

E

(x 4) + 4 jS HHS V V j

(x 4) + 4 jS HHS V V j

D
E
¸3; nos = 2 jS HV j2 ;

)

;

(12)

)

;

(13)

(14)

D
E D
E
D
E D
E
where x 3 = jS HHj2 + jS V V j2 , x 4 = jS HHj2 ¡ jS V V j2 . The
first and second eigenvalues of the simplified coherency matrix
are related to co-polarization backscatter and correlation coefficient, and the third one is related to the multi-scattering of rough
surfaces corresponding to the cross-polarization channel. For the
clean sea, λ1, nos>λ3, nos due to the low cross-polarization intensity;
for the oil slick, the expression of λ1, nos is too complex to give dir-
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ect answer which one is larger for λ1, nos and λ3, nos. A detailed analysis would be carried out in the following experiments.
4 Data analysis
4.1 Analysis of three polarization parameters
The eight Radarsat–2 SAR images are divided into two groups.
Group 1 includes No. 1 to No. 4 images in Table 1, with an incidence range of 30°–36° and the NESZ of –33 to –36 dB. The fifth to
eighth images are Group 2 with an incidence range of 40°–50°
and the NESZ of –31 to –34 dB. First, one typical SAR image is
chosen from each group respectively for analysis. The SAR image
acquired on May 15, 2010 from the Gulf of Mexico is chosen from
Group 1, and a SAR image of the Gulf of Mexico on May 8, 2010 is
chosen from Group 2, as shown in Fig. 1. The dark patches in Fig. 1a
are oil slicks with an image incidence angle of 29°– 31° and the
wind speed of 9 m/s. The dark patches in Fig. 1b are also oil
slicks, with an incidence angle of 42°–45° and the wind speed of
6.5 m/s (Li et al., 2013).
To analyze the noise level of the two images, the signal-noiseratio (SNR, rsn) probability density function (pdf) is plotted in Fig. 2,
where the full line stands for the oil slick and dashed line for the
clean sea. SNR is calculated by rsn=σ0–na, where σ0 is the backscattering intensity and na the averaged NESZ. The noise level of
the two images are –33.3 to –35.6 and –32 to –33 dB respectively.
The co-polarization channel of the SAR data in the Fig. 1a has a
large backscatter intensity, and the averaged VV backscatter intensity of the oil slick is –24 dB and the clean sea –15 dB, so the
corresponding averaged signal of the clean sea and oil slick in
Fig. 2a is above the noise level. The backscatter intensity of the oil
area in Fig. 1b is weak and the corresponding averaged signal of
oil in Fig. 2b is below the noise level.
At first we compare the conformity parameters of the oil slick
and the clean sea in the two typical SAR images. The conformity
coefficient is analyzed combined with co-polarization phase difference as shown in Fig. 3. Figure 3a gives the co-polarization
phase difference pdf of the SAR data on May 15, where the clean
sea has smaller standard deviation than the oil slick. The corresponding conformity coefficient is larger than that of oil (Fig. 3c).
Please note that both the clean sea and the oil slick have the positive conformity coefficient, indicating that conformity coefficient cannot be simply used for the discrimination of the oil slick
and the clean sea. The positive or negative conformity coefficient
does not absolutely indicate the clean sea or oil slick. The case of
the SAR data on May 8 is given in Figs 3b and d, where the co-polarizations are highly correlated for the clean sea area with a narrow pdf and the co-polarization phase difference pdf of oil is
nearly uniform distribution, indicating the co-polarizations are
uncorrelated for oil. The corresponding conformity coefficient of
oil is negative and the clean sea positive (Fig. 3d). Considering
the incidence angle of the two images, for a medium incidence
angle (≈30°), the averaged SNR of oil is above 0, and the conformity coefficient is positive; for a large incidence angle (≥40°), the
averaged SNR of oil is below 0, and the conformity coefficient is
positive. The wind speeds of the two images are medium to high
speeds (6–9 m/s). The case of low wind will be discussed later.
Next, we compare the Muller matrix parameters (|C|, B0) and
eigenvalues of simplified coherency matrix (λ1, nos, λ3, nos). The |C|,
B0 parameters of the oil slick and the clean sea in SAR data on
May 15 and May 8, 2010 are given in Fig. 4, with the full line for
oil, the dashed line for clean sea, thin line for |C|, bold line for B0.
|C| is related to the co-polarization and B0 is related to the crosspolarization. Both oil and clean sea satisfy |C|>B0 and positive
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|C|–B 0 in the SAR data on May 15, 2010. The clean sea has the
positive value for |C|–B0, while the oil slick has negative |C|–B0 in
May 8, 2010 data. Large difference between the oil slick and the
clean sea is found in |C| parameter; while B0 for the oil slick and
the clean sea is nearly the same. Figure 5 compares the eigenvalues of simplified coherency matrix, where the thin line stands for
λ1, nos, the bold line for λ3, nos, the full line for oil, and the dashed
line for clean sea. For the SAR data on May 15, 2010, both oil and
clean sea satisfy λ1, nos>λ3, nos and positive λ1, nos–λ3, nos; for the data
on May 8, 2010, the clean sea satisfies λ1, nos>λ3, nos and positive
value for λ1, nos–λ3, nos, while for the oil slick, λ1, nos and λ3, nos are almost the same.
The comparison of the three polarization SAR parameters
shows that they have consistent performance in the same images.
For oil slick and clean sea samples, when conformity coefficient
is positive, Muller matrix parameters |C|>B0 and eigenvalues of
simplified coherent matrix λ1, nos>λ3, nos; when conformity coefficient is negative, |C|<B0 and λ1, nos, λ3, nos are nearly the same. The

formulations of the parameters in Section 3 also indicate the
same characterization of the relative magnitude of co-polarization and cross-polarization. Consequently, conformity coefficient has been chosen as a typical parameter to analyze the influence of observing conditions, environmental parameters and image noises in detail.
4.2 Influence of observing conditions, environmental parameters
and image noises on polarization parameters
The influence of the observing conditions, the environmental
parameters and the image noises on polarization parameters has
been analyzed. In addition to the two images in Section 4.1, another six images are also used as shown in Fig. 6, where the oil
slick, clean sea and look likes samples are labeled. Figure 6a is
the image acquired during 2011 Norwegian oil-on-water exercise, and the dark patches from the left to the right are plant oil,
emulsion and crude oil (chosen for analysis), with a wind speed
of 1.6–3.3 m/s (Migliaccio et al., 2011). Figure 6b is a South China
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Sea image on July 13, 2008, where the internal waves and the low
wind area are clearly visible and the wind speed is 2.0–3.0 m/s according to the NCEP forecast wind. Figure 6c is another South
China Sea image on August 18, 2012, also with the internal waves
and the low wind area clearly visible, and wind speed of 2.0–
2.3 m/s from the NCEP data. The incidence angles of the above
three images range from 29° to 36°, with a noise level of –33 to –36 dB.

Figure 6d shows a South China Sea image on August 13, 2012,
where the dark patches are biogenic slicks and the wind speed is
3.0–5.0 m/s from the NCEP data. Figure 6e is a Bohai Sea image
on May 16, 2011, where the left bottom is the look alikes, with a
wind speed of 3.0–5.0 m/s from the NCEP data. Figure 6f gives the
SAR image of South China Sea on August 23, 2008, where the internal waves are visible and the wind speed is 3.0 m/s from the
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NCEP data. The incidence angles of the three images are 40°–50°
and the noise level is –31 to –34 dB.
For the purpose of identifying the relationship between the
conformity coefficient and the SAR observing conditions, the en-

vironmental parameters and the noise levels, VV polarization
SNR, the co-polarization phase and the conformity coefficient
pdfs are plotted in Figs 7–12. The VV polarization SNR pdf characterizes the signal and noise of the oil slick, look likes and clean
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sea in the SAR data. The co-polarization phase is generally not
uniformly distributed. The nearly uniform distribution for the oil
slick and the look likes is related to the low SNR and the influence of the noise. The conformity coefficient pdf gives the distribution of the conformity coefficient for the oil slick, the look likes
and the clean sea, representing the co-polarization and cross-polarization powers. Note that the vessels and drilling rigs are not
included in the analysis for their strong cross-polarization, weak
co-polarization and negative conformity coefficient. The clean
sea samples in Figs 7–12 all have the signals above the noise, the
narrow co-polarization phase difference pdfs and the positive
conformity coefficients smaller than 0.5. The oil slick samples of
Fig. 7 in the image on June 8, 2011 with an averaged signal above
the noise have a broad instead of uniformly distributed phase difference pdf and the positive conformity coefficients, about 0.2 on
average. The oil slicks of Fig. 3 in the image on May 15, 2010 also
have the signal above noise and the positive conformity coefficient about 0.4. While the oil slicks on May 8, 2010 have the sig-

nal below the noise and the negative conformity coefficient about
–0.2. The look likes dark patches (low wind and biogenic slicks)
in Figs 8–10 and 12 have the signal below the noise, the nearly
uniformly distributed phase difference and the negative conformity coefficient about –0.1 on average. While the look likes
dark patches in Fig. 11 have the signal above the noise, a broad
but not nearly uniformly distributed phase difference pdf and the
positive conformity coefficient about 0.1 on average. In summary, the conformity coefficients are positive for the oil slick (the
images on May 15, 2010 and June 8, 2011), the clean sea (all the 8
images) and the look likes (the image on May 16, 2011). Conformity coefficients are negative for oil slick (May 8, 2010) and
other look likes (July 13, 2008 for example).
In order to discuss the influence of the observing conditions,
the environmental parameters and the noises on the conformity
coefficient, we summarize the above analysis results in Table 2. It
can be seen that dark phenomena (oil slick and low wind area) in
the SAR images can also have the positive conformity coefficient,

Table 2. Summary of analysis results
No.

Date

Incidence angle/(°)

Wind speed/m·s–1

1
2
3
4
5
6
7
8

2010–05–15
2011–06–08
2008–07–13
2012–08–18
2011–05–16
2010–05–08
2012–08–13
2008–08–23

29.2–30.9
34.5–36.1
34.4–36.0
29.2–30.9
43.6–44.9
41.9–43.3
48.3–49.5
40.1–41.6

9.0
1.6–3.3*
2.0–3.0
2.0–2.3
2.0–3.0
6.5
3.0–5.0
3.0

Conformity coefficient
dark patch
clean sea
oil slick μ>0
μ>0
oil slick μ>0
μ>0
low wind μ<0
μ>0
low wind μ<0
μ>0
low wind μ>0
μ>0
oil slick μ<0
μ>0
biogenic slick μ<0
μ>0
low wind μ<0
μ>0

Averaged SNR/dB
dark patch
clean sea
rsn>0
rsn>0
rsn>0
rsn>0
rsn<0
rsn>0
rsn<0
rsn>0
rsn>0
rsn>0
rsn<0
rsn>0
rsn<0
rsn>0
rsn<0
rsn>0
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such as the oil slick in the images on May 15, 2010 and June 8,
2011, as well as low wind area in the image on May 16, 2011. This
indicates that the positive and negative values conformity coefficients are not absolutely corresponding to the oil slick. The images cover a wind range of 2.0–9.0 m/s, from low to high speed,
with an incidence angle of 29°–50°, from the medium to large incidences, excluding the impacts of wind and incidence on the
conformity coefficient.
The changes of the conformity coefficient are analyzed considering the noise level. It can be seen that the negative conformity coefficient corresponds to an averaged SNR below 0 (averaged signal lower than noise), and the positive conformity coefficient corresponds to high SNR above 0 (averaged signal higher
than noise). So it could be concluded to some extent that the positive and negative values of the conformity coefficient measure
the image SNR other than discriminating the oil slick and the
clean sea. Note that, here we are not trying to confuse the polarimetric properties with scattered power. From the comparison
between the conformity coefficient and the SNR, we would like to
emphasize that the effectiveness of polarimetric parameters is
closely related to the quality of the signals received. For the signals below the noise level, all useful information including polarimetric information is contaminated by noise. So the application
of polarimeric parameters should take the noise analysis into account. Otherwise, no stable or convictive conclusions could be
achieved.
Next, we continue to analyze the influence of the incidence
angle on the conformity coefficient. Nos 1 to 4 images in Table 2
have the medium incidence angle (30°–40°), and the two images
of them have the positive SNR for dark area, as well as the positive conformity coefficient. No. 5 to 8 images have the larger incidence angle (40°–50°), and only one image has the positive SNR for
the dark area, as well as the positive conformity coefficient, and
the other three images have the negative SNR (dB) and the conformity coefficient for the dark area. For the medium incidence
angle, SAR has strong backscattering and large SNR, so there is a
large probability for the positive SNR. While for the large incidence angle, SAR has weak backscattering, low SNR and a large
probability of the negative SNR.
Then, the relationship between the environmental wind parameter and the conformity coefficient has been discussed. No. 1
and 6 images have medium to high wind speed (6.5 and 9.0 m/s),
while the other six images have low wind speed (2.0–5.0 m/s),
and two images of them have positive conformity coefficient, four
images with the negative values for the dark patches, indicating
that the conformity coefficient is more probably to be negative
under the low wind speed. SAR data have the weak backscattering and low SNR in the low wind, so there is a large probability of
the negative conformity coefficient.
The analysis results indicate that the polarization parameters,
typically, the conformity coefficient cannot be used simply for the
oil spill detection, and the positive and negative values of the
conformity coefficient are not absolutely corresponding to the
oil, which are greatly impacted by the noise. The averaged positive SNR of the dark area corresponds to the positive conformity
coefficient and the averaged negative SNR corresponds to the
negative conformity coefficient. There is no absolute relationship between the incidence angle, the wind speed and the conformity coefficient. The large incidence and the low wind speed
have a larger probability for the negative conformity coefficient;
while the medium incidence and the high wind speed have a larger probability for positive conformity coefficient.
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4.3 Verification
To verify the relationship between conformity coefficient and
image SNR, another Radarsat–2 data on June 8, 2011 in Norwegian oil-on-water exercise have been used. The image was acquired at 05:59 UTC with an incidence angle of 46.1°–47.3° and a
wind speed of 1.6–3.3 m/s. The above analyzed image in Section
4.2 on the same day was acquired after 11.5 h at 17:27 UTC with
an incidence angle of 34.5°–36.1° and a wind speed of 1.6–3.3 m/s.
The image at 17:27 UTC has averaged noise of –34.5 dB (Migliaccio et al., 2012), with averaged positive SNR for crude oil and
emulsion. The image at 05:59UTC has averaged noise of –32 dB
(Migliaccio et al., 2012). Figure 13 gives the VV image, SNR, the
co-polarization phase and the conformity coefficient of data acquired at 05:59 UTC on June 8, 2011. It could be seen that the
backscattering of the VV polarization is mostly lower than noise
for emulsified oil, there is no useful information in pdf of the copolarization phase, and the conformity coefficients are averaged
negative.
The two images on June 8, 2011 during the oil spill experiment have nearly the same wind speed, but different incidence
angles and SNR levels. The image at 05:59 UTC has the backscattering signal below noise for emulsified oil and negative conformity coefficient. The other image at 17:27 UTC has the backscattering signal above noise for crude oil and positive conformity
coefficient. The correspondence of positive/negative SNR and
conformity coefficient turns out to be consistent with the results
in Section 4.2. The example verifies the correlation between signal to noise level and the conformity coefficient very well.
5 Conclusions and discussion
Radarsat-2 polarimetric SAR data with different incidences,
wind speeds, noises and phenomena (oil and look likes) are used
to analyze the influence of the observing conditions, the environment parameters and the noises on the polarimetric parameters
for the oil slick detection. The following conclusions could be
summarized.
(1) The conformity coefficient, Muller parameter |C|–B0 and
eigen difference λ1, nos–λ3, nos of the simplified coherency matrix
have consistent characterization for the relative magnitude of copolarization and cross-polarization channels.
(2) The relationship of the conformity and the image signal to
noise level has been analyzed for the oil slick, look likes and clean
sea. The results indicate that the positive and negative values of
conformity coefficient do not absolutely correspond to the oil
slick. The conformity coefficient features the signal and noise
levels to some extent. When signals are below noise level for the
oil slick and look likes, the conformity coefficients are negative;
when signals are above noise level for the oil slick and look likes,
the conformity coefficients are positive. The clean sea has signal
above noise and the positive conformity coefficients. The conformity coefficient tends to be larger under high wind and medium incidence angle than low wind and large incidence angle.
(3) For the dark patches (low wind and biogenic slick, etc.)
with SNR below 0, the conformity coefficient, Muller parameters,
eigenvalues of the simplified coherency matrix and the co-polarization phase cannot separate them with the oil slick. The low
SNR level impedes the detection of the oil slick. For SNR above 0,
the oil slick, look likes (low wind and biogenic slick) and clean
sea all have the positive conformity coefficient (SAR data at 17:27
UTC on June 8, 2011, for example). The oil slick has the smallest
conformity coefficient, the look likes the second, and the clean
sea the largest value. So it is possible to discriminate them with
the thresholds, while SAR imaging conditions have to be con-
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Fig. 13. SAR data at 05:59 UTC on June 8, 2011. VV images (a), SNR pdf (b), co-polarization phase difference pdf (c) and conformity
coefficient pdf (d).
sidered. The high SNR level helps to identify the oil slick and excludes the look likes to some extent.
(4) The oil slick detection using the polarimetric SAR data
must take the observing conditions, the environmental parameters and the image noises, especially, into account. Only when the
signal is above noise for the dark area, the polarimetric parameters can be applied for the oil slick identification. Neither convincible nor stable polarimetric features could be achieved for the
oil slick detection once SAR data are involved with the signal below noise.
The conformity coefficient, the Muller parameter |C|–B0 and
eigen difference λ1, nos–λ3, nos of the simplified coherency matrix,
representing the relative magnitude of co-polarization and crosspolarization channels, have been compared for the oil slick detection, and the typical conformity coefficient has been analyzed
for the influence of the observing conditions, the environment
parameters and the noises. There are more polarimetric parameters to be analyzed for the influence. As to the SAR imaging incidence and the wind speed, the qualitative analysis in the paper
is made to give a probability for their impacts on the polarimetric
parameter for the oil detection. More detailed and quantitative
analysis should be made. The relationship between the signal to
noise level and the conformity coefficient in the paper has been
concluded based on eight Radarsat–2 data. More multi-polarization data should be involved in the further work.
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Abstract

Oil droplet size distribution (ODSD) plays a critical role in the rising velocity and transport of oil droplets in
subsurface oil releases. In this paper, subsurface oil release experiments were conducted to study ODSD under
different experimental conditions in a laboratory water tank observed by two high-speed cameras in March and
April 2017. The correlation formulas Oh=10.2Re–1 and Oh=39.2Re–1 (Re represents Reynolds number and Oh
represents Ohnesorge number) were established to distinguish the boundaries of the three instability regimes in
dimensionless space based on the experimental results. The oil droplet sizes from the experimental data showed
an excellent match to the Rosin–Rammler distribution function with determination coefficients ranging from 0.86
to 1.00 for Lvda 10-1 oil. This paper also explored the influence factors on and change rules of oil droplet size. The
volume median diameter d50 decreased steadily with increasing jet velocity, and a sharp decrease occurred in the
laminar-breakup regime. At Weber numbers (We) <100, the orifice diameter and oil viscosity appeared to have a
large influence on the mean droplet diameter. At 100<We<1 000, the oil viscosity appeared to have a larger
influence on the relative mean droplet diameter.
Key words: oil droplet size distribution, subsurface oil releases, Rosin–Rammler distribution
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1 Introduction
Releases of subsurface oil into the water column often occur
with the development of offshore oil and gas exploration, which
may be caused by vessel collisions, well blowout or pipeline rupture (Zhu et al., 2017). Subsurface oil releases may pose a major
threat to the marine environment, such as in the Deepwater Horizon (DWH) blowout, which released approximately 4.93 million barrels of crude oil (Li et al., 2016). During the DWH blowout, the larger oil droplets took a few hours to rise to the surface, while some smaller droplets could stay in the water column
for weeks or months (Brandvik et al., 2013; Ryerson et al., 2012;
Geng et al., 2016). Previous studies showed that oil droplet size
distribution (ODSD) played an important role in the rising velocity and transport of the released oil in subsurface oil releases
(Johansen et al., 2013; Chen et al., 2016; Brakstad et al., 2015;
Zheng and Yapa, 2000), and the ODSD determined when and
where oil rose to the surface, and even whether the oil rose to the
surface or not (Niu et al., 2011). Furthermore, ODSD could also
affect the horizontal movement and toxic effects of oil droplets in
the water column (Nissanka and Yapa, 2016). In order to study
the ODSD, in situ and laboratory some subsurface oil release experiments were conducted. In June 2000, the Deep Spill experiment was conducted to observe ODSD at a depth of 844 meters in
the Norwegian Sea (Johansen et al., 2001). In addition, ODSD was
analyzed by laboratory experiments in a water tank with a length
of 0.5 m, a width of 0.5 m and a height of 1.3 m, and certain influ-

ence factors were considered (Masutani and Adams, 2004). Experiments with subsurface oil releases with and without dispersant were conducted in the Tower Basin, which had tested different oil types at several temperatures and with different dispersants (Brandvik et al., 2013). The application of a subsurface dispersant decreased the average droplet diameter and conversely
increased the number of droplets observed in the water column
(Aprin et al., 2015). Subsurface oil release experiments considering the various forces affecting the migration of the droplets were
studied in an Ohmsett tank with a length of 203 m, a width of 20 m,
and a height of 3.4 m (Zhao et al., 2016).
In addition to these experiments, some prediction models for
ODSD were built to understand the droplet size distribution. A
two-step Rosin-Rammler scheme was introduced by developing
a Reynolds-number scaling approach to predict droplet size distribution (Li et al., 2016). Droplet size distribution was studied by
a Weber number scaling approach and a maximum entropy
formalism approach (Chen and Yapa, 2003, 2007). Subsequently,
a modified Weber number scaling approach was developed with
chemical dispersants being applied (Johansen et al., 2013). A
population model was established coupled with the plume model, and breakup and coalescence were the most important processes during the first meters of the oil jet, where turbulence was
dominant (Bandara and Yapa, 2011). Both interfacial tension and
oil viscosity were considered in the VDROP model to resist the
breakup of droplets due to turbulence (Zhao et al., 2014). The
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model oil droplets was introduced by using an improved theoretical method and agreed well with the experimental data (Nissanka and Yapa, 2016).
Although the previous studies of ODSD have been conducted
by experiments and model simulations, but the factors to control
ODSD are not clear. In this paper, experiments in water tank and
the image analysis are applied to estimate the size of the dispersed droplet phase. We focused on the ODSD of subsurface oil
releases through the use of five orifice diameters, two oil types,
two ambient fluids, and different injection velocities to understand the role of jet velocity, orifice diameter, oil types and ambient fluids on ODSD.
2 Materials and methods
2.1 Experimental setup
To study oil release behaviors and the distribution of oil droplet size, some water tanks were built in which many experiments were conducted (Tang and Masutani, 2003; Johansen et
al., 2013; Zhao et al., 2016). In this study, experiments on subsurface oil releases were conducted in a 2.0 m tall by 1.0 m×1.0 m
square water tank located at The First Institute of Oceanography
(SOA, China). The tank had an effective operating depth of 1.8 m.
Figure 1a presents the schematic diagram of experimental setup
consisting of the oil injection system, tank body and control system. The oil injection system structures were relatively complex
and were made essentially of an oil reservoir, gear pump, oil
pipeline, nozzles, temperature sensor, pressure sensor, flowmeter and so on. The five injection nozzles had diameters of 1.30,
1.95, 3.33, 4.41, 5.07 mm and were placed at the bottom of the
tank. In the experiment, crude oil in a small (approximately 2.5
liters) reservoir was heated to a set temperature with constant
stirring. A pulseless gear pump (BB-B10Y) coupled to a variablespeed motor drew oil into the pipeline and was used to adjust jet
velocity. The oil was discharged vertically upward as a constantflow oil jet through different nozzles into the water tank. The
temperature, pressure and flow data were detected in real time
by sensors. The flowmeter had an effective monitoring range of
0.3–500 L/h with an error of 0.2%. Two high-speed industrial
cameras were employed to measure oil droplet size. All setup
parameters were controlled by an industrial computer to improve accuracy.
2.2 Experimental materials
The subsurface oil release experiments were conducted in the
water tank in March and April 2017. Two crude oil types (Lvda10–
1 and Fenjin) were investigated under different conditions, resulted in 62 runs for the entire experimental design. Table 1 presents
the physical and chemical properties of the two crude oils. The
specific gravity and viscosity of crude oil varies at different temperatures, so we deduced the density-temperature curve and kinematic viscosity-temperature curve. The interfacial tensions were
25.9 mN/m and 26.6 mN/m between seawater and the Lvda10–1
oil and Fenjin oil, respectively. In contrast, the interfacial tension
was 17.5 mN/m between freshwater and the Lvda10–1 oil. To
more closely imitate the real environment, the seawater for our
experiment was from the coast sea of Qingdao, which had a conductivity and density of 47.1 mS/cm and 1 023 kg/m3, respectively. All experiments were carried out at mean water temperature Twater=16°C and the oil temperature was set to Toil= (40±0.1)°C
to simulate oil releases from submarine pipelines. The injection
velocity ranged from 0.04 m/s to 11.5 m/s. The settings for experiments in the water tank are listed in Table 2.
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Table 1. Physical and chemical properties of the two crude oils
Items
Lvda10–1
Fenjin
Density-temperature
ρ=950.71exp
ρ=847.9exp
curve/(20–40°C)
(–8×10–4T)
(–10–3T)
Kinematic viscosity-temperatμ=2 770.8exp
μ=19.173exp
ure curve/(20–40°C)
(–0.079T)
(–0.035T)
IFT of the oil-seawater/mN·m–1
25.9
26.6
IFT of the oil-freshwater/mN·m–1
17.5
–
Note: ρ—density, kg/m3, μ—kinematic viscosity, mm2/s, T—
temperature, °C

Table 2. Experimental release conditions in the tank
Parameters
Oil sample
Nozzles diameter/mm

Values
Lvda10-1, Fenjin
1.30, 1.95, 3.33, 4.41, 5.07

Jet velocity/m·s–1
Water
Water temperature/°C
Oil temperature/°C

0.04–11.50
seawater, fresh water
16
40±0.1

2.3 Data collection and analysis
In previous studies, the dispersed oil droplet size was analyzed by using a LISST-100X (Sequoia Scientific Inc. Seattle, WA),
but its measurements were in the range of 2.5–500 μm (Li et al.,
2011; Tang and Masutani, 2003; Johansen et al., 2013; Zhao et al.,
2014). In addition, the LISST-100X could obtain real-time data,
but it led to repetitive calculation for smaller oil droplets, which
had lower rising velocity, and it could produce an error in the oil
droplet size.
Image analysis used for droplet size measurements was typically the method of choice that can provide qualitative insight and
quantitative data (Tang and Masutani, 2003; Neto et al., 2008).
Currently, the resolution of high-speed imaging systems can
reach 10 μm (Brandvik et al., 2013; Aprin et al., 2015). Several
tests were conducted, and image analysis was able to measure
single droplets in a dispersed distribution. One of the advantages
of image analysis was that we could select the appropriate images manually to avoid duplicate calculations.
In the experiments, dispersed oildroplet size was measured
by two industrial cameras, which were calibrated using a C4 eyepiece micrometer scale. The cameras were used to monitor the
process of oil droplet formation and flow pattern in real time, and
they were placed at a height of 150 cm above the nozzle. To improve visual identification of oil droplets and the resolution of the
images, the high-speed, high-resolution camera (ICX625) were
placed inside the water. They were able to capture droplet motion at 17 frames per second (fps), for which the frame resolution
was set to a maximum of 2 456×2 058 pixels and the lens resolution was 5.8 μm. By putting it in the water, the image analysis
succeeded in discerning the dense droplets because it could separate individual droplets from each other. We used the backlight
to provide lighting system which was LED lights (Fig. 1b). It has
15 W power and 6 500 K color temperature. The distance between the lighting source and the camera is about 100 mm, and
lighting system could penetrate the oil plume. Under these conditions, images of oil droplets and their size distribution were
clearly captured by the camera (Fig. 1c). The other camera
(CMV2000), used for the larger oil droplets, was placed outside
the tank. It was able to capture 50 fps for which the frame resolution was set to a maximum of 2 048×1 088 pixels, and the lens resolution was 200 μm. The observation of oil-droplet size distribution lasted at least 2 min to obtain a sufficient number of images.
Video images were subsequently analyzed frame-by-frame by
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Fig. 1. Schematic diagram of the experimental water tank.
soft Image-Pro Plus 6.0 to computer oil droplet size. Then, we
calculated the critical size of the oil droplets de and the spread exponent m by a Rosin-Rammler distribution function.
3 Results and discussion
3.1 Regimes of droplet formation
For the purpose of observing the transition process of regimes of droplet formation, experiments were performed by increasing the jet velocity while keeping other parameters fixed to
increase the relative Reynolds number between phases in a stepwise manner. Figure 2 shows experimental images of oil discharged into water at different jet velocity conditions from the
1.95 mm nozzle for Lvda10–1 by using the high-resolution camera. It could be found that the mechanism of oil droplet formation and droplet size were dynamically evolving in time. Meanwhile, as previously observed from the breakup experiments (Johansen et al., 2013), the droplet formation regime was divided into three types, i.e., the laminar breakup, transitional breakup and
atomization-breakup regimes. In the laminar-breakup regime
(the first four images of Fig. 2), a stable laminar jet formed at the
nozzle, and the jet rose to a certain height and then broke up into
single droplets. In the atomization-breakup regime (the last two
images of Fig. 2), the jet was fully turbulent and eventually disrupted intensely into a large number of smaller droplets, rising
upwards as a dispersion. The transitional-breakup regime (the
remaining two images of Fig. 2) was located in the transition domain. Moreover, it was clear from Fig. 2 that oil-droplet formation occurred by three absolutely different development regimes.
Oil droplet breakup regimes were represented by two dimensionless numbers (Li et al., 2016; Masutani and Adams, 2004;
Peng et al., 2009; Johansen et al., 2013), the Reynolds number
(Re) and the Ohnesorge number (Oh). The relative Reynolds
number, based on the relative velocity, was introduced to ac-

count for the integration effects of the relative motion of the two
phases and was expressed in Eq. (1). Oh represented the ratio of
viscous forces to surface tension as expressed in Eq. (2).
Re =

Oh =

½Ud
;
¹

¹
(½¾d)1=2

(1)

;

(2)

where ρ is the density of the jet fluid, U is the jet velocity, d is the
orifice diameter, μ is the dynamic viscosity of the jet fluid, and σ
is the interfacial tension between oil and water.
Figure 3 exhibits a plot of Oh versus Re for our data set, where
the data points were illustrated by their corresponding breakup
regimes. The boundaries of the breakup regimes could be related to a linear relationship of the form Oh=cRe –1 (Tang and
Masutani, 2003; Masutani and Adams, 2004) where c was a constant of proportionality. The dashed line drawn in the diagram
showed the boundary. The correlation equation Oh=10.2Re–1 was
the boundary between the laminar and transitional breakup. In
addition, the correlation equation Oh=39.2Re–1 was the boundary between the transitional and atomization breakup. The constant c was different from previous studies (Tang and Masutani,
2003). One cause for this difference was that droplet breakup may
be caused by different mechanisms depending on the properties
of the fluid.
3.2 Droplet size distribution
Two common methods to present the droplet size distributions are by the log-normal distribution function or by the RosinRammler distribution function (Johansen et al., 2003, 2013; Lefe-
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(1) V=0.09 m/s

(2) V=0.19 m/s

(3) V=0.65 m/s

(4) V=1.55 m/s

(5) V=2.56 m/s

(6) V=4.11 m/s

(7) V=8.07 m/s

(8) V=10.72 m/s
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Fig. 2. Images of oil discharged into water from a 1.95 mm nozzle.

10

Ohnesorge number

laminar breakup
transitional breakup
atomization breakup
1

bvre, 1989). The former can be understood as a normal distribution of the logarithms of the droplet sizes. The latter is a twoparameter distribution function, deﬁned in terms of a critical
particle diameter de corresponding to a certain cumulative volume fraction R(d), and a spreading parameter m. The cumulative volume distribution was given as shown in the following Eq.
(3). From Eq. (3), it is clear that the sole size distribution of the droplets is produced when m and de are specified. Equation (3) can be
varied as a logarithmic form as shown in the following Eq. (4).
· µ ¶m ¸
d
R (d) = 1 ¡ exp ¡
;
de

0.1

0.01
0.1

1

10

100

1 000

10 000

Reynolds number

Fig. 3. Oh versus Re scatter plot of experimental runs and their
corresponding breakup regimes.

(3)

where R(d) is the cumulative volume fraction (%), d is the particle
size (μm), de is the critical particle diameter (μm) when d=de, and
m is the spread exponent of particle sizes.
ln f¡ ln [1 ¡ R (d)]g = m ln d ¡ m ln de:

(4)

It can be seen from Eq. (4) that the regression is a line in the
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ln(d) and ln{–ln[1–R(d)]} coordinates provided that the droplet
size satisfies the Rosin-Rammler distribution function. The exponent m and the critical diameter de can be specified as the slope
and the intercept of this inclined line, respectively.
Table 3 shows the corresponding the exponent m, critical
particle diameter de and the determination coefficients R2 of Rosin-Rammler distribution function for Lvda10–1 oil under different experimental conditions. For the Rosin-Rammler distribution, the critical diameter ranged from 10.7 to 3 899.7 μm, with a
spreading coefficient m ranging from 0.37 to 1.18. The R2 of the
regression lines of the Rosin-Rammler distribution was from 0.86
to 1.00, suggesting that the oil droplet size from the experimental
data showed an excellent match to the Rosin–Rammler distribution. Figure 4 illustrated the regression line and the size distribution of oil droplets calculated by the Rosin-Rammler distribution
function under double logarithmic coordinates. To display this
well display, a portion of the data is listed in Fig. 4. It could be

Orifice
Jet velocity/
diameter/mm
m·s–1
1.30
0.21
0.48
1.14
2.59
4.37
6.95
7.50
8.85
10.44
1.95
0.09
0.19
0.65
1.55
2.56
4.11
4.63
8.07
10.72
3.33
0.04
0.07
0.21
0.58
0.94
1.66
3.16
6.52
11.09
4.41
0.02
0.04
0.12
0.33
0.55
0.92
5.07
0.02
0.12
0.27
0.47
0.74

m
1.01
0.96
0.54
0.63
0.90
0.47
0.40
0.64
0.63
0.73
0.71
0.63
0.67
0.87
0.78
0.49
0.41
0.73
1.17
0.80
0.68
0.62
0.78
0.96
0.37
0.53
0.55
1.18
1.08
0.89
0.75
0.64
0.87
1.17
0.47
0.71
0.86
0.99

Critical
diameter/μm
2 793.1
3 248.3
1 316.0
1 237.3
969.6
27.5
10.7
68.4
50.9
1 519.2
1 617.7
1 419.1
1 825.6
959.7
630.4
51.4
11.1
42.6
3 899.7
2 425.9
2 287.0
2 258.3
2 204.5
1 114.0
11.0
25.3
15.5
3 271.3
3 379.5
3 108.5
2 779.8
1 888.4
1 913.3
2 734.3
381.2
1 787.5
1 801.5
1 847.8

R2
0.94
0.91
0.88
0.92
0.98
0.99
0.98
1.00
0.99
0.93
0.86
0.99
0.90
0.97
0.98
0.98
1.00
1.00
0.95
0.87
0.88
0.88
0.96
0.97
0.95
0.99
1.00
0.95
0.89
0.87
0.90
0.95
0.99
0.92
0.90
0.94
0.96
0.98

ln{-ln[1-R(d)]}

2

0
R2=0.99
R2=0.98
R2=0.84
R2=0.89
-2
0

3

6

9

lnd

Fig. 4. Expressions of linear regression for Lvda10-1 oil.
found that comparison of the oil droplet size with the RosinRammler distribution function showed good agreement.
Figure 5 demonstrates the variation-of-spread exponent m
and the critical diameter of ODSD with increasing jet velocity for
the 1.30 mm nozzle diameter for Lvda10–1 oil. It could be found
from Fig. 5 that the spread exponent and critical diameter varied
with the jet velocity. In the laminar-breakup regime of droplet
formation, the spread exponent decreased with increasing jet velocity, which varied from 1.01 to 0.54. In the transitional-breakup
regime, the spread exponent increased with increasing jet velocity, which varied from 0.54 to 0.90. As the jet velocity increased,
after entering the atomization-breakup regime the spread exponent first decreased and then increased, and ranged from 0.90 to
0.40. It could also be seen that the critical diameter decreased
continuously according to increasing jet velocity, which varied
from 3 248.3 μm to 10.7 μm. In addition to this, the values of the
spread exponent m and critical diameter from Table 3 definitely
showed a consistent change trend. This implied that the uniformity and characteristic diameter of ODSD may have been related to the jet velocity. The most likely cause for the variation
was the transformation between the balance and imbalance of
gravity, buoyancy, interfacial tension and viscous force. Meanwhile, small droplets were mainly caused by high turbulence at
the release point at a higher jet velocity (Yapa et al., 2012).
3.3 Influence factors of droplet size
Jet velocity, nozzle diameter, ambient fluid and oil properties
spread exponent m
critical diameter

0.9

m

Table 3. The corresponding values of the spread exponent m,
critical particle diameter de and the determination coefficients of
the Rosin-Rammler distribution function

d=1.30 mm, V=0.21 m/s
d=1.30 mm, V=2.59 m/s
d=3.33 mm, V=0.04 m/s
d=3.33 mm, V=11.09 m/s

3 000

0.6

2 000

0.3

1 000
laminar
breakup

transitional
breakup

Critical diameter/μm
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atomization breakup
0

0
0

3

6

9

Jet velocity/m·s-1

Fig. 5. Variation of the spread exponent and the critical diameter.
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p
d50 = de m ¡ ln 0:5;

1.30 mm
1.95 mm
3.33 mm
4.41 mm
5.07 mm

1.8

1.2
d50/D

all had effects on the size distribution of the droplets (Masutani
and Adams, 2004). Because there was a wide distribution of
droplet size, the volume median diameter of the droplets d 50
could reflect the droplet size distribution (Zhao et al., 2014; Li et
al., 2016). In this study, d50 was also used to research the influence factors of droplet size distribution. The computing method
was the following equation:
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(5)
0.6

where d50 is the volume median diameter, de is critical particle
diameter, and m is the spread exponent.
3.3.1 Jet velocity
Figure 6 shows a plot of the results of the volume median diameter d50 vs. jet velocity for Lvda10–1 oil. It could be found that
d50 decreased steadily with increasing jet velocity. This can also
be explained by the fact that the jet velocity affected the turbulence, which influences the ODSD (Yapa et al., 2012) and that the
jet velocity could yield oil droplet size distributions containing
smaller droplets. A sharp decrease occurred from 2 848 to 670 μm
in the laminar-breakup regime, followed by a milder decrease in
the transitional-breakup regime ranging from 759.1 to 24.4 μm,
with essentially no change in the atomization-breakup regime.
There was a reason that the ODSD was shifted towards smaller
sizes with larger jet velocity. In other words, the larger the droplet
was, the more likely it was to break up.
3 000
laminar breakup
transitional breakup
atomization breakup

10-2

10-1

100

101

102

103

104

105

Weber number

Fig. 7. The relative median droplet diameter vs. the We for different Orifices
3.3.3 Types of oil and fluid
Figure 8 shows a plot of d 50 /D vs. We for different oil types
from a 3.33 mm orifice. These data corresponded to two oil types
with kinematic viscosities that ranged over two orders of magnitude. The viscosity of the Fenjin oil was 8.2 mm2/s, but the viscosity of the Lvda10–1 oil was 464.7 mm2/s. At low values of We,
the jet viscosity seemed to have little effect on the relative median droplet diameter. As We increased, the relative median
droplet diameter appeared to increase slightly with the oil viscosity. At 1<We<1 000, the oil viscosity appeared to have a larger influence on the relative mean droplet diameter. At We>1 000, the
oil viscosity appeared to have a smaller influence on the relative
mean droplet diameter.

d50/μm

2 000

0

lvda 10-1
fenjin

0.9
1 000

d50/D

1.6
0
0

3

6

9

Jet velocity/m·s-1

0.3

Fig. 6. The volume median diameter under different jet velocity
for Lvda10-1.
3.3.2 Orifice diameter
Figure 7 demonstrates a plot of the relative median droplet
diameter (d50/D) vs. the Weber number (We), where D is the size
of the nozzle diameter. These data were from the injection of Lvda10–
1 into seawater through difference orifices. It was clear that a
smaller orifice produced a modestly larger value of d50/D at low
We, but this effect diminished with increasing values of We. At
100<We<1 000, the orifice diameter appeared to have a smaller
influence on the mean droplet diameter. However, at We>1 000,
the value of d50/D had almost no effect for different orifice diameters. This suggested that the formation mechanism of the small
droplets became relatively independent once a threshold droplet
diameter was reached. The reason was that surface instabilities
may be sensitive to the orifice diameter at lower values of We.

0
10-2

10-1

100

101

102

103

104

105

Weber number

Fig. 8. The relative median droplet diameter vs. the We for the
two oils.
The effect of two different values of interfacial tension, i.e.,
25.9 and 17.5 mN/m on the volume median diameter was analyzed. Figure 9 shows a plot of d50 vs. the jet velocity for different
ambient fluids from a 1.95 mm orifice. As shown in Fig. 9, the median droplet size ranges from 4.6 to 1 053.9 μm for seawater, but
the median droplet size ranges from 6.7 to 698.7 μm for fresh water. This implied a change in the mean droplet diameter with in-
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creasing jet velocity for different values of interfacial tension. The
mean droplet diameter was larger in seawater than in fresh water. At a low jet velocity, the interfacial tension seemed to have a
larger effect on the median droplet diameter. When the jet velocity was >8 m/s, the interfacial tension had little effect on the
droplet diameter.
1 200
seawater
fresh water

d50/μm

800

400

0
0

3

6
Jet velocity/m·s-1

9

Fig. 9. The median droplet diameter vs. the jet velocity for different ambient fluids.
4 Conclusions
Subsurface oil release experiments have been performed to
study ODSD under different experimental conditions in a laboratory water tank. We acquired experimental data for subsurface
oil releases through orifices of five different diameters, two oil
types, two ambient fluids, and different injection velocities. Detailed measurements of the size distribution and of the formation of oil droplets were obtained, and the main conclusions are
as follows:
(1) Regimes of oil droplet formation were divided into three
different developing regimes: laminar breakup, transitional
breakup and atomization-breakup regimes. In addition, the correlation formulas of the boundaries were established based on
the Reynolds number and the Ohnesorge number, which were
Oh=10.2 Re–1 and Oh=39.2 Re–1, respectively.
(2) The oil-droplet size showed an excellent agreement with
the Rosin–Rammler distribution function with determination
coefficients ranging from 0.86 to 1.00 for Lvda10–1 oil. The critical diameter decreased continuously according to increasing jet
velocity, varying from 3 248.3 to 10.7 μm. In addition, the spread
exponent changed differently in each of the three droplet formation regimes.
(3) Based on the experimental data analysis, the jet velocity,
orifice diameter, ambient fluid and oil type all had an effect on
ODSD. The volume median diameter d50 decrease steadily with
increasing jet velocity, and a sharp decrease occurred in the laminar-breakup regime. At We<100, the orifice diameter and oil viscosity appeared to have a larger influence on the mean droplet
diameter. Moreover, at 100<We<1 000, the oil viscosity appeared
to have a larger influence on the relative mean droplet diameter.
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Abstract

A physical model test has been conducted to study the oil diffusion from the submarine pipeline under water flow.
The crude oil in the flume is spilled from a leakage point of the pipeline and diffused from the seabed to the
surface. By the non-contact optical measuring technology, an image acquisition and data analysis system is
designed to explore the spilled mechanism and characteristic. The oil trajectory, velocity and the rising time to the
surface are obtained through this system. The influence of the water flow and the spilled discharge on the
behavior of the spilled oil are analyzed from both qualitative and quantitative perspectives. The sensitivity study
of the characteristic physical quantities to various factors are presented afterward. The spilled oil under water is
mainly distributed in the form of the scattered particles with different sizes. The rising process of the oil can be
divided into three stages: full, dispersion and aggregation period. The spilled discharge is the primary factor
affecting the rising time of the oil particles. In the rising process of the oil particles, the vertical velocity of the oil is
mainly affected by the spilled discharge, and the transverse velocity is more dependent on the water velocity. The
deviation of the transverse oil velocity is much larger than that of the rising time and the vertical oil velocity. The
study can provide a theoretical reference for the prediction system of oil spill emergency.
Key words: oil diffusion, submarine pipeline, model test, water flow, spilled discharge
Citation: Jiang Meirong, Yu Jianxing, Li Zhigang, Zhong Wenjun, Wu Zhaohui, Yu Yang. 2018. Laboratory investigation into the oil
diffusion from submarine pipeline under water flow. Acta Oceanologica Sinica, 37(11): 96–103, doi: 10.1007/s13131-018-1257-6

1 Introduction
In the exploitation of offshore oil, the submarine pipeline
plays an irreplaceable important role. However, the damage accident of the submarine pipeline happens frequently during the
whole operation process, which may result in an oil spill (Cai et
al., 2016). It is generally due to the medium corrosion, action of
the marine environment loads, improper operation of the construction and collision of falling-object, etc. Great loss and destruction has been caused by the offshore oil spill in economic
development and marine environment (Chao et al., 2017). For
example, during the seven years from 1995 to 2002 in China,
there are 9 accidents which loss more than 3.5 million CNY for
each one (Offshore Oil Co., Ltd., 2015); whereas, the repair cost of
Pinghu oil field in the East China sea is up to more than 20 million CNY in 2001 because of the scouring fracture to the oil
pipeline, the permanent restoration has lasted for more than one
year, and the serious pollution to the marine environment
caused by it is more difficult to estimate.
Submarine pipeline oil spills generally experience two processes: diffusion in the water after oil spilled from damaged orifice and offshore drift at the sea surface (Guo et al., 2014). With

the environmental condition, if the spill location is hindcasted
after the discovery of the spill oil at the sea surface, emergency
measures can be conducted to block the spill location timely. Or
the location of the spilled oil is predicted before it is arrived at the
sea surface, we can deal with the spill at the beginning which can
reduce the workload and also the pollution on the marine environment.
Since 1960s, a large amount of research has been done to
study the diffusion mechanism on the oil spill under water (Fan,
1967; Hirst, 1972; Fanneløp and Sjøen, 1980; Bemporad, 1994;
Zheng and Yapa, 1998; Johansen 2000; Wang, 2008; Yapa et al.,
2012; Zhu et al., 2014; Socolofsky et al., 2015; An et al. 2015).
There is a large consensus in the community that, experiments
are considered to be the most reliable method to investigate the
oil spill characteristics (Yapa et al., 2012). Meanwhile, the experimental results can also be used as validation data for the numerical simulation.
A model test of buoyant jet under water was carried out in the
flume by Fan (1967), and the experimental values of the vertical
jet trajectory were given in the non-stratified flow environment.
In the laboratory test during 1971, Hirst (1971, 1972) studied the
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motion of vertical buoyant jets in the stratified flow. The trajectories of three-dimensional buoyant jets were investigated experimentally by Doneker and Jirka (1990) under non-stratified dynamic flow. In order to evaluate the first line oil spill for different
fields under water, Brandvik et al. (1996) did a field test in the
North Sea to simulate the actual crude oil leakage. During the experiment, a total of 25 m3 crude oil was released and the release
time was 20 min, of which the model depth was 100 m underwater. For further investigating the oil blowout phenomenon in the
subsea, a blowout field test with mixed oil and gas was conducted in the North Sea (Rye et al., 1996, 1997; Strøm-Kristiansen et
al., 1996). The spillage was a mixture of oil and gas with a certain
proportion (GOR = 65) which was spilled from a water depth of
100 m. The spilled velocity was 1 m3/s and the total amount was
45 m 3 which spilled out to the sea water in 45 min. The wellknown Deep Spill test was carried out by Johansen et al. (2001,
2003). The spillage was consisted of marine diesel oil and crude
oil and the duration of each release was 1 hour in which the release rate was 1 m3/min with the water depth 850 m. Khelifa and
So (2009) have performed experiments of oil droplet breakup
with application of chemical dispersants. The physical properties and dispersion of oil were measured to determine the effects
of chemical dispersants on IFT and oil viscosity and the effects on
oil droplet formation. Brandvik et al. (2013) established a laboratory facility to study droplet size versus release conditions, oil
properties and injection of dispersants. Hissong et al. (2014) from
Mobil Oil Corp discussed the movement model of the hydrocarbon leakage in the water and compared the results with a scale
test. Zhu et al. (2017a, b) conducted an experimental investigation of underwater spread of oil spill in a shear flow.
Despite many studies in these aspects, the fundamental physics of the oil spill from the submarine pipeline is still not well understood. It is not only related with the environmental condition
but also with the parameters of the pipeline. Meanwhile, an image acquisition and data analysis system is designed as a new
method and attempted to be used here to obtain the subsea spill
form and trajectory. Otherwise, a numerical model developed in
a previous study (Jiang et al., 2016a, b) needs to be further verified by some experimental data. Therefore, further work should
be done on this subject.
Based on the early hydrodynamic research foundation, a systematic physical model test has been carried out to research the
diffusion behavior of the submarine pipeline oil spill. The crude
oil in the flume is spilled from a leakage point of the pipeline and
diffused from the seabed to the surface under the water flow. The
spilled mechanism and regularity is studied by the non-contact
optical measurement technology. The oil trajectory, velocity and
the rising time to the surface are captured in the test. The influence of the water flow and the spilled discharge on the behavior
of the spilled oil are analyzed from both qualitative and quantitative perspectives. The sensitivity study of the characteristic
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physical quantities to various factors are presented afterward.
2 Experimental set-up
2.1 Spill model
The oil spill test of submarine pipeline was conducted in the
wave-current flume at Tianjin Research Institute of Water Transportation Engineering. The wave flume is 75 m long, 0.8 m wide
and 1.0 m deep. It is equipped with a wave maker of electro-hydraulic servo type on the left side, which is supported with a computer control and data acquisition system. At the right end of the
tank, a damping device is set to attenuate the reflected energy.
The general sketch of the water flume in the model test is presented in Fig. 1. The inlet and outlet of the water flow are arranged at
the fore and aft ends of the flume, which is connected with a water pipeline. With the help of a pump, the current is realized by
pumping the water in the flume circularly. Before the formal test,
the velocity transducers are set up at the spilled location to do the
calibration of the current.
An oil supply system is specially designed for the test with a
gear pump, which can provide stable and reliable input of the
crude oil. The temperature and amount of the oil can be adjusted with this system, and the ranges are room temperature–80
degree and 0–1 500 mL/min, respectively. In the experiment, the
crude oil is pumped from an oil tank with an oil pump and spilled
out to the water flume through a damaged orifice of a pipeline.
The oil pump is controlled by the FRENIC 5000P11 frequency
converter with a range of 0.1–120 Hz. The oil leakage amount
from the outlet can be realized by adjusting the frequency. A distant-view of the experimental set-up is shown in Fig. 2.
By the non-contact optical measuring technology, an image
acquisition and data analysis system is designed to obtain the
subsea spill form and trajectory, which is proven to be a mature
technique in a sloshing experiment (Jiang et al., 2015). Figure 3 is
a schematic diagram of the instrumental arrangement in the spill
test. As shown in the figure, the oil pipeline is buried at the bottom of the flume. The crude oil is spilled from the damaged orifice of the pipeline and vertically flows into the sea water with the
initial velocity uoil that is represented by the spilled discharge in
the present experiment. The diameter of the leakage orifice is D,
which is 4 mm in the following study. The CM-140MCL industrial CCD camera from JAI in Japan is equipped on the side of the
flume at a certain distance, the lens of which keeps in a plane
with the two waterline of the free surface to ensure the lens aligning right with the surface. The sampling frequency of the camera
is 30 frames per second with a precision of ±0.000 5 m.
At the same time, the distortion correction has been done to
all the captured images. Based on the acquisition images, a
graphic processing and analysis procedure is developed by the
programming tools MATLAB. For the movement of the spilled oil
from the pipeline, the physical quantities of the oil particle can be

water velocity transducer

wave maker
wave

inlet of the water flow

water pump

wave gauge

damping

leakage aperture

water flow

Fig. 1. The general sketch of the water flume in the model test.

outlet of the water flow
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the camera on the side
spilled orifice

Fig. 2. A distant-view of the experimental set-up in the experiment.

top of the flume
wave
water line
water flow

Table 1. The calibration result of the spilled discharge in unit
time (unit: mL/min)
Cases
Target values
Measured values
Deviations/%

FO1
28.0
27.9
0.3

FO2
44.0
45.0
2.3

FO3
93.0
94.5
1.6

FO4
562.0
563.7
0.3

FO5
1 260.0
1 267.6
0.6

crude oil
bottom of the flume
underwater
oil pipeline
camera equipment

Fig. 3. Schematic diagram of the instrumental arrangement in
the spill test.
extracted and calculated from the oil trajectories through this
procedure.
2.2 Case study
A water depth h = 0.50 m is chosen in the present study and
the geometric scale is 1:40. It represents a typical shallow sea
condition in the coastal and offshore area, in which the oil leakage accidents of the submarine pipeline have often occurred due
to ship anchoring and operation (Chao et al., 2017). This experiment mainly aims at the middle and small scale oil spill accident
of the submarine pipeline. Therefore five relatively small spilled
discharges are selected, which are defined as FO1, FO2, FO3, FO4
and FO5, respectively. As the spilled discharge in unit time is
smaller, it is difficult to guarantee its calibration accuracy if using
the general flowmeter. Thus the quality control method is adopted to determine the spilled discharge in unit time. The spilled
discharge is measured by a high-precision JJ224BC electronic
scale which is made by G&G from the United States. The range of
the scale is 0–220 g with a precision of ±0.000 1 g. In order to ensure the accuracy and reliability, the cumulative time required
for each discharge is more than 20 min and each calibration is repeated 3–4 times. Table 1 presents the comparison of the calibration result for the spilled discharge in unit time. As shown in the
table, the deviations between the target and measured value are
less than 5%, which meets the requirements of the experiment.

Five different currents are selected for the experiments, which
are defined as FC1, FC2, FC3, FC4 and FC5, respectively. For the
water velocity, five measuring points ui (i = 1, 2, ..., 5) are set up
along the vertical line, which correspond to the water depths
0.2h, 0.4h, 0.6h, 0.8h and 1.0h, respectively.
The water velocities at different depths along the vertical line
are measured by Vectrino Doppler Velocimeter, the measurement error of which is less than 5%. Figure 4 depicts the vertical
distribution of the water flow for each group. With the increase of
the water depth, along the vertical line the velocities first increase and then decrease near the free surface. However, the
number of the measuring points should be more, especially for
the flow velocity near the flume bed (Zhu et al., 2017a). Therefore the measuring points are going to be increased in the future
study.
For the purpose of a steady result, most test runs last at least
10 min, where the running time is determined by the water currents and specific circumstances. In the process of the experiment, each test is repeated at least three times to reduce the randomness of the experiment and improve the reliability of the experimental data.
3 Results and discussion
The diffusion of the spilled oil underwater constitutes a broad
class of difficult physical problems, due to strong nonlinearity
and the randomness. In order to further understand the characteristics of the pipeline oil spill, the experimental data are analyzed from two aspects, qualitative and quantitative. Qualitatively, the movement pattern of the oil particles are analyzed together with the spill trajectory under water; in the aspect of
quantitative, the variation between the physical quantities and
the external factors is presented.
For the convenience to analyze the experimental data, a xOy
coordinate has been established, as shown in Fig. 5 which is a reprocessed picture obtained from the initial captured images. The
processing method is described as follows. The camera is placed
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Fig. 4. The vertical distribution of the different water flows (h=0.5 m).
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Fig. 5. The rising time to the water surface t0 and the average velocity of the oil particle Vh/2.
in front of the flume, capturing the movement of the oil particle
from the flume bed to the free surface at 30 frames per second.
The images are collected through the acquisition software Sapera
CamExpert. Later, a specially written MATLAB procedure for correcting distortions and detecting the spilled oil is used to process
and analyze the acquired images, and then the spilled form and
trajectory at the desired intervals are obtained. The rising time to
the water surface is defined as t0, which is the movement time of
the oil particle from the leakage point to the initial spilled point
on the surface. The average velocity of the oil particle Vh/2 at the
water depth h/2 is chosen as the represented velocity of the
spilled oil, which consists the vertical component Vz, h/2 and the
transverse component Vx, h/2.
3.1 Subsea diffusing form
To explore the subsea diffusing mechanism, the original and
the reprocessed images are introduced in the analysis. Figure 6
shows the trajectories of the spilled oil at different times in the
still water and the time interval Δt is 0.828 s. Figure 7 presents the
subsea diffusing form of oil particles under the constant water flow FC4 and different spilled discharges. The five discharges used
here are (I) FO1, 27.9 mL/min; (II) FO2, 45.0 mL/min; (III) FO3,
94.5 mL/min; (IV) FO4, 563.7 mL/min and (V) FO5, 1 267.6 mL/min,
as shown in Table 1. It can be observed that the spilled oil under
water is mainly distributed in the form of the scattered particles
with different sizes in most instances. According to the diffusing
form of oil particles underwater, the process of oil particles spilling from the pipeline orifice to the free surface can be roughly divided into the following three stages: full, dispersion and aggreg-

a. The original image

T1

T2

T3

T4

T5

T6

T7

T8

T9

T10

b. The reprocessed picture

Fig. 6. The movement of the spilled oil at different times in the
still water. Time interval Δt = 0.828 s.
ation period.
Full period. When the oil particle is just spilled from the leakage orifice of the pipeline, it has a certain initial kinetic energy
and its velocity is relatively large. The oil particle is not easy to
spread away that is gathered like a full string as the basic form.
Dispersion period. While the oil particle has been risen to a
certain height, the initial kinetic energy is exhausted gradually
due to the friction and mixing effects with the water. At this instant, the driving force for the oil particle to rise only depends on
the buoyancy itself. The spilled oil is more easily to be dispersed
when interacting with the water. Therefore, it is in the form of
scattered oil beads along the water depth.
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Ⅱ

Ⅲ

Ⅳ

Ⅴ

b. The reprocessed picure

Fig. 7. The subsea diffusing form of oil particles under the water flow FC4, with different spilled discharges FO1, 27.9 mL/min(I); FO2,
45.0 mL/min (II); FO3, 94.5 mL/min (III); FO4, 563.7 mL/min(IV) and FO5, 1 267.6 mL/min (V).

3.2 Rising time to the water surface
The variation trends of the rising time to the water surface t0
are shown in Fig. 8 versus the water velocity uwater. Five different
spilled discharges in unit time, FO1, FO2, FO3, FO4 and FO5, are
selected in the analysis. In the following text, FC0 indicates the
hydrostatic condition in which the water velocity is 0 cm/s.
As shown in the figure, the rising time increase with the increase of the water velocity. When the water velocities increase
gradually, the mixing, friction and turbulence effect between the
oil and the water becomes more violent, especially around the
spilled orifice, as shown in Fig. 9. From the comparison under the
same spilled discharge in Fig. 9, the turbulence and vortices are
more prominent under the larger water flow FC5. This effect will
interrupt the propagation speed of the oil particle, including the
vertical and transverse component. Therefore the rising speed of
the oil particle, the vertical component, decreases, which results
in an increase trend of the rising time to the water surface.
Figure 10 depicts the average, maximum and minimum values of the rising time to the water surface t0 with different spilled
a

discharges in unit time. The three statistical factors are represented by the formulas t0, avg, t0, max and t0, min. In the present cases,
the range of the rising time is from 4.48 s to 8.24 s. The maximum
value (8.24 s) is 1.84 times than the minimum one (4.48 s), close
to 2 times. The deviations of the five conditions are not very large
that the largest one is only 0.64 s, 11.3% of the corresponding average value. Meanwhile, it can be observed from the average values that, the rising time of the spilled oil decreases obviously with
the increase of the spilled discharge. In the case of the constant
leakage orifice, the spilled discharge in unit time increases and so
does the spilled velocity. Since the water depth is also constant,
10
FO1
FO4

9

FO2
FO5

FO3

8
7
t0/s

Aggregation period. When the spilled oil reaches the free surface, the oil particle bursts out of the water and rouses water
ripples due to the inertia effect. But it will soon fall back and float
on the surface under the action of gravity. With the continuous
supplementation and accumulation of the subsequent oil
particle, an aggregation oil zone is formed on the free surface
which is perpendicular to the water depth.

6
5
4
3
FC0

FC1

FC2

FC3

FC4

FC5

Fig. 8. The variation trends of the rising time to the water surface t0 versus the water velocity uwater with different spilled discharges in unit time.
b

Fig. 9. The subsea diffusing form of the oil particles under the same spilled discharge in unit time FO4, with different water flows FC1
(a) and FC5(b).
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4.0
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FO3

FO4

FO5

water velocity uwater. The three statistical factors are represented
by the formulas Vz, h/2, avg, Vz, h/2, max and Vz, h/2, min. In the present
cases, the range of the vertical oil velocity is from 0.066 m/s to
0.120 m/s. The maximum value (0.120 m/s) is 1.82 times than the
minimum one (0.066 m/s), which is close to 2 times and is also
close to the ratio between the maximum and minimum rising
time. The deviations of the six conditions here are relatively large.
The largest deviation is 0.023 m/s at FC0, 23.5% of the corresponding average value, and the smallest deviation has reached
7.07% (0.007 m/s at FC1). In the meantime, the vertical oil velocity is not very sensitive to the variation of the water velocity.
0.13

Fig. 10. The average t0, avg ( ), maximum t0, max (the upper )
and minimum values t0, min (the lower ) of the rising time to the
water surface t0 with different spilled discharges in unit time.

3.3 Represented velocity of the spilled oil
The above analysis shows that the rising time of the oil
particle under water is mainly affected by the initial spilled velocity when the leakage orifice keeps constant. In another word, the
vertical velocity of the oil particle is also affected by the spilled
velocity, which is attributed to the same water depth and the inverse proportion between the rising time and the vertical velocity. Figures 11 presents the variation trend for the represented
vertical velocity of the oil particle Vz, h/2 versus the spilled discharge in unit time. The hydrostatic and five different water velocities are chosen in the data analysis. For each water velocity,
shown in Fig. 11, the vertical velocity of the oil particle increases
with the increase of the spilled discharge in unit time. The main
reason is that, as the spilled discharge in unit time increases, the
vertical velocity at the orifice also increases at the same time; under the same water velocity, so as the vertical oil velocity at the
half water depth h/2. This behavior is in contrast to the variation
trend of the rising time, which is obviously reasonable.
Figure 12 shows the average, maximum and minimum values
for the represented vertical velocity of the oil particle versus the
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0.02

0.10

0.00
FC1

0.08

FC2

The driving force for the transverse motion of the oil particle
is mainly supplied by the external force of the water flow. Therefore, the primary influence factor of the transverse oil velocity
should be the water velocity. Figure 13 illustrates the variation
trend for the represented transverse velocity of the oil particle Vx,
h/2 versus the water velocity. Wherein, the mean velocity uwater, m
of the water flow is plotted together for comparison. As can be
observed from the figure, the greater the water velocity is, the
greater the transverse component of the oil particle velocity is.
The trend of the transverse component is very consistent with the
flow velocity of the water itself, which indicating that the dependence between the two is very high.

0.11

0.09

FC1

Fig. 12. The average Vz, h/2, avg ( ), maximum Vz, h/2, max (the upper ) and minimum values Vz, h/2, min (the lower ) for the represented vertical velocity of the oil particle versus the water velocity uwater.

Vx, h/2/m·s-1

the movement velocity of the spilled oil in the water will also become faster. Therefore the rising time to the surface becomes
shorter.
In general, the variation of the rising time versus the water velocity is less sensitive than that of the spilled discharge. This
shows that the rising time of the spilled oil is mainly affected by
the spilled velocity, or the spilled discharge in unit time. The external water flow can also affect the rising time but is not the
dominant one.
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FC3

FC4

FC5

Fig. 13. The variation trend for the represented transverse velocity of the oil particle Vx, h/2 versus the water velocity with different spilled discharges in unit time.

0.07
0.06
FO1

FO2

FO3

FO4

FO5

Fig. 11. The variation trend for the represented vertical velocity
of the oil particle Vz, h/2 versus the spilled discharge in unit time
with different water velocities uwater.

Following the variation versus the water velocity, the average,
maximum and minimum values for the represented transverse
velocity of the oil particle Vx, h/2 is plotted in Fig. 14 versus the
spilled discharges in unit time. The three statistical factors are
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represented by the formulas Vx, h/2, avg, Vx, h/2, max and Vx, h/2, min. In
the present cases, the range of the transverse oil velocity is from
0.020 m/s to 0.099 m/s. The maximum value (0.099 m/s) is 4.95
times than the minimum one (0.020 m/s), which is close to 5
times and is much larger than the vertical ratio (1.82 times). The
deviations of the five conditions here are also much greater than
the above. The largest deviation is 0.055 m/s at FO1, 95.0% of the
corresponding average value, and even the smallest one is as
high as 45.2% (0.026 m/s at FO1). It is also shown that, the variation law is not very clear for the transverse component of the oil
particle velocity versus the spilled discharge in unit time.
However, the average values of the transverse oil velocity are
close to each other under different spilled discharges.
0.12
0.10

Vx, h/2/m·s-1

0.08
0.06
0.04
0.02
0.00
-0.02
FO1

FO2

FO3

FO4

FO5

Fig. 14. The average Vx, h/2, avg ( ), maximum Vx, h/2, max (the upper ) and minimum values Vx, h/2, min (the lower ) for the represented transverse velocity of the oil particle versus the spilled
discharges in unit time.
4 Conclusions
A physical model test has been conducted to study the oil diffusion from the submarine pipeline under water flow. An image
acquisition and data analysis system is introduced as a new
method and used here to obtain the subsea spill form and trajectory. The spilled mechanism and regularity is studied and the influence of the water flow and the spilled discharge on the spill behavior are analyzed from the qualitative and quantitative perspectives.
The spilled oil under water is mainly distributed in the form
of the scattered particles with different sizes in most instances.
The rising process of the oil can be divided into three stages: full,
dispersion and aggregation period. The spilled discharge is the
primary factor affecting the rising time of the oil particles. In the
rising process of the oil particles, the vertical velocity of the oil is
mainly affected by the spilled discharge, and the transverse velocity is more dependent on the water velocity. The deviation of the
transverse oil velocity is much larger than that of the rising time
and the vertical oil velocity. The study can provide a theoretical
reference for the prediction system of oil spill emergency.
The analysis of the subsea diffusing form, the rising time and
the oil velocity is just a preliminary mechanism investigation. For
the practical emergency repair of the submarine pipeline oil spill,
it is more important to find the leakage point through the empirical formula or the predicted simulation. Therefore, it is necessary to study the spilled drifting distance or the transverse deviation from the initial spilled location on the surface. Furthermore, the proper physical quantity should be selected to fit the
calculated formula based on the experimental data.
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Abstract

Computational fluid dynamics (CFD) codes are being increasingly used in the simulation of submarine oil spills.
This study focuses on the process of oil spills, from damaged submarine pipes, to the sea surface, using numerical
models. The underwater oil spill model is developed, and a description of the governing equations is proposed,
along with modifications required for the particalization of the control volume. Available experimental data were
introduced to evaluate the validity of the CFD predictions, the results of which proved to be in good agreement
with the experimental data. The effects of oil leak rate, leak diameter, current velocity, and oil density are
investigated, by the validated CFD model, to estimate the undersea leakage time, the lateral migration distance,
and surface diffusion range when the oil reaches the sea surface. Results indicate that the leakage time and lateral
migration distance increase with decreasing leak rates and leak diameter, and increase with increasing current
velocity and oil density. On the other hand, a large leak diameter, high density, high leak rate, or fast currents
result in a greater surface diffusion range. The findings and analysis presented here will provide practical
predictions of oil spills, and guidance for emergency rescues.
Key words: oil spill, computational fluid dynamics (CFD), oil particles, current velocity
Citation: Yang Zhenglong, Yu Jianxing, Li Zhigan, Chen Haicheng, Jiang Meirong, Chen Xi. 2018. Application of computational fluid
dynamics simulation for submarine oil spill. Acta Oceanologica Sinica, 37(11): 104–115, doi: 10.1007/s13131-018-1256-7

1 Introduction
Oil spills typically occur in submarine pipelines because of
corrosion, submarine landslides, ice issues, and ship anchors,
resulting in significant damage and destruction to the economy,
marine environment, and human health (Wang et al., 2013; Deng
et al., 2013). The accidental marine oil leakages in the Gulf of
Mexico (Tangley, 2010; Boufadel et al., 2014), and the Penglai 193 oilfield in the Bohai Sea (Xu et al., 2013; Yang et al., 2017), released significant amounts of oil into the sea, causing ongoing
concern from the associated environmental and social hazards.
In order to reduce the environmental and social consequences, oil leakages require emergency responses, contingency planning, and impact assessments (Zheng et al., 2010).
Therefore, predictive information about oil spills is essential. The
bulk of previous oil spill models focused on the surface, or nearsurface, spills based on environmental input parameters from atmospheric, ocean, and wave forecast models or observations. As
reviewed by ASCE Task Committee on Modeling of Oil Spills
(1996), Hackett et al. (2009), Marta-Almeida et al. (2013), and
Spaulding (2017), such models included OSPM (oil spill process
model), OSCAR (oil spill contingency and response), and OD3D
(oil drift three-dimensional model). However, for submarine oil

spills information such as the submarine trajectory and the migration of spilled oil in the horizontal direction, is also of great
importance in providing guidance for emergency rescues (Zhu et
al., 2014). Therefore, a fast and accurate prediction model for
simulating submarine oil spills could satisfy the above requirements.
Certain scholars have been successful in simulating the process of submarine oil spills, using computational fluid dynamics
(CFD) software. Li et al. (2013) simulated the submarine oil spill
with current and wave, using FLUENT. Zhu et al. (2014) employed CFD software to simulate the process of oil spilling from a
submarine pipeline to the free surface, under a shear current. Jiang et al. (2016) investigated the effect of grid density on the numerical results for oil leakages from a subsea pipeline. Zhu et al.
(2017) studied the underwater spreading and surface drifting of
oil spilled from a submarine pipeline under the combined action
of waves and currents using CFD software. However, the CFD
software simulation process requires a greater computation time
than the oil-spill mathematical model. Therefore, the mathematical model is more suitable for the early emergency response to
unexpected oil spills.
For CFD mathematical models, early studies were primarily
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concerned with the submerged oil jets/plumes in shallow water,
such as McDougall (1978), Fannelop and Sjoen (1980), Milgram
(1983), Fanneløp et al. (1991), Yapa and Zheng (1997), and Yapa
et al. (1999). In order to improve on the inadequacies of Yapa and
Zheng’s (1997) model for simulating the special behavior of gas
in a deepwater environment, an enhanced comprehensive model-ADMS/CDOG was developed by Zheng et al. (2003). Another
model in common use is DeepBlow, developed by Johansen
(2000). Yapa et al. (2012) studied the general behavior of an oil spill in deepwater, using a model, CDOG, developed by Zheng et al.
(2003). Chen et al. (2015) simulated a hypothetical oil spill taking
place at the seabed of a deepwater oil/gas field in the South China Sea, using a numerical model based on the previous studies of other scholars. Recent developments in underwater oil spill modeling were summarized by Zhang et al. (2016) and Paiva et al. (2017).
Under the action of currents, the leakage time, lateral migration distance, and surface diffusion range are the three critical
parameters that guide oil spill response (Dasanayaka and Yapa,
2009; Chen et al., 2015). Therefore, the understanding of the underwater oil spill process must be as detailed as possible. Figure 1
shows the continuous process of an underwater oil spill. Initially,
spilled oil rises as a jet/plume, gradually losing momentum and
buoyancy because of the entrainment of the stratified ambient
fluid, i.e., the plume-dynamic stage. Above the terminal level of
plume dynamics (TLPD), the plume dynamics becomes negligible, and the oil moves as individual droplets because of their
non-miscible characteristics, as has been observed in field experiments (Rye et al., 1996; Rye and Brandvik, 1997; Johansen, 2003;
Brandvik et al., 2013), i.e., the advection-diffusion stage. The bulk
of previous mathematical models (Rye, 1994; Yapa and Zheng,
1997; Zheng et al., 2003; Chen et al., 2015) used the neutral buoyancy level as the TLPD, that enabled simulations on the fate of oil
that originated as jets/plumes. However, according to
Dasanayaka and Yapa (2009), it was a possibility that, for slow
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leaks from pipelines or wellheads, the plume-dynamic stage was
comparatively short-lived, or non-existent, and that oil initially
moves as individual droplets, not plume. Their study also proposed that the droplet buoyant velocity, Vb, corresponding to the
median oil droplet size based on volume, can be used as the
transition point for TLPD.
In this study, the model by Yapa and Zheng (1997) is improved as follows. The plume-dynamics model (PDM), used to
simulate the jet/plume stage, is combined with an advection-diffusion model (ADM) for simulating the advection-diffusion stage;
the particalization of the control volume is conducted so that
comprehensive, and successive, simulations on oil spill fate can
be performed. The droplet buoyant velocity criterion proposed
by Dasanayaka and Yapa (2009), is chosen to define the transition point between the PDM and the ADM. A comparison of the
improved model, against a selection of experimental data, is then
carried out for model verification. The experimental data include
oil slow-discharges in un-stratified flowing ambient, and buoyant jets in stratified/un-stratified ambient. In the simulations
presented in this study, the turning coefficients did not change
from one simulation to another.
Therefore, this study presents and verifies a slightly modified
CFD model for simulating submarine oil spills accurately, and is
organized as follows. In Section 2, the mathematical models and
modifications thereof are presented; Section 3 validates the models by comparing them with available experimental data; Section
4 presents the numerical results of a parametric study and a discussion of the results; the concluding remarks are presented in
Section 5.
2 Mathematical model
According to the actual scenario of an oil spill, the present
model comprises two sub-models: the PDM is used to simulate
the jet/plume stage, while the ADM is used to simulate the ad-
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bouyancy
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initial droplet size distribution
StageⅠ: jet
pipeline
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Fig. 1. Underwater oil spill process.
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vection-diffusion stage.
2.1 Plume-dynamics model (PDM)
The plume-dynamics model was developed, based on the
Lagrangian integral control volume (CV) method proposed by
Yapa and Zheng (1997). Some modifications were implemented
to improve the applicability for simulating crude oil droplets accurately, without gas bubbles, such as particalization of the CV
(Fig. 1). In this model, the CV element moves with its local velocity along the centerline
¯ ¯of the buoyant
¯ ¯ plume. Therefore, the CV
¯~ ¯
¯ ¯
element height is h =¯V¯ ¢t , where ¯~V¯ is the local velocity, and

¢t is time step. The element mass is m =½ b2 h , where ½ and b are
the density and radius of the buoyant jet/plume, respectively.
¯ ¯
¯ ¯
Based on Lee and Cheung’s study (1990), ¢t =0:1b0= ¯~V¯ , where b0
is the initial radius. The following governing equations are applied to the CV.

2.1.1 Mass conservation equation
Conservation of the oil mass in the CV is written as (Yapa and
Zheng, 1997):
n

X dm
dm
dmd
i
= ½aQ e ¡
¡
;
dt
dt
dt
i

(1)

where ½a is the density of ambient water; Q e is the entrainment of
ambient water; mi is the mass loss due to dissolution of the oil
component i from the buoyant jet/plume into ambient water;
and md is the mass loss due to turbulent diffusion. The dissolution of oil into water represented by the second term of the right
side of Eq. (1) can be calculated by Rye’s formulation (1994).
Based on Yapa and Zheng’s (1997) study, the turbulent diffusion,
represented by the third term on the right side of Eq. (1), can be
calculated with the concentration gradient.
2.1.2 Momentum conservation equation
d(m~V) ~ dm
(½a ¡ ½) ~
= Va
+m
gk;
dt
dt
½

(2)

where ~Va is the average velocity vector of the ambient current
over the exposed buoyant jet/plume surface; and ~k is unit vector
in the vertical direction. The first term on the right side of Eq. (2)
is the momentum of the entrained mass, and the second term is
the force exerted on the CV.
2.1.3 Heat, salinity and oil mass conservation equation
Conservation of heat (C pT ), salinity (S ), and oil concentration by mass (C ) in the CV, are described by (Yapa and Zheng, 1997):
d(mC pT)
dm
C pT ¡ C paTa
= C paTa
¡ ½aK TA
;
dt
dt
b

(3)

d(mS )
dm
S ¡ Sa
= Sa
¡ ½aK S A
;
dt
dt
b

(4)

n

d(mC)
dm
C ¡ C a X dmi
dmd
= Ca
¡ ½aK cA ¢
¡
¡
;
dt
dt
b
dt
dt
i

(5)

where Cp and T are the specific heats and temperature of the oil,
respectively; the subscript “a” refers to the ambient water (for oil
Cp = 1 800 J/(kg·K) and for water Cpa = 3 900 J/(kg·K)); and KT, KS,
and KC are the heat, salinity, and oil concentration diffusivities,
respectively (KT = 2.52×10–4 m2/s, KS = 1.5×10–9m2/s, and KC =
1.5×10–9m2/s, Bemporad, 1994).
2.1.4 State equation
The density variation of oil due to temperature, salinity and
concentration can be described by the state equation. Based on
Bemporad’s study (1994), the exact functional form for oil is described by
½ = ½0 [1¡¯T(T ¡ T0) + ¯C (C ¡ C 0)] ;

(6)

where βT and βC are the coefficients of heat conduction and dissolution, respectively (βT = 5×10–4·°C–1 and βC = 8×10–3 %–1, Bemporad, 1994); and the subscript “0” refers to the initial values.
2.1.5 Entrainment
Entrainment of ambient water into the jet/plume, Q e , in Eq.
(1), from both shear-induced entrainment, Q s , and forced entrainment, Q f , (Frick, 1984; Lee and Cheung, 1990) is a critical
factor in the fate of the jet/plume. The coefficient of shear-induced entrainment can be calculated, based on Schatzmann
(1979) and Lee and Cheung’s formulations (1990). Furthermore,
the modified formulations of forced entrainment were derived by
Yapa and Zheng (1997), that were more complete and less complex than those of Lee and Cheung (1990) and Frick (1994). Because of the good agreement between the laboratory and field experiments (Zheng and Yapa, 1998), the same formulation is used
here to model the entrainment.
2.1.6 Particalization of control volume
The PDM uses the Lagrangian integral CV approach, whereas,
the ADM uses the Lagrangian particle method, in which the
particle is clearly superior to the CV for describing oil droplets.
Therefore, the CV of the present PDM CV needs to be filled with
particles to facilitate the butt joint between the PDM and ADM.
In the plume-dynamic stage, each particle represents a set of oil
droplets of equal size, that is presumed to be a random continuous distribution in the CV. When the CV has reached the transition point, from the PDM to the ADM, all particles are introduced into the ambient, and then move in response to buoyancy,
shear current, and turbulence. The particalization processes for
the CV are separated into two sub-processes: assignment to the
initial coordinates of particles in the CV, and then rotation and
translation for the initial coordinates of particles.
First, the equation for assignment to the initial coordinates of
particles in the CV can be written as
Zdp = R 1(Z(i + die) ¡ Z(i));

X dp = [b(i)R 2 + R 1(b(i + die) ¡ b(i))] £
µ
¶
i
0:1
sin
2 +
k ;
n
n

Ydp = [b(i)R 2 + R 1(b(i + die) ¡ b(i))] £
µ
¶
i
0:1
cos
2 +
k ;
n
n

(7)

(8)

(9)
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where X dp , Ydp, and Zdp are the initial coordinates of particles
in the x-, y-, and z-directions, respectively; R 1 and R 2 are random numbers uniformly distributed in the interval [0, 1]; die is
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is an iteration variable of each set of particles for the CV.
Using the velocity angles of the CV calculated by the PDM, the
angle matrix for coordinate rotation (R0) is then described by

the iteration time step; b(i) is the radius at the ith time step; and k
0
1
cos "y cos "z
cos "y sin "z
¡ sin "y
B ¡ cos " sin " + sin " sin " cos "
cos "x cos "z + sin "x sin "y sin "z
sin "x cos "y C
R0 = @
A;
x
x
x
y
z
(10)
sin "x sin "z + cos "x sin "y cos "z
¡ sin "x cos "z + cos "x sin "y sin "z cos "x cos "y
p
S~ a = 6ka¢t (R x ; R y; R z);
(14)
where "x , "y and "z are the velocity angles of the CV in the x-, yand z-directions, respectively.
After rotating the space coordinates by the angle matrix, and where ka is the turbulent diffusion coefficient in x-, y-, and z-dir2
then translating to the position of the CV calculated by the PDM, ections (for the horizontal diffusivities kx = ky = 0.05 m /s, and for
2/s, Yapa et al., 1999); and R ,
the
vertical
diffusivity
k
=
0.001
m
x
z
the final discrete particle coordinates can be written as
R y , and R z are random numbers of normal distribution in the in3
terval [–1, 1].
2
3
2
3 2
X (i)
X dp
XS
6
7
4 YS 5 = R 0 4 Ydp 5 + 4 Y(i) 5 ;
(11) 2.2.3 Buoyant velocity of oil droplets (Vb)
ZS
Zdp
Z(i)
Underwater oil spills contain oil droplets of various sizes, that
where X S , YS , and Z S are the final discrete particle coordinates in
the x-, y- and z-directions, respectively; and X (i) , Y(i) and Z(i)
are the coordinates of the CV at the ith time step.
2.2 Advection-diffusion model
2.2.1 Terminal level of plume dynamics
Based on Rye et al. (1996) and Yapa and Zheng’s work (1997)
on the transition point from the plume-dynamic stage to the advection-diffusion stage, Dasanayaka and Yapa (2009) studied the
various criteria that could be used as the choice of TLPD. Their
study suggested that the droplet buoyant velocity, V b , corresponding to the median oil droplet size based on volume, could be
used as the TLPD transition, with the advantage that the model
would go directly into the ADM calculation stage when the leak
rate, or plume velocity is lower than the buoyancy velocity of the
median oil droplet. The droplet buoyant velocity criterion is used
in this paper, considering the possibility of slow leaks resulting in
immediate advection-diffusion movement.
2.2.2 Kinematic equation of oil droplets
The transport of oil moving as individual droplets beyond the
buoyant velocity criterion can be calculated by the ADM. The
kinematic equation for the displacement vector of a droplet, in a
single time step, is described by
S~ = S~ l + S~ a + Vb ¢ ~k¢t;

(12)

where S~ l and S~ a are the displacement vectors of droplet due to
advection and turbulent diffusion, respectively; Vb is the droplet
buoyant velocity; and ~k is unit vector in the vertical direction.
The equation for the displacement vector of a droplet, because of advection, can be written as
S~ l = S~ 0 +

Z

t+¢t

have different buoyant velocities, Vb, for simulating the fate of oil.
Previous studies (e.g., Clift et al., 1978; Takemura and Yabe, 1999)
have shown that fluid particles can be spherical (small-size
range), ellipsoidal (intermediate-size range), or spherically capshaped (large-size range). Based on the studies of Clift et al.
(1978), Zheng and Yapa (2000) presented an integrated formulation to compute Vb of bubbles/droplets in the above three size
ranges. The same method is used here.
The size distribution of oil droplets from underwater oil spills
has a great influence on the fate of oil in the environment (Johansen, 2003; Brandvik et al., 2013). Based on experimental data
obtained from oil droplet breakup experiments, conducted in a
new test facility at SINTEF, a modified Weber number model for
the prediction of droplet size distributions, formed in subsea oil
and gas blowouts, was introduced (Johansen et al., 2013). In this
model, the same Weber number method is adopted, and the
droplet size distribution could then be obtained from the median droplet size, based on the discharge conditions (leak rate, and
leak diameter).
3 Model validation
The numerical model developed in Section 2 is tested against
a selection of actual experimental data, that includes different
discharge and ambient conditions. The experimental conditions
used are: slow-discharges in un-stratified stagnant/flowing ambient, given by the China Offshore Oil Engineering Corporation
(COOEC); and buoyant jets in both un-stratified flowing ambient
and stratified stagnant ambient given by Fan (1967). To differentiate the characteristics of the various experimental conditions,
three parameters (Jiang et al., 2016) are introduced:
¯ ¯
¯!¯
¯ V¯
Fr 0 = p 0
;
g 0D
S t0 =

~Vl(x(t); y(t); t)dt;

(13)

t

where S~ 0 is the initial displacement vector of a droplet; and ~Vl is
the velocity vector of the local current.
The equation for the displacement vector of a droplet, due to
turbulent diffusion, can be written as

¢½0
¯
d½a ¯¯
D
dz ¯

(15)

;

(16)

z=0

¯ ¯
¯!¯
¯ V¯
R 0 = ¯¯!¯¯ ;
¯Va¯

(17)
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in which the subscript “0” refers to initial values; Fr is the jet
densimetric Froude number; g 0 = g(½a ¡ ½=½) ; D is the diameter
of orifice, i.e., leak diameter; St is the stratification number; R is
the ratio between the magnitudes of the jet and cross-flow velo-

cities; and Á0 is the angle between the discharge direction and
the positive direction of the x-axis. The values of the primary
parameters used in the experiments are presented in Table 1, and
other specific parameters are detailed in the section below.

Table 1. Primary experimental parameters
Description
Slow-discharges in unstratified flowing ambient

Buoyant jets in unstratified flowing ambient

Buoyant jets in stratified stagnant ambient

No.
FC-0
FC-1
FC-2
FC-3
FC-4
FF-1
FF-2
FF-3
FF-4
FF-5
FF-6

3.1 Experiments from COOEC
To validate the accuracy of the oil spill model for simulating
slow leaks with simple ADM, the COOEC series experiments were
run by the authors at the Tianjin Research Institute for Water
Transport Engineering, using a water tank 0.7 m long, 0.5 m wide
and 0.5 m deep. As shown in Fig. 2, an oil pipe was buried at the
bottom of the test tank along the flow direction. A round hole,
with a diameter of 4 mm, was opened on top of the pipe to mimic
the pipe leaks. A camera was positioned on one side of tank to record the oil spill process. According to the different current conditions, a total of five density un-stratified experiments were selected to calibrate the numerical model in this section. The fixed
experimental parameters are presented in Table 2, and Fig. 3
shows the unidirectionally non-uniform current profiles corresponding to FC-1 through FC-4.

Author
COOEC

Fr0
1.975
1.975
1.975
1.975
1.975
20.000
20.000
18.479
36.000
20.000
13.000

Fan(1967)

St0
∞
∞
∞
∞
∞
∞
∞
∞
212
107
113

Á0 /(°)
90.0
90.0
90.0
90.0
90.0
90.0
90.0
90.0
45.0
39.1
2.8

R0
∞
4.618
2.506
1.667
1.245
4.000
8.000
12.048
∞
∞
∞

Table 2. Fixed experimental parameters
Specific parameters
¡3

Oil density/kg ¢ m

Water density/kg ¢ m¡3
Oil viscosity/mPa ¢ s
Oil temperature/°C
Water temperature/°C

Value
894.900
983.300
284.200
53.000
24.000

Leakage rate/m ¢ s¡1
Leak diameter/m
Water depth/m

0.123
0.004
0.500

0

0.1

water line
water flow
crude oil

Depth/m

top of the tank
0.2

0.3
FC-1
FC-2
FC-3
FC-4

0.4
bottom of the tank

underwater
oil pipeline

0.5
0
camera equipment

1

2

3

5
6
7
8
4
Current velocity/cm·s-1

9

10

11

12

Fig. 3. Current velocity profiles of COOEC series tests.

Fig. 2. COOEC experimental setup.
Model validation entails detailed comparisons of model simulations with photographic observations, that include the trajectory of the spilled oil, the leakage time, and the maximum lateral
migration distance when the oil reaches the sea surface. Figure 4
shows the trajectory comparisons, for FC-0, FC-1, FC-2, FC-3 and
FC-4, with the model calculations. It can be seen that the CFD oil
trajectory simulations in the water were in a good agreement
with the experimental data. The detailed comparison of the leak-

age time and the maximum lateral migration distance is presented in Table 3. The numerical results agree well with the experimental results, except for a marginal underestimation of the leakage time observed in simulations.
3.2 Experiments from Fan (1967)
Two types of experiments by Fan (1967) were selected to further validate the accuracy of the model for simulating buoyant
jets/plumes with combinations of PDM and ADM, and were
identified as FF-1, FF-2, and FF-3 and FF-4, FF-5 and FF-6. The
experiments were conducted in a laboratory tank, filled with
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Fig. 4. Comparisons of trajectories for FC-0, FC-1, FC-2, FC-3 and FC-4 with model calculations. a. Experiment, b. simulation.
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Table 3. Experimental and numerical results for selected cases
No.

Experimental lateral migration
distance/m
0.005
0.136
0.233
0.366
0.443

FC-0
FC-1
FC-2
FC-3
FC-4

Numerical lateral migration
distance/m
0.005
0.142
0.240
0.354
0.441

density un-stratified flowing fluid (FF-1, FF-2 and FF-3), and linearly density stratified stagnant fluid (FF-4, FF-5, and FF-6)
modeled by filling, layer by layer, with salt solutions of different
densities. The current for FF-1, FF-2 and FF-3 was unidirectionally uniform. The diameters of the orifices were 0.76 cm (FF-1,
FF-2 and FF-3), and 0.46 cm (FF-4, FF-5 and FF-6). The discharge and ambient characteristics corresponding to the simulated cases were input based on the experimental data, that was
detailed in the laboratory report prepared by Fan (1967). Figures 5
and 6 show the comparison between the computed trajectories
and the experimental data. Figure 5 shows the density un-stratified flowing fluid, and Fig. 6 shows the linearly density-stratified
stagnant fluid. The overall simulation is in satisfactorily good
agreement with the experimental data.
Fr0
20
20
18.5
20
20
18.5

80

Height/orifice diameter

70
60
50

R0
4
8
12
4
8
12

f0
90° (SR)
90° (SR)
90° (SR)
90° (ER)
90° (ER)
90° (ER)
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20
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0
0

20

40

60
80
100
Distance/orifice diameter

120

140

160

Fig. 5. Comparison of the trajectories for buoyant jets discharged vertically to un-stratified flowing ambient (FF-1, FF-2
and FF-3) between experimental results (ER) and simulation results (SR).
Fr0
36
20
13
36
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13

Height/orifice diameter

50
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St0
212
107
113
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113

f0
15° (SR)
39.1° (SR)
2.8° (SR)
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39.1° (ER)
2.8° (ER)
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50
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Fig. 6. Comparison of the trajectories for buoyant jets discharged to stratified stagnant ambient (FF-4, FF-5 and FF-6)
between experimental results (ER) and simulation results (SR).

Relative
error/%
11.1
4.4
3.0
–3.3
–0.5

Experimental leakage Numerical leakage
time/s
time/s
5.04
5.03
5.08
5.01
5.56
5.26
5.44
4.90
5.00
4.89

Relative
error/%
–0.2
–1.4
–5.4
–9.9
–2.2

4 Parametric study
In the parametric study, 13 hypothetical cases are developed
to mimic probable underwater releases in a stratified environment, with a water depth H of 16 m. The ambient temperature
and salinity are set as 10°C and 34 at the seabed, and 12°C and 30
at the surface, in order to consider the stratification. The oil temperature, oil viscosity, and ambient density, ρa, at the orifice are
set as 30°C, 284.2 mPa ¢ s , and 1 027.6 kg/m3, respectively. The
unidirectional current velocities are assumed to have logarithmic profiles: Va = ka× log (1+z) [m/s], where the current velocity at the surface, Vamax is ka× log (1+16). The value of ka falls in
the range 0.081–0.203.
As shown in Table 4, the oil density, current velocity at the
surface, leak rate, and leak diameter are varied from case to case.
As the leak rate and leak diameter are interrelated, the minimum
volume flux in Case 8 (leak rate 0.5 m/s, and leak diameter 0.06 m)
has been set as a comparison standard for others cases, as presented in Table 4. Therefore, a certain range of volume flux of
leaking oil has been considered in this section.
The simulation results of the underwater oil spread process
are shown in Figs 7–10. Spilled oil first rises as a jet/plume, losing
momentum and buoyancy gradually because of the entrainment
of the stratified ambient fluid, i.e., the plume-dynamic stage. Beyond the terminal level of plume dynamics, the plume cloud is
broken up into individual droplets affected by advection and diffusion, i.e., advection-diffusion stage. Under the action of shear
current, oil droplets become more dispersed with increasing
height. To facilitate the analysis of the oil spill process, the
plume-dynamic and advection-diffusion stages are depicted by
red and blue, respectively. We adopt Case 2 (as shown in Table 4)
as the standard case.
4.1 Effect of oil density
To study the effect of oil density, simulations are conducted
by changing the oil density while keeping other parameters the
same as those in the standard case. Figure 7 shows the process of
oil spills from pipelines to the sea surface for four different oil
densities. It is observed that the leakage time, the lateral migration distance, and the surface diffusion range increase with increasing oil density. The leakage time, and lateral migration distance, of heavy oil ( ½0 = 930 kg/m 3 ) are approximately 1.36
times and 1.55 times greater than those at a density of 780 kg/m3,
respectively. Moreover, the diffusion range of heavy oil is 16.7 m,
approximately 2.13 times greater than the 7.83 m with an oil
density of 780 kg/m3. The primary cause of this is that high density oil droplets rise slower, because of the effect of gravity, leading to both a longer underwater action time and longer plumedynamic stage. Based on the strong active diffusion of a buoyant
plume relative to the advection-diffusion stage, a longer plumedynamic stage results in a greater surface diffusion range. The
lateral migration distance also increases with increasing flow action time.
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Table 4. Simulation cases

1
2
3
4
5
6
7
8
9
10
11
12
13

Oil density
(ρ0)/kg/m–3
780
830
880
930
830
830
830
830
830
830
830
830
830

Current velocity at surface
(Vamax)/m ¢ s¡1
0.15
0.15
0.15
0.15
0.10
0.20
0.25
0.15
0.15
0.15
0.15
0.15
0.15

Leak rate
(V0)/m ¢ s¡1
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.5
1.5
2.0
1.0
1.0
1.0

Leak diameter Volume flux of leaking
(D)/m
oil/m3 ¢ s¡1
0.06
0.002 827
0.06
0.002 827
0.06
0.002 827
0.06
0.002 827
0.06
0.002 827
0.06
0.002 827
0.06
0.002 827
0.06
0.001 414
0.06
0.004 241
0.06
0.005 655
0.05
0.001 963
0.07
0.003 848
0.08
0.005 027

120

25
113.1
20

100

103.8
19.27

93
Distance/m

Flux multiple (compared
with Case 8)
2.0
2.0
2.0
2.0
2.0
2.0
2.0
1.0
3.0
4.0
1.4
2.7
3.6

82.9

15

16.24

80

16.70
60

14.24
12.40

10

7.83

5

11.19

40

Lf

8.57

Time/s

Case

Lr

20

T
0

0
730

780

830

880

930

980

ρ0/kg·m-3
Fixed parameters: Vamax=0.15 m/s; V0=1 m/s; D=0.06 m.
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Fig. 7. Leakage time (T), lateral migration distance (Lf), surface diffusion range (Lr), and underwater spread of spilled oil at different
oil densities: ½0 = 780 kg/m3 (a); ½0 = 830 kg/m3 (b); ½0 = 880 kg/m3 (c); and ½0 = 930 kg/m3 (d).

4.2 Effect of current velocity
The process of oil spilling from a pipeline at four different
current velocities is shown in Fig. 8. It can be seen that the greater the current velocity, the greater the horizontal trajectory of the
spilled oil. Current as a carrier plays a critical role in the entrain-

ment (jet/plume) and lateral action of spilled oil. The process of
the ambient water entering the plume is accelerated by the entrainment of rapid current, that could reduce the rising momentum of the plume cloud, and increase the lateral movement.
Therefore, the leakage time, the lateral migration distance, and
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Fig. 8. Leakage time (T), lateral migration distance (Lf), surface diffusion range (Lr), and underwater spread of spilled oil at different
current velocities: a. Va max = 0:1 m/s; b. Va max = 0:15 m/s; c. Va max = 0:2 m/s; d. Va max = 0:25 m/s.
the surface diffusion range all increase with increasing current
velocity. As the current velocity increases from 0.1 m/s to 0.25
m/s, the leakage time, the lateral migration distance, and the diffusion range increase by 8.13%, 182.2% and 63.5%, respectively.
In particular, the effect of current on the lateral migration distance is clearly evident.
4.3 Effect of leaking flux
The volume flux of spilled oil is primarily determined by the
leak size, and the leak rate. Figure 9 shows the underwater
spreading process of spilled oil for four different leak rates, with a
leak diameter of 0.06 m. It can be seen that the arrival time, and
the lateral migration distance, decrease with increasing leak
rates, while the surface diffusion range exhibits the opposite
trend. Because of the high buoyant kinetic energy of the plume,
the oil spilled at a greater leak rate rises and spreads faster, resulting in both a greater leakage time and lateral migration distance. Therefore, as the leak rate increases from 0.5 m/s to 2 m/s,

the leakage time decreases by 26.8%, and the diffusion range increases by 136%. With a leak rate from 0.5–1 m/s, the diffusion
range increases marginally, but increases rapidly when the leak
rate changes from 1–2 m/s. Primarily because of the long current
action, the lateral migration distance for V0 = 0.5 m/s is 14.63 m,
approximately 1.15 times greater than that for V0 = 2 m/s.
In addition to the leak rate, the leak diameter is also considered in this study. Figure 10 shows the underwater spread process of spilled oil from four different leak diameters, at the same
leak rate Vo = 1 m/s. It can be seen that greater leak diameters
result in shorter arrival times, smaller lateral migration distances,
and greater surface diffusion ranges. The mechanism of the
spread process is similar to the cases with different leak rates. As
the leak diameter increases from 0.05–0.08 m, the leakage time
and the lateral migration distance decrease by 24.2% and 30.5%,
respectively. Moreover, the diffusion range for D = 0.05 m is 7.1 m,
that is approximately 56% of that for D = 0.08 m.

YANG Zhenglong et al. Acta Oceanol. Sin., 2018, Vol. 37, No. 11, P. 104–115

113

25
100
93

17.51

Distance/m

87.2
15

80

69.8
14.63

14.24

13.62
13.00

10
8.57

12.76
40
Lf

7.43

5

60

Time/s

95.4

20

20

Lr
T

0

0
0

0.5

1.5

1.0

2.0

2.5

V0/m·s-1
Fixed parameters: ρ0=830 kg/m3; Vamas=0.15 m/s; D=0.06 m.

15

95.4 s
Height/m

Height/m

15
10
5

10

20

93 s

10
5

a

Case 8

0

30

10

20

30

Distance/m

Distance/m
15

15
69.8 s
Height/m

87.2 s
Height/m

b

Case 2

0

0
0

PDM
ADM

10
5

0

10

20

5

c

Case 9

0

10

30

Distance/m

d

Case 10

0
0

10

20

30

Distance/m
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5 Conclusions
In this study, a numerical model was developed to simulate
underwater oil spills. The numerical model comprised two submodels: the PDM was based on the Lagrangian integral method,
while the ADM was based on the Lagrangian particle method.
The model can take into account not only the unsteady nature of
currents, and the diffusion and dissolution of oil, but also the
density stratification of the ambient water. The particalization of
the control volume is conducted so that comprehensive, and successive, simulations on oil spill fate can be performed. The oil
spill process can be simulated from the seabed to the sea surface,
predicting when and where the oil will reach the sea surface. The
model is capable of a fast，real-time and accurate prediction of
oil spills, spreads that originate as jets/plumes, and slow leaks.
Therefore, the model is a useful tool for early emergency response to unexpected oil spills.
For verifying the applicability, the model was tested against a
selection of actual experimental data from COOEC and Fan
(1967), that includes different discharge and ambient conditions.
In all cases, the comparisons have been reasonably good. The

trajectory of spilled oil, the leakage time, and the maximum lateral migration distance when oil reaches the sea surface of the
model, were in good agreement with the experimental data.
Compared to the COOEC slow leak experimental data, the numerical model predicted a shorter arrival time at the free surface.
In certain circumstances, this could be attributed to the boundary limitations in the scaled experiment. Therefore, the verified
model can provide a satisfactory technical reference for oil spill
response.
Finally, the effects of oil density, current velocity, leak rate,
and leak diameter were examined by the validated CFD model. It
was observed that the greater the density of the oil, the faster the
current and the slower the oil leak, or the smaller the leak diameter, the greater both the leakage time and lateral migration
distance. The surface diffusion range increased with increasing
oil density, current velocity, leak rate and leak diameter. In particular, the effect of current on the lateral migration distance and
that of the leak rate on surface diffusion range were more evident. Although the results were obtained under specific conditions, they can provide practical predictions and useful guidance
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for emergency rescues during an accidental spill.
With significant oil exploration and production activity taking place in significantly deeper waters, as well as the absence of
experimental evidence as to when the plume dynamics cease to
exist in a plume cloud, future studies should concentrate on the
understanding and modeling of the physical-chemical processes
of deepwater oil spills in high-pressure and low-temperature environments, as well as experimental studies on the TLPD.
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Abstract

In the identifying process of an oil spill accident, manual integral and artificial visual comparison are commonly
used at present to determine the oil spill sources, these methods are time-consuming and easily affected by
human factors. Therefore, it is difficult to achieve the purpose of rapid identification of an oil spill accident. In this
paper, an intelligent method of automatic recognition, integration and calculation of diagnostic ratio of Gas
Chromatography-Mass Spectrometer (GC/MS) spectrum are established. Firstly, four hundreds of samples
collected around the world were analyzed using a standard method and Retention time locking technology (RTL)
was applied to reduce the change of retention time of GC/MS spectrum. Secondly, the automatic identification,
integration of n-alkanes, biomarker compounds, polycyclic aromatic hydrocarbons and calculation of the
diagnostic ratios were realized by MATLAB software. Finally, a database of oil fingerprints were established and
applied successfully in a spill oil accident. Based on the new method and database, we could acquire the
diagnostic ratios of an oil sample and find out the suspected oil within a few minutes. This method and database
can improve the efficiency in spilled oil identification.
Key words: oil fingerprint, automatic identification, diagnostic ratio, standardized database, oil spills sources
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1 Introduction
Oil fingerprint identification is not only an important method
to determine the source of spilled oil (Wang et al., 1995, 1999;
Wang and Fingas, 1997; Wang, 2003; Stout et al., 2001), but also a
crucial factor affecting the disposal efficiency in an oil spill accident (Sun et al., 2004, 2006). In the information of an oil fingerprint, the diagnostic ratio is a parameter with a large difference
among various oil sources (Wang et al., 2004; Wang and Stout,
2007; Yang et al., 2008). Because this parameter is a ratio of typical characteristic components (oil fingerprint), the analytical error has little effect on the results (Daling et al., 2002; Christensen
et al., 2005). Therefore, diagnostic ratios of oil fingerprints are
widely applied in spilled oil identification (Wang et al., 2004;
Wang and Stout, 2007; Yang et al, 2008; Bayona et al., 2015). For
the oil spill accident involved ships, it is required to draw conclusions as soon as possible to release the irrelevant ship because of
the huge economic losses of delays in shipment. However, it is
difficult to achieve a rapid and accurate conclusion because it is
drawn manually in most cases. In the widely used identification
process of oil fingerprints, chromatograms are analyzed through
visual comparison, chromatographic peaks are integrated artificially and diagnostic ratios are calculated manually, so the process is time-consuming and easily affected by human factors. For
example, the European oil spill identification standard (CEN/TR
15522-2: 2012) (CEN/TR, 2012) recommends that more than 120
compounds should be identified for each oil sample, and China’s national standard Specifications for Identification System of Spilled

Oils on the Sea (GB/T 21247–2007) recommends that 150 compounds should be identified for each oil sample. Due to the analyst’s habits on selection baseline, the starting and ending time
are different, the integral results are also different. Thus, the classical identifying method is time-consuming and lack of accuracy.
With the development of computer technology, various digitized handling methods began to be used to analyze the oil fingerprints so that spilled oil could be identified quickly and objectively (Qin, 2015). The German Hydrographic Bureau built a system to detect an oil spill named computerized oil spill identification (COSI) (Dahlman, 2016). Staniloae et al. (2001) built a pattern recognition system based on infrared spectroscopy and gas
chromatography to compare spilled oil with suspected oil. Sun et
al. (2012) developed a set of software for oil fingerprint identification which improved the investigation efficiency of the spilled oil.
Al-Kaabi et al. (2017) identified some beached oil. Additionally,
various measuring methods and oil fingerprint databases were
built in some countries (Sun et al., 2006). Because of the different
measuring methods of those database, they had no comparability among databases and lacked applicability for every country. Therefore, a standard method and database should be established to
analyze the source of spilled oil automatically and accurately.
Based on the above analysis, this paper intends to solve three
problems: (1) write a program that can recognize and integrate
chromatogram peaks automatically, as well as calculate a large
amount of oil diagnostic ratios automatically; (2) establish a
database for the diagnostic ratios of known oils; and (3) verify the
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accuracy of the program and database through an oil spill accident.
2 Materials and methods
2.1 Sample treatment
All oil samples were analyzed with a 7890A Gas Chromatography (GC)-5975C Mass Spectrometer(MS) (Agilent Technologies, USA) equipped with a HP-5MS fused silica capillary column
(60 m, 0.25 mm i.d., 0.25 μm film thickness, J&W Scientific, USA) in
the pulsed splitless mode. The GC oven temperature was programmed from 60 to 300°C at 6°C/min and maintained at 300°C for
30 min. Helium was used as the carrier gas with 1.0 mL/min constant flow. The temperature of the injector, transfer line and ion source was 290°C, 280°C and 230°C, respectively (Zhang et al., 2016).
Qualitative analysis of the oil samples was performed in selected ion monitoring (SIM) mode. All samples were analyzed twice
in order to eliminate the effect of analytical variability and sample heterogeneity.
Approximately 0.15 g of pure oil sample was extracted with
10.0 mL of high purity n-hexane (Merck, HPLC, Germany)/dichloromethane (Merck, HPLC, Germany) (1:1, v/v), and approximately 1.0 g of anhydrous sodium sulfate was added to remove water. The mixture was vortexed for 30 s and centrifuged at 3 000 r/min.
for 5 minutes. After that, 1.0 mL of the supernatant was transferred to a vial containing 1.0 g of silica gel which was activated at
180°C for 2 hours. Then, 5.0 mL of high purity n-hexane/dichloromethane (1:1, v/v) was added to the vial. The mixture was
vortexed and centrifuged at 3 000 r/min. An aliquot of 1.0 mL of
each extract was subjected to analysis (Zhang et al., 2016).
2.2 Retention time locking (RTL) technology
Retention time is a very important parameter for chromatographic instruments which affects the accuracy of separation and
identification of interesting analytes from complex mixtures.
However, the retention time is difficult to repeat and consistent
due to the replacement, aging and cutting the chromatographic
column, and the fluctuation of temperature and air pressure.
Retention time locking (RTL) technology is the feature of Agilent Chem Station software, which is developed to lock the retention time of the target analyte by adjusting the head pressure. In
this work, RTL was applied to reduce the change of retention
time at different time and on different GC/MS instruments.
2.3 Automatic identification and integration of GC/MS chromatogram peaks
Before automatic identification and integration by computer,
manual identification and integration was needed to obtain relevant parameters of characteristic peaks, such as the ionic species, peak name and type (categorized into single peak, double
peak and multi peak), retention time, and start time and end time
of the peak. Among these parameters, the retention time could
provide the positional information of the peak height, and the
start time and end time could provide the integral range of peak
area. The MATLAB software was used to establish a method of
automatic identification and integration of chromatogram peaks
on the basis that the retention time of the target compounds was
basically unchanged by RTL technology. The specific steps to establish the method are as follows:
(1) Smoothing the chromatographic peaks
The chromatographic peaks need to be smoothed before
identification because of the unavoidable noise, which may affect the identification of chromatographic peaks and cause mis-
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judgment. It should be pointed out that the smoothed data were
just used in the process of identification (found the appeared
time of the peaks), and the raw data were still used in the integral
operation for the precision.
(2) Automatic recognition of chromatographic peaks
According to the retention time, start time and end time obtained by manual integration, the peaks and valleys of chromatographic peaks were founded, and then chromatographic peaks
were drew through our own program language.
(3) Automatic calculation of peaks’ areas
After the chromatographic peaks were identified automatically, the areas of the corresponding peaks were calculated by the
trapezoid area formula with the determined starting position and
end position and the corresponding horizontal baseline.
2.4 Establishment the database of oil diagnostic ratios
A total of 440 crude oil samples and fuel oil samples were collected worldwide, mainly collected from China, Kingdom of
Saudi Arabia, Iraq, Kuwait, Venezuela, Korea, Singapore, etc, and
then these samples were analyzed by GC/MS locked by RTL technology. Due to the use of RTL technique, the retention time of the
target compounds in the oil samples varied little, which made it
possible to automatically identify and integrate the spectrogram.
Automatic recognition and integration of chromatographic peaks
of oil samples were realized by programming language and MATLAB software. After that, the corresponding diagnostic ratios of
oil samples were calculated, and then the oil fingerprint database was established based on these diagnostic ratios.
2.5 Automatic retrieval of diagnostic ratios for suspected oil
samples
The correlation coefficient method was used to study the correlation between unknown spilled oil and oil samples in the database. A set of relative content ratios (x1, x2, ..., xn) of hydrocarbon
was used to represent unknown spilled oil samples and another
set of ratios (y1 , y2, …, yn) represented oil samples in the database. The Pearson correlation coefficient R between two samples
was calculated by the formula below (Xu, 2012):
X X
x iyi ¡
xi
yi
R =r X
³X ´2 r X
³X ´2 :
2
2
N
xi ¡
xi
N
yi ¡
yi
N

X

(1)

According to the results of R, we can distinguish the relationship between unknown spilled oil sample X and suspected oil Y
in the database. The closer the R value approaches to 1, the greater the degree of correlation is between the two oils, while the
closer the R value approaches to 0, the lower the correlation is
between the two oils.
Generally, when the correlation coefficient R is greater than
0.95, the unknown oil can be regarded as the same kind of oil
sample in the oil fingerprint database. In contrast, when the maximum correlation coefficient R is less than 0.8, it indicates that
the same oil spill was not found in the oil fingerprint database.
When the parameter R is between 0.8–0.95, there is a certain degree of similarity between unknown spilled oil sample and suspected oil sample.
3 Results
3.1 Effect after using the RTL
Automatic recognition and automatic integration of chroma-
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tographic peaks by computer required highly accurate and repetitive retention time, therefore, RTL method was applied to reduce the change of retention time at different time and on different GC/MS instruments.
Before using RTL, the change of retention time of C17 on two
different GC/MS instruments was 0.013 min (Fig. 1a), however,
the corresponding time reduced to 0.003 min when using RTL
(Fig. 1b). Thus, RTL technology could effectively reduce the
change of retention time of the target compound.
3.2 Verification of the accuracy of automatic recognition and
automatic integration of chromatographic peaks
To verify the accuracy of automatic recognition of chromatographic peaks, the peaks redrawn by computer and the original
GC/MS spectrograms were compared. The verification of the accuracy of the automatic integral program was performed by comparing the diagnostic ratios calculated by computer and manual
methods. Three kinds of typical oil fingerprints were analyzed
and are listed below.
3.2.1 Automatic recognition of n-alkanes
The original GC/MS chromatogram of alkanes, pristane and
phytane (m/z 85) and the chromatogram redrawn by computer
according to the retention time, start time and other information
are shown in Figs 2a and b.
It can be seen from Fig. 2 that the trend of n-alkanes redrawn
1.6×105

by computer was completely consistent with the original chromatogram. This shows that the accuracy of automatic recognition of alkanes by computer was high and satisfactory.
3.2.2 Automatic integral of n-alkanes
The characteristic peaks of C 17 , pristane (Pr), C 18 , phytane
(Ph) and their diagnostic ratios of C17/Pr, C18/Ph and Pr/Ph were
commonly used in the semi-quantitative analysis of a spilled oil
accident. Three kinds of crude oils and three kinds of fuel oils
were selected to verify the accuracy of automatic integration. To
ensure the integration accuracy of the featured peak, it is necessary to integrate the parallel sample data of oil samples, obtain
their average, and then calculate the diagnostic ratios.
The comparison between the data of diagnostic ratios obtained by manual and automatic integration is shown in Table 1.
In Table 1, the data from different means were very close and
the data of relative standard deviation (RSD%) were between 0.02
and 1.10 with an average of 0.47. All of the RSD% values were below 5%, so the automatic integration of a characteristic peak and
the calculation of diagnostic ratios by computer can obtain accurate results.
3.2.3 Automatic recognition of biomarkers
Biomarkers can reflect the source properties and generate
geological conditions of oil. Therefore, biomarker compounds
such as terpane (m/z 191) and sterane (m/z 217 and m/z 218),
1.6×105

a
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Fig. 1. The retention time of Pristane in two sets of GC/MS before (a) and after (b) RTL (m/z 85).
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Fig. 2. GC/MS chromatograms of n-alkanes, Pristane and Phytane (m/z 85) (a) the original chromatogram and (b) the redrawn one
by computer.
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Table 1. Comparison of diagnostic ratios of n-alkanes between
manual and automatic integration
Samples Diagnostic ratio Manual results Automatic results RSD/%
YY036
nC17/Pr
2.59
2.60
0.36
nC18/Ph
2.79
2.78
0.19
Pr/Ph
1.11
1.10
0.61
YY088
nC17/Pr
1.29
1.29
0.46
nC18/Ph
0.94
0.94
0.43
Pr/Ph
0.78
0.77
0.23
YY167
nC17/Pr
1.06
1.06
0.48
nC18/Ph
1.80
1.77
1.10
Pr/Ph
1.76
1.73
1.05
RL022
nC17/Pr
2.23
0.02
0.60
nC18/Ph
2.25
0.00
0.08
Pr/Ph
0.90
0.01
0.44
RL046
nC17/Pr
2.39
2.38
0.32
nC18/Ph
2.22
2.22
0.10
Pr/Ph
0.88
0.88
0.19
RL121
nC17/Pr
5.44
5.44
0.02
nC18/Ph
6.63
6.55
0.93
Pr/Ph
1.18
1.16
0.95

and their corresponding diagnostic ratios, play a very important
role on identifying spilled oil, especially for the analysis of
weathered oil.
The original and redrawn GC/MS chromatograms of terpane
were shown in Figs 3a and b.
It can be seen that the chromatogram redrawn by computer
were completely consistent with the original one. This shows that
the accuracy of the automatic identification of biomarkers by
computer was high and satisfactory.
3.2.4 Automatic integration of biomarkers
The results of the diagnostic ratios of biomarkers obtained by
manual and automatic integration are shown in Table 2.
Table 2 shows that the data obtained by different means are
very close and most RSD% are below 5.00% and only one datum
is larger than 5%. This demonstrates that the automatic integration for diagnostic ratios of biomarkers by computer are reliable.
3.2.5 Automatic recognition of polycyclic aromatic hydrocarbons
(PAHs) and their homologues
PAHs and their homologues in oil include naphthalene,

phenanthrene, dibenzothiophene, fluorine, chrysene and alkylated homologues. The composition of PAHs and their homologues in crude oil and petroleum products obtained by different
refining processes are different. The relative molecular mass of
PAHs and their homologues is large, their stability is high, and
their weathering resistance is stronger than saturated hydrocarbons. Therefore, they are important indicators for the identification of spilled oil.
The diagnostic ratios in PAHs and their homologues such as
2-MP/1-MP (2- methyl phenanthrene/1- methyl phenanthrene,
192 ion), 4-MD/1-MD (4-methyl dibenzothiophene/1- methyl
dibenzothiophene, 198 ion), C2-dbt/C2-phe (C2- dibenzothiophene/C2- phenanthrene, 212/206), C3-dbt/C3-phe (C3dibenzothiophene/C3-phenanthrene, 226/220), and C3-dbt/C3chr) (C3- dibenzothiophene/C3-chrysene, 226/270) were used
commonly in oil spill identification. The original GC/MS spectrogram and the redrawn one by computer of the PAHs and their
corresponding alkylated homologues are shown in Fig. 4.
3.2.6 Automatic integration of PAHs and their homologues
The comparison results of the diagnostic ratios for PAHs and
their homologues obtained by manual and automatic integration are shown in Tables 3 and 4.
From the tables, we can see that in the crude oil and fuel oil
samples, some diagnostic ratios such as 2-MP/1-MP, 4-MD/1MD, C2-dbt/C2-phe, and C3-dbt/C3-chr have little differences
between manual and automatic integration, and the RSD% values are almost lower than 5%. While the C3-dbt/C3-phe has
slightly larger differences, the overall results are satisfactory.
Compared with manual integral and artificial visual comparison method, the automatic recognition and integration method
significantly shortened the working time. However, the difficulty
of the new method lied in how to accurately determine the starting and ending position of the chromatographic peaks, especially for low concentration chromatographic peaks.
3.3 Application of the diagnostic ratios database
In 2015, an unidentified oil spill was found in the sea area of
Shandong Province, China. Samples of spilled oil were collected
immediately and brought to the laboratory for analysis and identification.
3.3.1 Automatic calculation of the diagnostic ratios for unknown
spilled oil
After the analysis was completed, the spectrogram of the unb
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Fig. 3. GC/MS spectrum of terpane (m/z 191) the original chromatogram (a) and the redrawn one by computer (b).
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Table 2. Comparison of the diagnostic ratios of biomarkers
between manual and automatic integration
Samples

Diagnostic ratio

YY036

27Ts/27Tm
29αβ/30αβ
29Ts/30αβ
29βα/30αβ
30O/30αβ
30βα/30αβ
30G/30αβ
C31αβ(S/(S+R))
C32αβ(S/(S+R)
C33αβ(S/(S+R)
27ββ(S+R)/[28ββ(S+R)+
29ββ(S+R)]
28ββ(S+R)/[27ββ(S+R)+
29ββ(S+R)]
29ββ(S+R)/[27ββ(S+R)+
28ββ(S+R)]
29ααS/29ααR
29ββ(S+R)/29αα(S+R)

Manual Automatic RSD/%
results
results
0.61
0.59
1.86
0.54
0.55
0.75
0.16
0.15
2.60
0.08
0.08
0.99
0.11
0.12
6.49
0.21
0.22
0.55
0.19
0.18
3.13
0.64
0.64
0.39
0.57
0.58
0.52
0.56
0.59
3.01
0.39
0.39
1.25
0.57

0.59

1.62

0.55

0.54

0.55

0.91
0.97

0.92
0.91

0.83
4.73

known spilled oil was recognized and integrated automatically
using the self-written program language. The diagnostic ratios
were calculated according to the obtained peak area, and the
data are shown in Table 5.
3.3.2 Automatic retrieval of the diagnostic ratios for unknown
spilled oil
The diagnostic ratios of the unknown spilled oil were compared with the known samples in the oil fingerprint database using the self-written program language. The diagnostic ratios of
the samples in the database were screened and sorted and 10
samples closest to the unknown one are shown in Table 6. According to the results of the automatic retrieval by computer, the
fuel sample with the highest similarity to the oil fingerprint database was a sample collected in a certain engine room in 2007.
3.3.3 Comparison of spectral characteristics of unknown spilled
oil and suspected oil
According to the automatic retrieval results from the oil fingerprint database, a known sample that had the highest similar-

ity with the suspected oil was found in the database. This known
sample was a fuel sample that was collected from a certain engine room in 2007. The spectrograms of n-alkanes, PAHs, biomarkers were extracted and analyzed further based on the experience of the analyst, and the detailed features of the spilled oil
sample and the known one were achieved.
From the spectra, we can see that the distribution characteristics— spectrogram of alkanes, biomarker and PAHs of the two
samples were very similar; therefore, the sample in our database
and the unknown sample were likely from the same source. Their
relationship was calculated and analyzed further.
3.3.4 Comparison of the diagnostic ratios of spilled oil and suspected oil with the repeatability limit
The comparison method of the repeatability limit was recommended by the European Oil Identification System (PD CEN/TR)
and had been verified by researchers (Sun et al., 2011).
(1) Brief introduction to the repeatability limit
The basic principle and comparison method of the repeatability limit were described in the literature (Sun et al., 2011; Qin,
2015). The repeatability limit means that the probability of the
difference between two methods for the same sample should be
less than the repeatability limit r, which is 95% (General Administration of quality supervision, inspection and Quarantine of the
People’s Republic of China, 2007). The formula of repeatability
limit r95% is shown as below:
p
r 95% = 2 2r s = 2:8r s ;

(2)

where rs is the relative standard deviation.
If the absolute deviation of two diagnostic ratios does not exceed the repeatability limit, the two diagnostic ratios are consistent. Generally, RSD% of diagnostic ratios used for spilled oil
identification should not be more than 5%; therefore, we used
this value for subsequent calculation. The sample mean was used
in the formula to replace the population mean, and formula 3
was changed into
r 95% = 2:8 £ x £ 5% = x £ 14%;

(3)

where x is the sample mean.
For spilled oil identification, if the absolute deviation of two
diagnostic ratios is less than r95%, then the two samples can be
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Fig. 4. GC/MS spectrum of methyl phenanthrene (m/z 192). a. The original chromatogram; and b. the redrawn one by computer. As
shown in this figure, the spectrogram automatically recognized by the computer agrees well with the original one obtained by GC/MS.
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Table 3. Comparison of the diagnostic ratios of PAHs and their
homologues between manual and automatic integration of crude
oil
Samples Diagnostic ratio Manual results Automatic results RSD/%
YY036
2-MP/1-MP
1.12
1.11
0.14
4-MD/1-MD
3.11
3.11
0.05
C2-dbt/C2-phe
0.28
0.29
1.72
C3-dbt/C3-phe
0.33
0.35
5.19
C3-dbt/C3-chr
1.20
1.14
3.43

Table 4. Comparison of the diagnostic ratios of PAHs and their
homologues between manual and automatic integration of fuel
oil
Samples Diagnostic ratio Manual results Automatic results
RL022
2-MP/1-MP
1.23
1.22
4-MD/1-MD
2.07
2.06
C2-dbt/C2-phe
1.49
1.54
C3-dbt/C3-phe
2.15
1.98
C3-dbt/C3-chr
10.75
11.37

RSD%
0.56
0.39
2.52
5.64
3.93

Table 5. Diagnostic ratios of unknown spilled oil
Diagnostic ratios
C17/Pr
C18/Ph
Pr/Ph
27Ts/27Tm
29αβ/30αβ
29Ts/30αβ
29βα/30αβ
30O/30αβ
30βα/30αβ
30G/30αβ
C31αβ(S/(S+R))
C32αβ(S/(S+R))
C33αβ(S/(S+R))
27ββ(S+R)/[28ββ(S+R)+29ββ(S+R)]
28ββ(S+R)/[27ββ(S+R)+29ββ(S+R)]
29ββ(S+R)/[27ββ(S+R)+28ββ(S+R)]
29ααS/29ααR
29ββ(S+R)/29αα(S+R)
2-MP/1-MP
4-MD/1-MD
C2-dbt/C2-phe
C3-dbt/C3-phe
C3-dbt/C3-chr

Results
3.95
2.31
0.50
0.75
1.19
0.17
0.10
0.10
0.09
0.16
0.58
0.57
0.62
0.48
0.41
0.62
0.93
1.17
1.17
2.10
0.52
0.53
2.16

Information of samples
goal
RL056
RL049
RL057
RL058
RL053
RL060
YY043
RL093
RL055

considered to be the same.
(2) Screening of diagnostic ratios
Parallel samples were analyzed for all oil samples using
GC/MS, then all spectrograms were integrated and the diagnostic ratios were calculated. The absolute deviations of all pairs of
parallel diagnostic ratios were compared with the repeatability
limit r 95% . Those diagnostic ratios whose absolute deviations
were larger than repeatability limit r95% were rejected, while those
diagnostic ratios whose absolute deviations were smaller than
r95% were used to identify the unknown spilled oil.
(3) Comparison of the diagnostic ratios
The screened diagnostic ratios were compared. If the absolute deviation between samples was larger than repeatability limit r95%, the oil fingerprints of two samples were different. If all absolute deviations of the diagnostic ratios were smaller than r95%,
the oil fingerprints of two samples were the same.
According to the rule of repeatability limit, the diagnostic ratios of the unknown spilled oil and the fuel sample in our database were analyzed and are shown in Table 7.
By comparing the absolute deviation with r95% of each diagnostic ratio, we can intuitively judge the consistency of the unknown spilled oil with the fuel oil sample in our database. It can
be seen from Table 7 that all of the absolute deviations of the diagnostic ratios after screening were less than the corresponding
r95%. Therefore, the oil fingerprint characteristics of the unknown
spilled oil were consistent with that of the suspected oil samples.
Using this comparison method, we can obtain more precise results that are consistent with the literature (Sun et al., 2011).
Through this database of diagnostic ratios of different kinds of
oil, we can determine the unknown oil rapidly and accurately. It
Table 7. Absolute deviation and r95% of the diagnostic ratios of
unknown spilled oil and the oil in the database
Diagnostic ratios

Table 6. Research results of the unknown spilled oil
No.
1
2
3
4
5
6
7
8
9
10

121

R
0.98
0.92
0.92
0.90
0.90
0.90
0.89
0.88
0.88
0.88

Unknown Oil in
oil
database
nC17/Pr
3.95
4.17
nC18/Ph
2.31
2.42
Pr/Ph
0.50
0.51
2-MP/1-MP
2.09
2.06
4-MD/1-MD
2.10
2.08
C2-dbt/C2-phe
0.52
0.53
C3-dbt/C3-phe
0.53
0.53
C3-dbt/C3-chr
2.16
2.25
27Ts/27Tm
0.75
0.67
29αβ/30αβ
1.19
1.23
29Ts/30αβ
0.17
0.18
30d/30αβ
0.03
0.03
29βα/30αβ
0.10
0.10
30O/30αβ
0.10
0.08
30βα/30αβ
0.09
0.10
30G/30αβ
0.16
0.15
C31αβ(S/(S+R))
0.58
0.58
C32αβ(S/(S+R))
0.57
0.57
C33αβ(S/(S+R))
0.62
0.63
27ββ(S+R)/[28ββ(S+R)+
0.48
0.51
29ββ(S+R)]
28ββ(S+R)/[27ββ(S+R)+
0.41
0.40
29ββ(S+R)]
29ββ(S+R)/[27ββ(S+R)+
0.62
0.61
28ββ(S+R)]
29ααS/29ααR
0.93
0.95
29ββ(S+R)/29αα(S+R)
1.17
1.28

Absolute
deviation
0.22
0.11
0.01
0.03
0.02
0.01
0.00
0.09
0.08
0.04
0.01
0.00
0.00
0.02
0.01
0.01
0.00
0.00
0.01
0.03

r95%
0.57
0.33
0.07
0.29
0.29
0.07
0.07
0.31
0.10
0.17
0.02
0.00
0.01
0.01
0.01
0.02
0.08
0.08
0.09
0.07

0.01

0.06

0.01

0.09

0.02
0.11

0.13
0.17
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will be a very important application in the identification of spilled
oil sources.
4 Conclusions
Based on the results and discussion, the main conclusions are
listed as follows:
(1) The program is written with MATLAB software to realize
the automatic recognition and integral of chromatographic peaks
and calculate the diagnostic ratios automatically. The characteristic chromatographic peaks can be n-alkanes, biomarker compounds, PAHs, etc.
(2) Hundreds of oil samples collected worldwide were analyzed by GC/MS and diagnostic ratios were obtained. Using these
diagnostic ratios, a database of oil fingerprints was established
and could be used to determine the watercrafts causing the oil
spill accident.
(3) The methods of automatic recognition and integration
and the database were tested in a sudden marine oil spillage. The
suspected sample in the oil fingerprint database was retrieved
rapidly and accurately; therefore, this intelligent treating method
could improve the efficiency of oil spill identification in routine
enforcement.
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Abstract

This study aims to evaluate the subacute toxic effects of oil under different treatments on marine organism by
simulating natural contaminative processes. In this study, 120# (RMD15) fuel oil was selected as the pollutant and
marine medaka (Oryzias melastigma) embryos as the experimental organism. The developmental toxicity of
different volume concentrations (0.05%, 0.2%, 1% and 5%) of water-accommodated fractions, biologicallyenhanced water-accommodated fractions, and chemically-enhanced water-accommodated fractions on the
embryos in different exposure time (8, 15 and 22 d) were compared and the content of relevant polycyclic
aromatic hydrocarbons (PAHs) was studied (in dispersion and in vivo). The subacute toxic effects were assessed
in terms of antioxidant activities of enzymes (superoxide dismutase, catalase and glutathione S-transferase) and
the blue sac disease (BSD) indexes.The results showed that the BSD indexes of the treatment groups were
significantly higher than the respective control groups and showed positive correlations with both concentration
and exposure time. The experiments with three antioxidant enzymes indicated that enzymatic activities of the
embryos changed dramatically under the oxidation stress of petroleum hydrocarbons, especially after adding the
dispersants. With the increase of petroleum hydrocarbon concentration and exposure time, the three enzymes
showed different degrees of induction and inhibition effects.
Key words: marine medaka, petroleum hydrocarbon, oil dispersant, antioxidant enzymes, 120# fuel oil
Citation: Gao Xiang, Ding Guanghui, Li Xishan, Xiong Deqi. 2018. Comparison of toxicity effects of fuel oil treated by different dispersants
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1 Introduction
In recent years, activities such as petroleum exploration, production, transportation and oil spill accidents have significantly
impacted floral and faunal communities, resulting in significant
deterioration of coastal and wetland ecosystems (Ko and Day,
2004). Petroleum hydrocarbons can be enriched in marine organisms through food chains to cause sustaining negative impacts on human health ADDIN EN.CITE.DATA (Lee et al., 2010;
Pérez-Cadahía et al., 2007). To quickly reduce the impacts of oil
spillage in coastal areas, a large number of oil dispersants have
been used. Therefore, it is necessary to study the effects of the combined toxicity of oil and the dispersants on marine organisms.
Currently, oil dispersants mainly consist of chemical and biological dispersants. Chemical dispersants can quickly and efficiently accelerate oil from the surface of seawater into the water
column (Chapman et al., 2007) to promote diffusion and degradation of oil (Swannell and Daniel, 1999). Due to the use of chemical dispersants, the concentration of aromatic hydrocarbons increases rapidly in the surface layer of seawater ADDIN
EN.CITE.DATA (Couillard et al., 2005; Wu et al., 2012). A number
of studies have shown that the addition of chemical dispersants
can significantly increase the toxicity of oil dispersion ADDIN
EN.CITE.DATA (Almeda et al., 2014; Dussauze et al., 2015;
González-Doncel et al., 2008; Jung et al., 2012; Wu et al., 2012). It
has also been found that chemical dispersants may improve the
bioavailability of polycyclic aromatic hydrocarbon (PAHs) with
high molecular weights, resulting in the occurrence of lesions in

aquatic organisms including fishes (Couillard et al., 2005).
Additionally, the water-soluble fractions of oil can cause abnormal development of fish in the early stages ADDIN EN.CITE.
DATA (González-Doncel et al., 2008; Mcintosh et al., 2010).
Symptoms of blue sac disease (BSD) include pericardial edema,
yolk sac edema, cardiovascular disease, craniofacial anomalies,
spinal deformities, and so on ADDIN EN.CITE.DATA (Scott,
2009; Mcintosh et al., 2010; Schein et al., 2009). Many researchers have shown that oil spills have long-term adverse effects on
the local marine life in both laboratory and natural conditions
ADDIN EN.CITE.DATA (Goodbody-Gringley et al., 2013; Lee et
al., 2013; Marques et al., 2014; Peterson et al., 2003). According to
statistics, 71 serious oil spill accidents (quantity of a single oil
spill > 50 t) occurred in China from 1990 to 2010 and the total oil
spill volume reached 22 035 t. In order to contain the accidents, a
large number of oil dispersants were sprayed into the sea water.
The two dispersants selected in this study were Weipu (WP, biological oil dispersant) and Guangming (GM, chemical oil dispersant). Additionally, the potential long-term environmental effects
of dispersants, especially biological dispersants, are largely unknown and worthy of attention and evaluation.
The aim of this study is to understand the joint toxicity effects
of two oil dispersants on the early life stages of a marine fish. An
ideal marine test organism (Bo et al., 2011), the embryo of marine medaka was selected as the experimental organism to study
the toxic effects of petroleum hydrocarbons. In this study, BSD
index, the activities of enzymes, mortality, incubation time and
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hatchability were evaluated as indexes of toxicity evaluation. The
contents of total petroleum hydrocarbons (TPHs) and PAHs in
the test solutions and fish were measured to explore the relationships among toxicity, chemical composition, and the bioconcentration factors of PAHs.

and recorded daily and the embryos were removed out of the
wells once dead. Each experiment result was repeated 5 times
and total number of samples in each treatment was 20. The detailed analytical methods of TPH and PAHs, BSD index and antioxidant defenses were described in 2.5–2.8.

2 Materials and methods

2.5 TPH and PAHs analyses in test solutions
The TPH concentrations of WAFs, CE-WAFs and BE-WAFs
stock solutions were measured with ultraviolet spectrophotometer before each renewal of solutions. The petroleum hydrocarbons were extracted from WAFs, CE-WAFs and BE-WAFs by nhexane. Based on the results of full wave scanning in the range of
200 to 300 nm, 225 nm was selected as the best absorption
wavelength. The optical densities (OD) at 225 nm of extractants
were measured by an ultraviolet spectrophotometer. The values
of ODs reflected the TPH concentrations.
The contents of precedence-controlled PAHs, listed by the
United States Environmental Protection Agency (USEPA), were
measured by a gas chromatograph-mass spectrometer (GC-MS)
according to the method described by Wu et al. (2011) and Wang
et al. (1994). According to this method, 50 mL stock solutions
each of WAFs, CE-WAFs and BE-WAFs were sampled. Each stock
solution was extracted by 25 mL of n-hexane. After drying and filtration, the treated n-hexane was concentrated to 1–2 mL by
rotary evaporators. Silica gel column chromatography was used
to elute the PAHs with 15 mL mixture of n-hexane and dichloromethane (1:1). After concentrating to less than 1 mL, the mixture
was transferred to a vial and internal standards (d8-naphthalene,
d10-phenanthrene, d12-chrysene, and d12-perylene) were added to the vial. Finally, the mixture was quantified to 1 mL
Extracts were analyzed with an Agilent 6 890 GC coupled with
a 5 975 mass selective detector in the selective ion–monitoring
mode. The GC was equipped with an Agilent DB-5MS capillary
column (30 m × 0.25 mm × 0.25 mm) and its operating conditions were: oven was started at 50°C (held for 2 min), heated to
150°C at a step of 8°C/min, then held for 3 min, and heated to
300°C at 3°C/min with a final hold of 10 min. 1 μL sample was injected at the splitless sampling mode with the inlet at 280°C and
the ion source (EI) at 230°C. Nitrogen was used as the carrier gas
a flow rate of 1.0 mL/min.
All the quality control procedures satisfied their acceptable
ranges and under the optimized conditions, the recoveries of the
16 PAHs were 80–120%. PAH contents of seawater in the aquaculture system were checked and no PAH was detected (below the
detection limit of 5 ng/L), thus, ensuring that there was no effect
of PAHs in the seawater. The concentrations of TPHs and PAHs
were repeated 3 times in each treatment.

2.1 Materials
120# fuel oil (RMD15) and two dispersants (WP and GM)
were provided by Dalian Maritime Safety Administration. The
120# fuel oil was produced by China National Petroleum Corporation (Dalian, Liaoning, China). The WP dispersant consists of
petroleum-degrading bacteria and nutrient solution. The GM
dispersant consists of non-ionic surface active agents and organic solvents. Sea salt was produced by China National Salt Industry Corporation (Tianjin, China). Experimental fishes were reproduced in laboratory conditions for generations, and the parents were provided by Xiamen University (Xiamen, Fujian,
China). Main chemical reagents were purchased from Honeywell Corporation (New Jersey, USA) and Merck Corporation
(Darmstadt, Germany).
2.2 Preparation of stock solutions
The preparation of stock solutions of water-accommodated
fractions (WAFs), chemically-enhanced water-accommodated
fractions (CE-WAFs, oil + GM), and biologically-enhanced wateraccommodated fractions (BE-WAFs, oil + WP) followed the
method of Barron and Ka’Aihue ADDIN EN.CITE.DATA (2003)
and Singer et al. (2000). According to the method, 25 g oil was added into per liter seawater. After adding the oil, the dispersants
were added or not into the seawater in the ratio of 1:5 (dispersant:oil) according to the recommendation of the dispersants
manufacturer. The mixtures were mixed for 18 h, and vortex was
set at 25% of the total volume when mixing. After standing for 6 h,
the bottom aqueous phases were taken out as the stock solutions
of WAFs, CE-WAFs and BE-WAFs and stored at 4°C. The contents of PAHs and TPHs were tested daily during the experiment.
2.3 Fish maintenance
The marine medaka (Oryzias melastigma) tested in this study
were maintained in an aquaculture system with the temperature
of 26±2°C, the salinity of 30±1‰, and the photoperiod of 14 h:
10 h (light: dark). The fishes were fed with larva of brine shrimp 3
times a day. The aquaculture system renewed one-tenth of the
total amount of water daily. The eggs were collected at
11:00–12:00 am and observed by a stereoscope to distinguish the
unfertilized eggs, ensuring the eggs used in the experiment could
develop into embryos.
2.4 Experimental design
In order to eliminate the mutual influence among the embryos, they were placed separately in the 24-well plates (one well for
one embryo). To each well was added 2 mL of WAFs (0.05%,
0.2%, 1.0% and 5.0%, v/v), CE-WAFs (0.05%, 0.2%, 1.0% and 5.0%,
v/v) or BE-WAFs (0.05%, 0.2%, 1.0% and 5.0%, v/v) for exposure.
Seawater was used as a blank control, and 5 g/L of each dispersant (the highest dispersant concentration in CE-WAFs and BEWAFs) were used as dispersant controls. There were 150 embryos in each treatment group and the exposure period was 22 d
(the normal incubation period was about 8 to 10 d). All experimental solutions were prepared freshly and renewed every day.
The data of malformation, mortality and hatch were observed

2.6 Malformation assessment
The teratogenicity of WAFs, CE-WAFs and BE-WAFs to the
embryo was assessed using the BSD index. The calculation of
BSD referred to the method described by Scott (2009) and Wu et
al. (2012). Signs were scored according to the following method:
decreased circulation (DC, 0–1), heart malformations (HM, 0–1),
yolk sac edema (YE, 0–3), pericardial sac edema (PE, 0–3), loss of
activity (LA, 0–1), spinal deformity (SD, 0–1), craniofacial deformity (CD, 0–1), and fin rot (FR, 0–1). In each sign, a higher
BSD score meant more serious toxicity effect. The weight for edemas was greater than the other signs because of its closest correlation with mortality and a response range large enough to be
classified. The calculation method of BSD index is as follows:
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each treatment group. Similarly, Ed, Eh, Ey, Ep, El, Es, Ec and Ef are
the number of individuals showing each symptom, respectively.
The highest score of BSD index was 12.
2.7 Antioxidant defenses
Enzymatic activities of superoxide dismutase (SOD), catalase
(CAT) and glutathione S-transferase (GST) were measured in the
study. Pretreatment method was as follows: the embryos were
rinsed with pre-cooling normal saline to remove any impurities.
Surfaces of the embryos were dried with filter paper and about
100 mg sample (50–70 embryos) of each treatment group was
weighed. The embryos were transferred to 1.5 mL centrifuge
tubes and 9-fold normal saline was added into the tubes. Subsequently, the mixture was homogenized. After that the homogenate was centrifuged for 20 min at the speed of 3 000 r/min
(2 012.16 g). The supernatant was extracted and the solution was
saved at 4°C.
SOD activity was determined using the hydroxylamine reduction assay of Ōyanagui (1984). In this method, the reduction of
hydroxylamine by superoxide anion was monitored at 550 nm.
One unit of SOD activity was defined as the amount of enzyme
necessary to decrease the reduction of hydroxylamine by 50%.
CAT activity was measured at 405 nm by an assay of hydrogen
peroxide based on the formation of its stable complex with ammonium molybdate (Góth, 1991). One unit of CAT activity was
expressed as kilo units per gram of protein. GST activity was determined using 1-chloro-2, 4-dinitrobenzene (CDNB) as the substrate (Jakoby, 1985). One unit of GST was defined as the amount
of glutathione conjugate formed using 1 mM glutathione and CDNB/min per mg protein. Protein concentration in the tissue samples was determined using a commercially available assay kit.
2.8 PAHs analyses in vivo
The pretreatment of PAHs for analyses in vivo was improved
according to the method described by Nácher-Mestre et al.
(2010).The sampled embryos were freeze-dried in a lyophilizer
for 24 h. The embryos (about 0.1 g) were ground to a powder and
the samples were weighted. 20 mL NaOH (1 mol/L) was added
into the flask and the flask was shaken at a speed of 100 r/min to
saponify the powder for 12 h. 20 mL ethanol was added into the
flask to acidize the samples for 4 h at 80°C. Subsequently, the
samples were extracted three times with 8 mL n-hexane. After desiccation and filtration, the solution was concentrated to 1mL approximately by rotary evaporator at 30°C. The extract was added
into a silica gel column that was previously conditioned with 10
mL n-hexane. Then the silica gel column was eluted with 15 mL
dichloromethane-n-hexane solution (8:2). Finally, the eluate was
concentrated to less than 1 mL by a rotary evaporator. The instrument settings for GC-MS analysis were the same as the previous
PAHs analyses for the test solutions. The concentrations of PAHs
in vivo were repeated 3 times in each treatment.
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2.9 Statistical analyses
SPSS 17.0 software was used to analyze the data. All data were
tested by Kolmogorov-Smirnov test for normal distribution. For
the blue sac disease index, data were demonstrated by the
Levene median equal variance test. After Bonferroni post hoc test
multiple comparisons, all data were analyzed by one-way analysis of variance, and the significance was determined at p<0.05.
3 Results and discussion
3.1 TPHs and PAHs of stock solutions
The concentrations of TPHs for WAFs, BE-WAFs, and CEWAFs stock solutions (100% v/v) was 34.3 ± 2.1 mg/L, 93.6 ±
7.3 mg/L and 135 ± 6.7 mg/L, respectively. In comparison to
WAFs, the content of TPHs in BE-WAFs and CE-WAFs was 2.73
fold and 3.94 fold, respectively. Additionally, the content of PAHs
of WAFs, BE-WAFs and CE-WAFs were (0.166 ± 0.013) mg/L, (0.387 ±
0.026) mg/L and (0.508 ± 0.086) mg/L, respectively. Compared to
the WAFs, the PAH concentrations of BE-WAFs and CE-WAFs increased 2.33 fold and 3.06 fold, respectively.
The content of PAHs for WAFs, BE-WAFs and CE-WAFs are
shown in Fig. 1. It shows the 16 PAHs classified according to the
priority control as noted by the USEPA. The addition of dispersants increased the total content of PAHs, however, the proportions of PAHs in WAFs, BE-WAFs and CE-WAFs were different.
The proportions of low molecular weight PAHs (2–3 rings) in WAFs, BE-WAFs and CE-WAFs were much higher than those of high
molecular weight PAHs (4–6 rings). Additionally, the proportion
of low molecular weight PAHs was the highest in WAFs, the lowest in CE-WAFs and in between for BE-WAFS. The proportions of
high molecular weight PAHs in WAFs, BE-WAFs and CE-WAFs
were 18.5%, 31.0% and 35.0%, respectively. The results revealed
that the dispersants increase the dispersion efficiency of PAHs
and the influence of dispersants on high molecular weight PAHs
was more significant than on low molecular weight PAHs. The
experimental results were verified by previous research outcomes ADDIN EN.CITE.DATA (Couillard et al., 2005; Wu et al., 2012).
Additionally, GM showed higher dispersion efficiency than WP.
3.2 BSD index
The BSD index can reflect the teratogenicity of early development of marine medaka. During the 22 d of exposure, as shown
in Fig. 2, each treatment could cause teratogenesis of marine
medaka during the early stage. The BSD indexes of the treatment
groups were higher than the control groups. No changes were
observed in the dispersant control groups and the blank control
group over time. Additionally, there was no significant difference
between the dispersant control groups and the blank control
group indicating that the dispersants caused little effect on BSD.
It was also observed that the abnormality rates of BSD increased
with increasing of concentrations of the experimental groups.
The BSD indexes of BE-WAFs and CE-WAFs were significantly
higher than those of WAFs and in the highest concentration
treatment groups at 22 d, the abnormality rates reached 53.3% ±
10.3% in WAFs, 80.6% ± 12.1% in BE-WAFs and 99.4% ± 16.5% in
CE-WAFs. The size order of the BSD indexes was: CE-WAFs > BEWAFs > WAFs. The no-observed-effect concentrations of WAFs,
BE-WAFs and CE-WAFs at 22 d were 0.43%, 0.18% and 0.10%, respectively. As indicated in Fig. 2, the BSD indexes of WAFs, BEWAFs and CE-WAFs also showed a rising trend with increasing
concentrations. Basically, the slopes of concentration–response
relationships in higher concentrations were greater than those in
lower concentrations of the treatment groups. At different time
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Fig. 1. The concentration of PAHs in initial stock solution of the WAFs, CE-WAFs and BE-WAFs. NAP=naphthalene;
ANY=acenaphthylene; ANA =acenaphthene; FLU=fluorene; PHE=phenanthrene; ANT=anthracene; FLT=fluoranthene; PYR=pyrene;
BaA=benzo[a]anthracene; CHR=chrysene; BbF=benzo[b]fluoranthene; BkF=benzo[k]fluoranthene; BaP=benzo[a]pyrene;
IPY=indeno[1, 2, 3-cd]pyrene; DbA=dibenz[a, h]anthtacene; BPE=benzo[ghi]perylene.
points, the slopes of concentration–response relationships in the
treatment groups were different. Over time, the slopes of WAFs,
BE-WAFs and CE-WAFs increased from 0.020 to 0.068, 0.038 to
0.163, and 0.056 to 0.171, respectively. This indicated that the
longer the exposure time, the greater the BSD indexes would be
at the same concentration.
3.3 Mortality
The mortalities in all treatment groups are shown in Fig. 3.
The mortality of each treatment group increased with an increase of nominal concentrations. The highest mortality (59%)
was observed in 5.0% (v/v) CE-WAFs. The mortalities in CEWAFs were significantly higher than those in BE-WAFs or WAFs
(p < 0.05) and were 1.5–3 fold those of WAFs at the same concentrations. The mortalities in BE-WAFs and CE-WAFs were higher
than those in WAFs at the same concentrations, and the increasing extent of mortality was more remarkable at higher concentrations. It can be observed that the effect of dispersants on the mortalities at high concentrations was greater than that at low concentrations. As shown in Fig. 3, marine medaka embryos were
more sensitive to CE-WAFs and BE-WAFs than to WAFs.
3.4 Hatch
The effects on incubation period and hatchability of marine
medaka by WAFs, BE-WAFs and CE-WAFs are shown in Fig. 4.
The results indicated that WAFs, CEWAFs and BE-WAFs can affect the hatch (incubation period and hatchability) of marine
medaka. WAFs, BE-WAFs, and CE-WAFs could prolong the incubation time of embryos by different degrees. No significant effects on incubation period were observed in embryos exposed to
the control groups. Generally, the incubation time of embryos exposed to WAFs and BE-WAFs increased initially and then decreased with increase in concentration. The incubation period
for WAFs and BE-WAFs treatment was most sensitive to the 0.2%
concentration. CE-WAFs had the most significant delay effect on
the incubation time, however, the differences between concentration gradients were not significant. After exposure to WAFs,
BE-WAFs and CE-WAFs, the incubation period was extended
from 10–14 d (normal incubation period) to 15–19 d. The mean incubation periods for WAFs, BE-WAFs and CE-WAFs were 15.1 d,
17.0 d and 18.2 d, respectively.
Compared to WAFs, the hatchability of CE-WAFs and BE-

WAFs at the same concentration was lower (p < 0.05). In fact,
WAFs had no significant impact on the hatching rate and the
lowest hatchability of 70% was reached at the concentration of
5%. However, the addition of two dispersants had a great influence on the hatching rate of embryos and it was progressively
evident with the increasing concentrations. However, individually, the dispersants had little effect on the hatchability.
3.5 Antioxidant enzyme
The results indicate significant change of the activities of
SOD, CAT and GST in the control groups with the extension of
exposure time. In general, the enzyme activity of each treatment
group was significantly higher than that of the respective control
group. Additionally, the enzyme activities increased over time,
but the increase was not significant.
3.5.1 SOD
At 8 d exposure, it was found that the SOD activities (Fig. 5) of
experimental groups first increased and then decreased with increasing concentrations. Compared to the control groups, SOD
activities of experimental groups exhibited significant increase
when exposed to all the contaminants. For WAFs, BE-WAFs and
CE-WAFs, the highest increase with respect to the SOD activity
reached 73%, 78% and 105%, respectively. The peaks appeared at
the concentrations of 5.0%, 5.0% and 1.0%, respectively. The SOD
activities of WAFs and CE-WAFs showed a significant difference.
Compared to the 8 d values, there was no significant change
in the control groups after exposure for 15 d. The SOD activity of
each experimental group increased at all concentrations, especially the value of WAFs. The values of BE-WAFs and CE-WAFs
first increased and then decreased with increasing concentrations and the peak value of BE-WAFs was higher than that of CEWAFs. However, the SOD activity for WAFs showed a positive relation with the concentrations. Additionally, the peaks appeared
at the concentrations of 5.0%, 1.0% and 1.0% for WAFs, BE-WAFs
and CE-WAFs, and were lower than those observed for 8 d.
For the 22 d exposure, the SOD activity of the control groups
changed less than before, however, in general, the values of the
experimental groups decreased at higher concentrations
(1.0%–5.0%). The differences for SOD activity among concentrations reduced during the 22 d of exposure and the peak concentrations got lower than before at 1.0%, 0.2% and 0.2% for WAFs,
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concentration (p<0.05). The same sign is applied to the following
figures.

3.5.2 CAT
CAT activities (Fig. 6) in the embryos of the control groups
were at the same level at the end of the 8 d exposure period. CAT
activity of each experimental group increased by different degrees with the increase in concentrations. However, the value of
CAT decreased at the concentration of 5.0% and the CAT of CEWAFs showed differences with the other two groups. The induction effect of CE-WAFs was more obvious (the peak concentration was lower and the peak value was higher).
After the 15 d exposure, the results showed that the activities
of CAT increased significantly in the treatment groups. The increase in the peak value of each treatment group was significantly higher (p<0.05) than the control group and much higher
than those of the 8 d exposure. In general, the exposure concentrations corresponding to CAT peak values of the three experimental groups decreased (1.0% for WAFs and BE-WAFs and 0.2%
for CE-WAFs). Furthermore, the increase in CAT activity in the
CE-WAFs group was significantly higher than that for WAFs. After
the 15 d exposure period, CAT activity remained unchanged for
most exposure treatments (when compared to the 8 d exposure
levels) at lower concentrations (control and 0.05%). The increase
was significantly higher (p< 0.05) than the values for 8 d at higher
concentrations (0.2%–5.0%), especially at the concentration of
0.2%. The induction of BE-WAFs and CE-WAFs was significantly
greater than WAFs. However, the differences between BE-WAFs
and CE-WAFs were not obvious.
At 22 d, the CAT activity of the control groups remained at the
same level as before (compared to the levels observed at 8 d and
15 d exposure). However, the CAT values of experimental groups
increased by some degree. Some CAT values of BE-WAFs and
WAFs at lower concentrations (0.05%–0.2%) increased significantly (p < 0.05) in comparison to the 15 d exposure. Compared to
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corresponding concentration (p<0.05). The same sign is applied to Figs 6 and 7.
20
18

Activity of CAT/U·mg-1

16

WAF
BE-WAF

ab

CE-WAF

ab*

ab

14

a*

ab

12
ab
10

a

ab*

a
a

a

a

ab

a

a
a*

a
a a

ab*
ab

a*

a

a

1.0%

5.0%

a

a

*

ac

8
6
4
2
0
control 0.05%

0.2%

1.0%

5.0%

control 0.05%

8d

0.2%

1.0%

5.0%

control 0.05%

15 d

0.2%
22 d

Fig. 6. Catalase (CAT) activity in embryo of medaka.
the 8 d and 15 d, all exposure concentrations corresponding to
peak values of experimental groups decreased to 0.20%. The data
showed that the CAT values of CE-WAFs were significantly high-

er than those of WAFs at concentrations ranging from 0.05% to
5.0%. In the 22 d exposure test, it was found that the induction of
CAT was more significant than that of 15 d (the peak value of
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each treatment group was higher and the corresponding concentration was lower).
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peaked at the concentration of 5.0%.
The results after the 15 d exposure indicated that the activities of GST were significantly induced by WAFs, BE-WAFs and CEWAFs. The GST activity of control groups remained largely unchanged. The GST peak values of WAFs, BE-WAFs and CE-WAFs
for 15 d were significantly higher (p< 0.05) than those for 8 d.
Compared to the values for 8 d, exposure concentrations corresponding to the peak values of the three experimental groups were
lower (5.0% for WAFs, 1.0% for BE-WAFs and CE-WAFs). The
GST activity of BE-WAFs was significantly higher than that of
WAFs at the concentrations of 0.05%, 0.2% and 1.0%.

3.5.3 GST
GST activity (Fig. 7) in the embryos of the control groups was
4.82 ± 0.65, 5.50 ± 1.02 and 4.59 ± 0.69 U/mg of protein for WAFs,
BE-EAFs and CE-WAFs respectively after 8 d exposure. The GST
activity of each experimental group rose with increase in concentration, however, no significant increase was observed in the embryos exposed to the three experimental groups at lower concentrations. Additionally, the values of the experimental groups
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Fig. 7. Glutathione S-transferase (GST) activity in embryo of medaka.
At 22 d, the GST activity of control groups remained at the
same level as before (when compared to the levels observed at 8 d
and 15 d). However, the values of experimental groups steadily
decreased when compared to the values of for 15 d. Additionally,
the differences between experimental groups increased than before. The values of BE-WAFs and CE-WAFs were significantly
higher than those of WAFs and exposure concentrations corresponding to peak values were different (5.0% for WAFs and 0.2%
for BE-WAFs and CE-WAFs).
The effects of WAFs, BE-WAFs and CE-WAFs on antioxidant
enzyme activities are shown in Figs 5, 6 and 7. When marine
medaka embryos were exposed to WAFs, BE-WAFs and CEWAFs, the enzyme activities (SOD, CAT, and GST) in vivo
changed significantly (p < 0.05). As shown in Fig. 5, the treatment
groups at lower concentrations could induce enzymatic activities
in marine medaka embryos. In WAFs treatment groups, the induction effect of various enzyme activities showed a positive correlation with the concentration. In the BE-WAFs and CE-WAFs
treatment groups, the enzyme activities increased first and then
decreased with increase in concentration, however, the peaks appeared at different concentrations. Under low concentration exposure, GST reached its peak earlier than SOD and CAT showed
more sensitivity. In addition, the GST activity showed some sensitivity in the BE-WAFs control group.
3.6 PAHs in vivo and dispersions
The concentrations of PAHs in vivo and dispersions are
shown in Table 1. After adding the dispersants, the content of
PAHs in the dispersions and the body increased significantly. At
the same concentrations, the accumulation of PAHs in CE-WAFs
treatment groups was higher than that in BE-WAFs. The PAH
concentrations in the embryos exposed to BE-WAFs and CE-

WAFs were 1.2–1.9 fold and 2.0–2.6 fold higher, respectively, than
those of WAFs at different time points (Table 2). At the early stage
of exposure, the PAHs in vivo of all treatment groups increased
significantly. However, the PAH concentrations showed no
change during the period of 15–22 d.
It is evident from the experimental data seen that the cumulative amounts of PAHs changed with PAH concentrations in dispersions and exposure times. The cumulative amounts of PAHs
in vivo were positively correlated to the concentrations of PAHs
in the dispersions. The experimental results were consistent with
those of Canova (1998) and Skarphéðinsdóttir et al. (2003) on the
effect of benzo[a]pyrene on shellfish. The results showed that in
the medaka embryos, the PAHs accumulated increasingly rapidly first and reaching a dynamic balance at last. The results correspond to the change process of antioxidant enzymes activities.
The antioxidant enzyme activities increased first and then gradually reached stability. The results also indicate that the absorption and metabolism of PAHs in marine medaka embryos gradually reached equilibrium within the range of oil concentrations
(0.05%–5.0%) during this experiment.
4 Discussion
In this study, the exposure of 120# fuel oil dispersions to marine medaka embryos caused increased mortality and sublethal
effects. The symptoms observed in the experiment were consistent with previous studies of aquatic organisms exposed to various oils ADDIN EN.CITE.DATA (Dubansky et al., 2013; Mcintosh
et al., 2010; Wu et al., 2012). This indicated that 120# fuel oil also
had similar toxic components. In addition, we also explored the
change in antioxidant enzyme (SOD, CAT and GST) activities in
the embryos. The toxicity effects on embryos increased significantly after adding dispersants. Generally, the dispersants them-
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Table 1. Concentrations of PAHs
Treatment
Control

WAFs

BE-WAFs

CE-WAFs

Blank
BE
CE
0.05%
0.2%
1.0%
5.0%
0.05%
0.2%
1.0%
5.0%
0.05%
0.2%
1.0%
5.0%

Summed priority PAHs in marine medaka/ng·g–1
8d
15 d
22 d
7.46±0.32
9.31±0.55
6.45±0.59
9.76±0.65
11.21±2.09
12.36±0.59
13.75±1.47
16.3±2.94
17.49±1.95
107.49±21.4
180.99±32.98
216.39±41.13
160.97±30.31
288.35±50.67
309.11±56.72
322.96±40.81
499.01±62.71
469.74±58.25
441.03±42.23
621.52±58.92
637.93±119.24
200.78±39.6
305.63±60.02
369.47±63.36
299.84±52.78
488.31±79.99
467.76±70.25
600.21±80.38
634.03±73.51
662.27±115.14
656.23±106.93
705.31±131.74
724.73±136.56
251.91±47.95
475.61±75.48
491.45±86.23
409.46±69.77
626.62±106.78
602.93±116.57
705.68±111.23
769.37±144.4
732.99±122.8
818.4±163.89
832.88±142.76
811.64±104.15

selves were less toxic, however, adding the dispersants could increase the content of TPHs and PAHs in water ADDIN EN.CITE.
DATA (Duarte et al., 2010; Lyons et al., 2011) and lead to an increase in toxicity to marine organisms ADDIN EN.CITE.DATA
(Carls et al., 1999; Lee et al., 2013). Cohen and Nugegoda (2000)
found that the content of TPHs in CE-WAFs was higher than that
in WAFs. Therefore, high content of petroleum hydrocarbons
could be the main factor affecting the survival and development
of marine medaka embryos. Among petroleum hydrocarbons,
the PAHs have been observed to cause genotoxicity, carcinogenicity, and reproductive toxicity in marine organisms and are
known to be widely distributed in aquatic ecosystems (Bellas and
Thor, 2007). Therefore, the contents of PAHs in water and embryos were monitored.
In this experiment, in general, the observed mortality was
ordered as CE-WAFs > BE-WAFs > WAFs. The difference in mortalities was associated with the contents of low molecular weight
PAHs. Experiments have shown that low molecular weight PAHs
(2–3 rings), such as phenanthrene and anthracene, have a nonpolar anesthetic effect on organisms. These PAHs diffuse into the
tissues through their hydrophobicity and cause damage to tissue
cells ADDIN EN.CITE.DATA (Incardona et al., 2004, 2006; Mu et
al., 2012; Schein et al., 2009). The order of 2–3 ringed PAHs content was CE-WAFs (330.7 mg/L) > BE-WAFs (267.47 mg/L) >
WAFs (135.32 mg/L). As shown in Fig. 2, BSD indexes of BEWAFs and CE-WAFs in different periods were significantly higher than those of WAFs (p < 0.05). There was a positive correlation
between the BSD indexes and the concentration of PAHs (Table 2).
The inference that PAHs can induce abnormal development of
embryos has been verified in other studies ADDIN EN.CITE.
DATA (Billiard et al., 2002; White et al., 1999) as well. In our experiment, similar symptoms, such as loss of moving ability, out of
balance, and rotation of body swirled in the newly hatched larvae, were found in the high-concentration groups of CE-WAFs
and BE-WAFs. The symptoms were greatly consistent with the
description of the effects of petroleum hydrocarbons on the
nervous system of fish. Thus, it can be inferred that the addition
of dispersant not only increases the content of TPHs and improves its teratogenicity but also enhances the developmental
toxicity and neurotoxicity of crude oil on the marine medaka embryos. The symptoms of the two dispersant control groups were
similar to those of the seawater control group and almost no

Summed priority PAHs
in dispersions/ng·g–1
3.78
5.23
7.91
20.36
39.42
55.94
71.92
46.38
118.12
170.45
203.47
76.42
152.61
228.28
263.15

PAHs were detected in the control groups. It can be inferred that
the dispersants by themselves have little effect on marine
medaka embryos’ mortality and BSD. Therefore, the high concentration of petroleum hydrocarbons can be ascribed to the
peptization of dispersants that makes oil droplets smaller, so that
the contact area contacted with water increases, thereby promoting the dissolution of hydrocarbons.
The change in incubation time and hatchability of treatment
groups revealed the obstacle to the embryonic development process. In terms of incubation time and hatchability, the higher the
concentration of PAHs, the longer the incubation time and the
lower the hatchability. It was also found that although these three
kinds of dispersions could delay the incubation time, the degree
of influence was variable. This result was related to the contents
of PAHs. Previous studies have found that PAHs have a significant impact on embryonic development toxicity ADDIN EN.
CITE.DATA (Bellas and Thor, 2007; Mu et al., 2012) and thereby,
further affect its incubation. In this study, this result was verified
in the incubation period experiments. Under lower concentrations (0.05%–0.2%), the addition of dispersants prolonged the incubation period significantly (p < 0.05), however, the differences
between BE-WAFs and CE-WAFs were not significant.
After exposure to WAFs, the activities of SOD, CAT and GST in
marine medaka embryos changed significantly. Activities of the
three enzymes increased significantly because of the induction
effect of low-concentration petroleum hydrocarbons which are
known to increase oxidative stress of ROS in marine medaka embryos. Oxidative stress is known to result in an adaptive induction response in embryos (Livingstone et al., 1990). The induction response was a self-regulatory mechanism to oxidative stress
induced by exogenous pollutants (Tissier et al., 2015). Similar
conclusions were found in studies on Liza aurata (Milinkovitch
et al., 2013). In the BE-WAFs and CE-WAFs exposure experiments, the increase in dispersed petroleum hydrocarbons concentration made the induction effect more significant. Additionally, the enzyme activities increased at low concentrations and
decreased at higher concentrations (1.0%–5.0%). This phenomenon was due to the continuous oxidative stress of high-concentration petroleum hydrocarbons. The oxidative stress was
beyond the defense capacity of the body, thereby, affecting the
synthesis of antioxidant enzymes and decreasing the enzyme
activities. Cheung et al. (2004) and Richardson et al. (2008) stud-
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ied the effects of PAHs on the antioxidant system of mussels (Emerald mussel). The results obtained from these studies were similar to the results in this study. Additionally, induction effects of
the three enzymes were found to be different. The induction effect of GST was more obvious. In the context of concentration,
the peak concentration of GST was lower (0.2%) while the peak
concentrations of SOD and CAT were higher (1.0%–5.0%). The
results obtained from these studies were similar to those obtained in this study. Our results indicate that GST showed higher
sensitivity to low concentration petroleum hydrocarbons in comparison to SOD and CAT. Only GST showed sensitivity to the biological dispersant control group whereas SOD and CAT activities
showed no significant changes. This might be due to the presence of degrading microorganisms in the biological dispersant.
Moreover, GST has been used as a molecular probe to determine
the presence of PAHs degrading bacteria in the studies by LloydJones and Lau ADDIN EN.CITE.DATA (1997) and Lloyd-Jones et
al. (1999).
The results showed that the extent of increase in the bioconcentration factors of PAHs due to the addition of biological and
chemical dispersants were 2 fold and 2.4 fold, respectively. This
result was consistent with previous studies on dispersed South
American crude oil. For example, the addition of the chemical
dispersants increased the toxicity of crude oil to mummichog
(Fundulus heteroclitus) (Couillard et al., 2005) embryos by four
times. Ramachandran et al. (2004) found that toxicity of chemical dispersion of South American crude oil to embryos of Oryzias
latipes in freshwater increased by 56 times. However, the increase in bioconcentration factor and toxicity did not reflect any
changes in the toxicity of their constituents. Compared to WAFs,
BE-WAFs and CE-WAFs retained more petroleum hydrocarbons
in water. As the most toxic constituents in petroleum, the PAH
contents of WAFs, CE-WAFs and BE-WAFs showed significant
differences. The accumulated PAH contents in embryos were
positively correlated with the content of PAHs in water. Moermond et al. (2005) and Thorsen et al. (2004) found similar results
in the bioaccumulation experiment on benthos exposed to sedimentary organic pollutants. Therefore, the bioavailability of
PAHs in WAFs and BE-WAFs was found to be very close and was
lower than that of CE-WAFs. However, the bioavailability was at
the same level for all control groups. In comparison to WAFs, the
addition of chemical dispersant increased the joint toxicity of CEWAFs. The negative effects of biological dispersant were not observed in this experiment.
5 Conclusions
In this study, joint toxicities of different dispersants and 120#
fuel oil on marine medaka (Oryzias melastigma) embryos were
compared and the relationships between toxicities and petroleum hydrocarbons contents, especially the contents of PAHs,
were explored. The results indicate that the use of dispersant increases the content of TPHs and PAHs in water and changes the
relative proportion of PAHs, thus, increasing the damage to marine medaka embryos. In order to determine the physiological indexes, change of development deformity, mortality rate, and enzyme activity were observed after adding the dispersants. With
respect to petroleum hydrocarbons content, it was found that the
addition of dispersants increased the bioconcentration factors of
PAHs. The results demonstrate that chemical and biological dispersants can improve the content of TPHs and PAHs in water.
The content of PAHs in BE-WAFs, especially the content of high
molecular weight PAHs, was lower than that of CE-WAFs. The
toxic effects of BE-WAFs, such as mortality, blue sac disease, and
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enzyme activity were lower than those observed in CE-WAFs but
higher than those in WAFs. Thus, compared to chemical dispersants, the biological dispersant can reduce the toxic effects of
crude oil. However, compared to crude oil, the biological dispersant can cause more obvious biological toxicity and lead to potential long-term impacts on marine ecosystems.
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Abstract

The key point for rational allocation of emergency resources is to match the oil spill response capacity with the
risk of oil spill. This paper proposes an innovative risk-based model for quantitative regional emergency resource
allocation, which comprehensively analyzes the factors such as oil spill probability, hazard consequences, oil
properties, weathering process and operation efficiency, etc. The model calculates three major resources, i.e.,
mechanical recovery, dispersion and absorption, according to the results of risk assessment. In a field application
in Xiaohu Port, Guangzhou, China, and the model achieved scientific and rational allocation of emergency
resources by matching the assessed risk with the regional capacity, and allocating emergency resources according
to capability target. The model is considered to be beneficial to enhancing the resource efficiency and may
contribute to the planning of capacity-building programs in high-risk areas.
Key words: oil spill risk, oil spill quantity, probability, emergency capability
Citation: Zhang Chunchang, An Wei, Xiong Deqi, Liu Baozhan, Song Shasha. 2018. Research on the risk-based model for regional
emergency resource allocation for ship-source oil spill. Acta Oceanologica Sinica, 37(11): 133–138, doi: 10.1007/s13131-018-1253-x

1 Introduction
Rapid development of China’s maritime transportation is witnessed by the continuous increase of ships navigating in China’s
coastal waters, and is accompanied by the increasing risk of shipsource oil spill accidents. From 1973 to 2017, 157 ship-source oil
spill accidents (spillage over 10 tons) occurred along China’s
coasts, and the majority of the spills occurred in the waters near ports. To address the increasing risk, matters with regard to the overall oil spill response capacity, the balance of capacity among different areas, and scientific allocation of emergency resources, have drawn increasing concern of competent authorities and the public.
To achieve scientific response to ship-source oil spill accidents, it is essential to conduct risk assessment and to allocate
emergency resources accordingly, as highly valued by experts
around the world. For the assessment of risk of ship-source oil
spill accidents, tools including stochastic theory, fuzzy mathematics, probability theory, statistics, oil spill dynamics, event trees,
etc., were applied (Devanney, 1974; DNV, 2000, 2011; Frate et al.,
2000; Udoh and Ekanem, 2011; Lee and Jung, 2013; Akhtar et al.,
2012; Montewka et al., 2010a; Pedersen, 2010; Van Dorp and
Merrick, 2011; Goerlandt and Montewka, 2015, Xiao, 2001; Li,
2000; Jin, 2006; Xu and Li, 2005; Xi, 2009; Ren et al., 2000; Deng et
al., 2011; Lan et al., 2014; Jiang, 2015; Gao, 2015; Wang et al.,
2016; Wu, 2017; Sun and Cao, 2018), qualitative, semi-quantitative and quantitative assessment models were established (Curtis,
1986; Tan and Otay, 1999; Fowler and Sørgard, 2000; Trucco et
al., 2008; Gucma and Przywarty, 2008; Geng et al., 2009; Montewka et al., 2010b; Li et al., 2012; Xu, 2017). There are also re-

lated computer software systems (TRB, 2001; Friis-Hansen and
Simonsen, 2002; An et al., 2010) for risk assessment by analyzing
the probability of oil spill accidents and their hazardous consequences. With regard to the allocation of oil spill response resources, current research is mainly based on the scenario analysis method, i.e., allocating emergency resources for oil recovery,
containment, adsorption, dispersion, etc., according to the oil
spill accident with certain spillage quantity (Verma et al., 2013;
Ha, 2018; Zhang, 2013). However, there are few researches focusing on regional emergency resource allocation (Wei and Geng,
2013; Ding, 2015). At present, the allocation of emergency resource allocation mainly refers to the standard promulgated in
2009 the Requirements on Emergency Response Equipment/Facilities for Oil Spill in Wharfs in Ports (hereinafter referred to as
“the Standard”).
The regional ship-source oil spill response capability is the
overall capacity of the units within the region, in terms of responding to oil spill accidents with their resources. Although it is
a principle for the allocation of emergency resources to match
the capability of each unit in the region with their respective risk,
current study fails to provide solution to this issue, as: (1) quantitative relationship is only established between the quantity of oil
spill and the capacity of preparedness, while the probability of oil
spill accidents and the hazardous consequences are not taken into account; (2) current requirement on oil spill response capacity
of ports does not take into account the joint response capacity of
wharfs, and may cause over-equipping of emergency resources;
(3) sea condition, equipment efficiency, oil characteristics are not
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reasonably considered in terms of the response methods including mechanical recovery, absorption, dispersion. Based on risk
assessment of ship-source oil spill accident, this paper provided
a risk index based on the probability of oil spill and its hazard
consequences, set up a preparedness target allocation method
for each wharf in the port area based on the risk index, and proposed a method on allocating oil spill response resources that
should be equipped by each wharf, establishing a regional emergency resource allocation model based on the risk of ship-source
oil spill. This method can be applied to the emergency resource
allocation for individual wharf in the port, for individual port in
an area, and for individual areas in a country.
2 Modeling
2.1 The oil spill risk index model
The oil spill risk assessment based on the probability and hazardous consequences of accidents is a semi-quantitative method.
During the assessment process, the calculated risk value is compared with the pre-established criteria to determine the risk level, i.e., high, medium or low risks. The calculation formula (HSC, 1991) is
R = P £ C;

(1)

where R is the risk value; P is the probability of accidents; C is the
hazardous consequences of accidents.
This paper establishes a quantitative oil spill risk index method that comprehensively considers key factors such as probability of accident, oil spill quantity, sensitivity coefficient of sensitive resources, and probability of oil spill impact. The calculation
formula is as follows:
R = Pc £

Cc
;
a

(2)

where R is oil spill risk index; Pc is oil spill accident probability
index; Cc is oil spill hazardous consequence index; a is risk grading constant. The value of the risk grading constant for oil spill of
ships is 5 (IMO, 2002, 2008; Ministry of Communications and
Transportation of People’s Republic of China, 2017).
Pc = lg P + 5;

(3)

where P is oil spill accident probability, obtained through statistical analysis; Pc is a value greater than 0. That is, the probability
of accident P should not be less than 10–5. If the return period of accident is 100 000 years, the risk would be considered negligible.

Cc = lg A +

h

max(Pi £ S i) +

³X

2

´ i
Pi £ S i =n

;

(4)

where Cc is comprehensive hazardous consequence index; A is
the oil spill quantity of the largest oil spill accident in the area
(ton) (IMO, 2002); Pi is the probability that sensitive target (i)
would be affected, predicted through the stochastic simulation
statistics method; Si is sensitive coefficient of sensitive protection target (i) (IMO, 2002); n is the number of sensitive resources
affected; max is the maximum value.
2.2 The oil spill response capacity target allocation model of each
unit
The response capacity target is allocated according to the res-

ults of regional oil spill risk assessment and the proportion of risk
preparedness responsibilities. The calculation formula is
Wi = W £

Ri
;
n
X
Ri

(5)

i=1

where Wi is the response capability target of unit i (t); W is regional emergency response target (t), the maximum value of the
possibly largest oil spill accident of each unit in the area; Ri is oil
spill risk index of unit i; ∑ means summation.
2.3 The oil spill response resources allocation model of each unit
The oil spill response capability mainly refers to the mechanical recovery capacity of oil skimmers, the dispersion capacity of
dispersants, and the adsorption capacity of sorbent materials. As
the response capability target of each unit in the area is determined, the quantity of response resources needs to be determined.
The emergency resource allocation calculation model of recovery, dispersion and adsorption is established by comprehensively considering the types and characteristics of emergency resources, on-site operating environment, operation time, features
and weathering process of oil, etc.
The calculation formula of the recovery capacity is
Re =

W £ (1 ¡ r v ¡ r s ) £ E £ P 1
;
½£®£t

(6)

where Re is the recovery rate of oil skimmers (m3/h), which refers
to the quantity of oil and water recovered by oil skimmers per
hour; W is the oil spill quantity according to the emergency response target (t); rv is the evaporation rate of spilled oil on the
water surface (%); rs is the dissolution rate of spilled oil in water
(%); E is the emulsification rate of spilled oil in water (%); P1 is the
proportion of oil recovered by machinery in the process of oil
spill removal (%); ρ is the density of oil and water mixture recovered (t/m 3 ); α is the efficiency of oil skimmers (%), which
refers to the proportion of the actual oil recovery rate to the
labeled oil recovery rate; t is the time of response operation (h),
which is subject to the emergency plan and can be adjusted according to the scale of accidents.
The calculation formula of the dispersion capacity is
G = W £ (1 ¡ r v ¡ r s ) £ 103 £ P 2 £ °;

(7)

where G is the quantity of oil dispersants (kg); W is the oil spill
quantity identified according to the emergency response target
(t); rv is the evaporation rate of spilled oil on the water surface
(%); rs is the dissolution rate of spilled oil in water (%); P2 is the
proportion oil dispersed with chemical dispersant (%); γ is the ratio of dispersants and oil.
The calculation formula of the adsorption capacity is
I=

W £ (1 ¡ r v ¡ r s ) £ P 3
;
J £K £'

(8)

where I is the quantity of absorption materials (t); W is the quantity of oil spilled determined according to the regional emergency
capacity target (t); rv is the evaporation rate of spilled oil on the
water surface (%); rs is the dissolution rate of spilled oil in water
(%); P3 is the proportion of oil absorbed by adsorption materials
(%); J is the adsorption multiple; K is the oil retention rate (%); φ
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is the adsorption efficiency (%).
As the length of oil booms is mainly determined by the size of
ships and berths, it is not necessary for this paper to provide a
specific calculation formula.
3 Model application and discussion
3.1 Calculation results
Xiaohu Port area in Nansha Port, Guangzhou has 5 adjacent
petrochemical wharfs, i.e., Guangzhou Xiaohu Petrochemical,
Sinopec Xiaohu, Guangdong Petrochemical, Gangfa Petrochemical and Kingboard Petrochemical, as shown in Fig. 1. The port is
visited by over 3 000 ships per year and the annual throughput of
oil and chemical is about 9 million tons. Adjacent to several environmental sensitive areas, the port has a high risk of shipsource oil spill accidents.
113.54°

113.56°

113.58°

113.60°

113.62°E
Xia

22.85°
N
22.84°

Guangdong
Sinopec Xiaohu
Xiaohu

22.83°
22.82°

Xinwei

Tuntianwei

Kingboard
Shaluowancun

22.81°

Gangfa

Fig. 1. Location of petrochemical wharfs in Xiaohu Port area,
Guangzhou Port.
The probability of oil spill accidents at the wharfs is calculated by the number of accidents and the number of ships entering and leaving the port. The maximum possible oil spill quantity
is calculated based on the scenario where a wing cargo tank of oil
tanker (1 000–3 000 DWT, common tanker in the port) completely spilled. And the probability of affecting adjacent sensitive
area is predicted according to the random scenario numerical
simulation method. The oil spill risk of each wharf is calculated
according to Eqs (2)–(4) and shown in Table 1. The data of acci-
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dent probability, possible maximum oil spill quantity, and sensitive coefficient are all from The Report on Environmental Risk Assessment of Ship-source Pollution in Joint Defense of Xiaohu,
Guangzhou. And the response capacity target and resource allocation results of each wharf are calculated according to Eqs (5)–(8)
and shown in Table 2.
3.2 Discussion
3.2.1 Comparison of risk index assessment results
The purpose of regional oil spill risk assessment is to determine the relative risk of each risk source and take preventive measures based on the risk of different areas. The results of oil spill
risk assessment for wharfs in Xiaohu Port area is achieved with
the risk matrix method as shown in Fig. 2. It can be seen that all
wharfs fall into the medium risk area using the accident probability and oil spill quantity as indicators (Fig. 2a) and there is almost
no difference among them. 4 wharfs fall into the high risk area
and 1 wharf the medium risk area using the accident probability
and hazardous consequence index as indicators (Fig. 2b). There
is also no obvious difference among the 5 wharfs. If the oil spill
risk index (Table 1) is chosen as an assessment indicator, the risk
index of wharfs in Xiaohu Port area is greater than 4, indicating
high risk. And the risk index of three wharfs - Sinopec Xiaohu,
Guangdong and Gangfa Petrochemical, ranges from 3 to 4, indicating medium risk, with obvious difference among them. Kingboard’s risk index is less than 3, indicating low risk.
According to the oil spill risk index of each wharf, the risk
ranking (high to low) is Xiaohu Petrochemical, Sinopec Xiaohu,
Guangdong, Gangfa and Kingboard. Therefore, the oil spill risk
index method is more suitable for regional oil spill risk assessment.
3.2.2 Selection of model parameter
A number of parameters are involved in the oil spill response
resource allocation model and the values of these parameters are
related to the characteristics and changes of oil spill, the performance of emergency resources, on-site environmental conditions, etc. Therefore, the values of parameters should be rationally determined case-by-case, and existing standards, product
performance indicators, experiment results and empirical values
are advised to be referred to.

Table 1. Analysis results of ship-source oil spill risk at wharfs
Name of
wharf
Xiaohu
Sinopec
Xiaohu
Guangdong
Gangfa
Kingboard

Accident
Possible maximum oil spill
probability/a–1
quantity/t
0.067
400
0.045
120
0.032
0.016
0.009 6

Sensitive area
impact index
3.28
3.20

Accident
probability index
3.83
3.65

2.75
2.76
2.66

3.51
3.20
2.98

250
250
120

Hazardous
Oil spill risk Risk
consequence index
index
ranking
5.88
4.50
high
5.28
3.86
medium
5.15
5.16
4.74

3.61
3.31
2.82

medium
medium
low

Table 2. Calculation results of response capacity targets and resource allocation at wharfs
Name of
terminal
Xiaohu
Sinopec
Xiaohu
Guangdong
Gangfa
Kingboard
Total

Maximum berthing
capacity/DWT
120 000
80 000

Emergency capacity
target/t
99.42
85.27

Mechanical recovery
capacity/m3·h–1
54.11
46.41

Chemical dispersion
capacity/t
4.38
3.76

Adsorptive
capacity/t
3.65
3.13

45 000
100 000
50 000

79.78
73.10
62.44
400

43.42
39.79
33.98
217.71

3.52
3.22
2.75
17.63

2.93
2.69
2.29
12.24
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Probability
Xiaohu
>1
extremely
high
0.1-1
high

Sinopec Xiaohu

Guangdong

Gangfa

Kingboard Probability
Xiaohu Sinopec Xiaohu
>1
extremely
high
0.1-1
high

Guangdong

Gangfa

Kingboard

0.01-0.1
medium
0.001-0.01
low
<0.001
extremely
low

0.01-0.1
medium
0.001-0.01
low
<0.001
extremely
low
<10

10-100

100-500

500-1000
>1000
Oil spill quantity/t

<2
minimum

3-4
medium

2-3
small

a

4-5
large

>5
maximum
Hazardous
consequence index

b

Fig. 2. Oil spill risk matrix of wharfs at Xiaohu Port area, matrix of oil spill quantity and probability (a), matrix of hazardous
consequence index and probability (b).
In the case of Xiaohu Port area, the response operation is assumed to start 48 hours after the spill. Oil spill prediction software developed by Anwei, etc., is applied where wind speed is set
to be 10 m/s and water temperature 20°C. The simulated evaporation rate of spilled fuel oil rv is 26% (An et al., 2010) in 48 hours
and the dissolution rate rs is about 0.52% (Yang et al., 1994) in 48
hours. The emulsification rate E is 2 (CFR, 2011), the proportion
of mechanical recovery P1, the dispersion P2 and oil absorbed P3
is defined to be 60%, 30% and 10%, respectively, according to the
experience from the Deepwater Horizon oil spill (USCG, 2011)
and from China’s oil spill accident response (China MSA, 2004).
The on-site operation time is 12 hours in 2 days, and the skimmer efficiency α and the adsorption efficiency φ is defined to be
15% and 25%, respectively (Chen et al., 2011; Gowtham et al.,
2016). For the ratio of concentrated oil spill dispersants and oil,
the upper limit of 0.2 is taken according to Guidelines on the Assessment of Ship-source Oil Spill Response Capability (hereinafter
referred to as “Guidelines”) (Ministry of Communications and
Transportation of People’s Republic of China, 2014). As for the
adsorption time of sorbent materials J and the oil retention rate
K, the lower limit of 10 and 8% is taken according to the Sorbents
for Ship (JT/T560-2004). The values of parameters are shown in
Table 3.
3.2.3 Comparison of modeling results
The comparison of emergency capability target and resource

allocation results calculated according to the proposed model
and the Standard is shown in Table 4. The proposed model
provided that the overall target of emergency response capacity is
400 t, while the result provided by the Standard is the sum of the
emergency capacity of the five wharfs, i.e., 1 140 t, 2.85 times of
the result of the proposed model. The mechanical recovery capacity, dispersion capacity and adsorption capacity provided by the
proposed model is 217.71 m3/h, 17.63 t and 12.24 t, respectively,
which are less than 280 m3/h, 18.5 t and 21 t as specified in the
standard.
From the above comparison, the proposed model allocates
different quantity of resources for each wharf according to the relative risk of wharfs. However, according to the provisions of the
Standard, the emergency resources required are the same for
wharfs of the same berthing capacity, such as Sinopec Xiaohu,
Guangfa Petrochemical, Guangdong Petrochemical and Kingboard, which fails to reflect the difference of wharfs in terms of oil
spill risk. It could also be seen that the quantity of resources allocated for Xiaohu Petrochemical, Sinopec Xiaohu, and Guangfa
Petrochemical are less than the specified values of the standard,
and the quantity for Guangdong Petrochemical and Kingboard
are more than the specified values of the Industry Standard. In
the same time, although the berthing capacity of Guangdong Petrochemical is 45 000 t, the quantity of resources allocated is larger than that of Kingboard Petrochemical with 50 000 t berthing
capacity. The rationality of the model is demonstrated as it pro-

Table 3. Model parameter selection
Oil type
Fuel oil

rv
26%

rs
0.52%

E
2

P1
60%

P2
30%

Model selection
P3
t
10%
12

α
15%

γ
0.2

J
10

K
80%

φ
25%

Table 4. Comparison of the model calculation results with the requirements of the Standard
Name of
wharf

Maximum berthing
capacity/DWT

Xiaohu
Sinopec
Xiaohu
Guangdong
Gangfa
Kingboard
Total

120 000
80 000
45 000
100 000
50 000

Emergency capacity
target/t
proposed
the
model
standard
99.42
400
85.27
250
79.78
73.10
62.44
400.00

120
250
120
1 140

Mechanical recovery
Dispersion capacity/t Adsorption capacity/t
capacity/m3·h–1
proposed
proposed
the
proposed
the
the standard
model
model
standard
model
standard
54.11
90
4.38
5.5
3.65
7
46.41
30
3.76
2.5
3.13
2
43.42
39.79
33.98
217.71

65
65
30
280

3.52
3.22
2.75
17.63

4.0
4.0
2.5
18.5

2.93
2.69
2.29
12.24

5
5
2
21
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posed resource allocation based on risk assessment.
With regard to the capacity of individual wharf to respond to
the maximum possible oil spill accidents, the Xiaohu Petrochemical Wharf with the maximum oil spill 400 t is taken as an example. As the mechanical recovery capacity, dispersion capacity
and adsorption capacity of the wharf is 54.11 m 3 /h, 4.38 t and
3.65 t, respectively, it is impossible for the wharf to respond to the
accident with its own capacity within 48 hours. From the perspective of regional emergency response, however, the largest
probability of oil spill accidents in Xiaohu Petrochemical Wharf is
only 0.067 per year and there is no possiblity of spills in more
than two wharfs at the same time. The maximum distance among
the five wharfs is about 2.2 km. For example, Xiaohu Petrochemical Wharf is 0.8, 1.0, 1.2 and 1.5 km away from Sinopec Xiaohu,
Guangfa Petrochemical, Guangdong Petrochemical and Kingboard Petrochemical respectively. Emergency resources of other
wharfs could be transported to the site within 1–2 hours for
jointly response.
The proposed model matches the oil spill risk assessment
with the regional emergency capacity and allocates the emergency capacity targets and resources quantity according to the
relative risk value of oil spill. The model also achieves appropriate preparedness in high-risk areas and saves emergency resources in the region with rational allocation.
4 Conclusions
This paper proposes an innovative regional emergency resource allocation model based on risk assessment of oil spill,
which comprehensively considers factors such as the probability
and hazardous consequences of oil spill accidents, the characteristics and weathering process of oil spill, and the operating efficiency. The model is capable of rationally allocating the regional
emergency capacity targets and emergency resources in accordance with the oil spill risk index. This paper also analyzes the
practicality of the model through application cases.
The research results indicate that the emergency resource allocation method based on risk assessment is applicable to the oil
spill risk assessment and capacity building in the port area. The
oil spill risk index reflects the risk for each unit in the area. The
method of allocating emergency capacity targets based on the index provides effective link between oil spill risk and emergency
response capability. The quantity of emergency resources allocated according to the proposed model is less than the value specified in the standard but meets the regional requirements. The
emergency resources allocated of certain units in the area is
more or less than the values specified in the standard but match
with the oil spill risk.
Further research will be conducted to optimize the model and
verify its reliability through more application cases. Theoretical
analysis, simulations and experiments will also be carried out to
adjust the range of key parameters of the model, to meet the requirements of various application scenarios.
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