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Abstract
The emulsiﬁcation of crude oil is caused by the oil ﬂowing into the water, resulting in the
increase of oil ﬁlm tension, viscosity, water content, and volume, which brings great harm to the marine
ecological environment and diﬃculties for the cleanup of marine emergency equipment. The realization
observation of emulsiﬁcation crude oil will increase the response speed of marine emergency response.
Therefore, we set up crude oil emulsiﬁcation samples to study the physical property in laboratory and
conducted radar measurements at diﬀerent incidence angles in outdoor. The radar is C band in resolution of
0.7 m by 0.7 m. A fully polarimetric scatterometer (HH, VV, and VH/HV) is mounted at 1.66 m (minimum
altitude) height at an incidence angle between 35° and 60°. An asphalt content of less than 3% crude oil
and the ﬁltered seawater were used to the outdoor emulsiﬁcation scattering experiment. The measurement
results are as follows. The water content can be used to describe the process of emulsiﬁcation and it is easy
to measure. Wind speed, asphalt content, seawater temperature, and photo-oxidation aﬀect the emulsifying
process of crude oil, and aﬀects the normalized radar cross section (NRCS) of oil ﬁlm but wind is not the
dominant factor. It is the ﬁrst time to ﬁnd that the emulsiﬁcation of crude oil results in an increase of NRCS.
Keyword: emulsiﬁcation of crude oil; normalized radar cross section (NRCS); water content; wind speed;
temperature

1 INTRODUCTION
Emulsiﬁcation occurs when crude oil enters the sea
and produces a water-in-oil (W/O) emulsion
(Thingstad and Pengerud, 1983). A large amount of
water is adsorbed by the crude oil, which aﬀects its
tension, viscosity, and volume (Fingas, 1995; Fingas
and Fieldhouse, 1999; Yan and Xu, 2002; Khan et al.,
2011). Emulsiﬁcation makes it diﬃcult to remove
crude oil from seawater after oil spills, and prevents
eﬀective operation of most mechanical recovery
equipment. The increase of the viscosity of emulsiﬁed
crude oil can easily suﬀocate marine animals, and the
toxic substances in the marine environment are more
harmful to the marine environment. The use of remote
sensing to monitor crude oil emulsiﬁcation in real
time would be beneﬁcial for implementation of oil

spill responses and to reduce the associated risks.
For crude oil emulsions, the importance of a rigid
and protective ﬁlm surrounding the water droplets is
usually pointed out (Johansen et al., 1988). Asphalt,
colloids, and wax in crude oil play diﬀerent roles in
the emulsiﬁcation process (Mackay and Zagorski,
1982; Berridge et al., 1986; Sjoblom et al., 1990). A
W/O emulsion is formed when water droplets are
dispersed throughout a continuous oil phase (Fig.1)
(Khan et al., 2011; Wong et al., 2015). Neuman and
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Fig.1 An illustration of a water-in-crude oil emulsion

Paczyńska-Lahme (1988) thought that oil itself was a
microemulsiﬁer in the oil phase of asphalt and
colloids, and that the emulsion was stabilized by a
surfactant, with the large hydrophobic part and the
small hydrophilic part of the surfactant beneﬁcial to
formation of a hydroemulsion. Bora (1991) found
that emulsion formation was the result of undissolved
polar substances and asphaltenes behaving in a
similar manner to surfactants in oil. However,
asphaltenes are easily dissolved by volatile aromatic
compounds in oil, and only form an emulsion when
the content of volatile aromatic demulsiﬁcation
material decreases to <3% through evaporation and
there is inadequate bitumen or gelatin (>3%) to form
an emulsion. Colloid has a certain stabilizing eﬀect,
but it is worse than asphalt (Daling and Brandvik,
1988; Fingas, 1995). Evaporation removes light
components and enhances the emulsiﬁcation process
through its eﬀect on the asphaltene concentration.
Photooxidation forms new surfactants to promote the
emulsiﬁcation process (Thingstad and Pengerud,
1983). Light and physical mixing play essential roles
in the formation of water-in-oil emulsions (Thingstad
and Pengerud, 1983).
The inﬂuence of temperature on emulsiﬁcation can
vary. High temperature is beneﬁcial to oil and water
mixing, and can accelerate formation of emulsiﬁcation.
Based on observations of the color, viscosity,
elasticity, zero shear rate of viscosity, moisture
content, and electrical conductivity, Fingas et al.
(Fingas, 1995; Fingas and Fieldhouse, 1999) deﬁned
emulsions as stable (asphalt content >7%), semi-
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stable (3% < asphalt content <7%), and unstable
(asphalt content <3%). The temperature, shear rate,
and water volume fraction greatly aﬀect the viscosity
of a W/O (Ariﬃn et al., 2016). Emulsiﬁcation can
increase the volume of an oil spill by two to ﬁve times
of the original volume, the density from the original
density of around 0.80 g/mL increase to a maximum
of 1.03 g/mL, and the viscosity from a few hundred
millipascal seconds to one hundred thousand
millipascal seconds. This will produce a heavy and
semi-solid material (Fingas, 1995; Fingas and
Fieldhouse, 2003, 2004; Yue et al., 2017).
Many domestic and international studies have
investigated oil spill detection using scattering
experiments. Theses experiment can be performed
indoors or outdoors. In 1971, THN (The Hague,
Netherlands) established an observation station on the
coast of Norway based on a non-phase-coherent pulse
system using infrared sensors and an airborne sideview radar to measure sea surface wind waves and oil
spillage. In addition, NIWARS (Netherlands
Interdepartmental Working Community on the
Application of Remote Sensing) built an indoor wind
and wave sink (100 m long, 8 m wide, and 0.5 m
high), which was used to simulate the eﬀect of wind
on the water surface (De Loor and Van Hulten et al.,
1998; Li, 2014; Guo et al., 2016). In 1992, the Institute
of Oceanography at the University of Hamburg
(Germany) placed light and heavy fuel oil samples
along the North Sea coast. Spilled oil measurements
were conducted in four bands (X, C, S, and L) with a
scattering meter and the diﬀerences between
experimental measurements of water samples from
the oil spill area and theoretical values were evaluated.
In laboratory, a number of studies have been carried
out in a small (26-m long, 1-m wide, 0.5-m depth)
wind-wave ﬂume (Li, 2014; Guo et al., 2016).
Oﬀshore oil spill measurements has been carried out
with light diesel oil (4 300 kg) on the surface of the
sea west of Xiachuan Island (Hainan, China) by the
South China Sea Institute of Oceanology of the
Chinese Academy of Sciences. Using an aircraft as a
platform, an 8-mm microwave radiometer was used
to measure the brightness temperature of the oil on
the sea surface (Yang et al., 1998). Four bands (L, S,
C, and X) were used for measurements in a semimicrowave darkroom at the University of Electronic
Science and Technology of China, Chengdu in 2007.
Two antennas were placed adjacent to each other, and
HH, VV, HV, and VH polarization scattering
measurements were carried out. The eﬀects of
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diﬀerent wavelengths, types of polarization, wind
speeds and directions, and oil ﬁlm thickness on the
sea surface scattering coeﬃcient were evaluated (Li,
2014). Wu (1986) showed that the surface roughness
of the oil ﬁlm was aﬀected more than the direction
function of the scattering ﬁeld.
SAR plays an increasingly important role due to
little interference from rain and cloud in the
observation of oil spill at sea surface. A detailed
introduction to oil spill detection by satellite remote
sensing is given by Brekke and Solberg (2005), while
a detailed comparison on the several approaches and
their characteristics is given by Topouzelis (2008).
The change of normalized radar cross section (NRCS)
was oil spills appear as dark areas in the SAR images,
because the oil dampens the capillary waves of the
sea surface caused by the change of oil ﬁlm roughness
(Fingas and Brown, 1997; Solberg et al., 2007;
Solberg et al., 2007; Karantzalos and Argialas, 2008;
Liu et al., 2010). Traditional methods of oil ﬁlm
recognition use several semi-automatic and automatic
detection algorithms based on neural networks, for
which multi-scale image segmentation and fuzzy
logic have been developed to detect oil slicks in
single-polarization (Del Frate et al., 2000; Solberg et
al., 2007; Garcia-Pineda et al., 2009; Liu et al., 2010).
With the development of full-polarization satellites,
polarimetric SAR decomposition parameters, average
alpha angle, and entropy were estimated for oil-slick
contaminated sea surfaces and slick-free conditions
using a RADARSAT-2 quad-polarization SAR image
(Zhang et al., 2011). The focus of the researchers has
been to remove a look-alike phenomenon, such as
currents, eddies, upwelling or downwelling zones,
fronts and rain cells, etc. Multiple methods of remote
sensing to distinguish between diﬀerent types of oil
spill are also being tried.
The eﬀect on the NRCS of emulsiﬁcation of crude
oil has not been investigated. The oil spill
emulsiﬁcation process increases the moisture content
and changes the surface roughness of the oil ﬁlm,
which should aﬀect the NRCS. At present, there is no
clear text to describe the degree of emulsiﬁcation of
crude oil. However, it is generally accepted that
‘chocolate mousse’ or the crude oil turned brown
occurs completely emulsiﬁed (Fingas, 1995; Fingas
and Fieldhouse, 2003, 2004; Wong et al., 2015). In
this paper, we try to describe the emulsiﬁcation
process with moisture content, and the variation of
crude oil emulsiﬁcation highlights NRCS changes to
be observed by scatterometer in outdoor.
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2 MATERIAL AND METHOD
2.1 Material
The asphalt content, density, moisture content, wax
content, and colloid content of the dehydrated crude
oil were 1.35%, 0.93 g/cm3, 0.64%, 11.07%, and
28.76%, respectively. The emulsion of this crude oil
was unstable. Filtered seawater was used in all
experiments. An auxiliary study on emulsiﬁed
moisture content of crude oil was with an asphalt
content of more than 7%.
A trace water meter (SCKF105), automatic tension
tester (SCZL203), rotational viscometer (NDJ-8S),
multi-function circulating constant temperature water
bath (HWY-10), 40× microscope, and electric mixer
(JJ-2A) were used in the laboratory experiments.
A crude oil of the asphalt content 1.35%
emulsiﬁcation experiment was conducted in an outdoor
ﬁberglass pool (6-m long, 2.2-m wide, and 0.7-m
depth). The pool had ﬁltered seawater and seawater
density was 1.02 g/mL, which was injected at a depth
of 0.35 m, the mass of seawater was 4 700 kg.
A C-band microwave scatterometer (VV, HH, VH
and HV polarization; 0.75 m resolution, the radar
noise ﬂoor is about from -50 dB to -40 dB) was used
to observe the NRCS during the crude oil
emulsiﬁcation process. A small weather station was
located about 200 m from the pool. A UV ﬂuorescence
tester was to measure the volatilization of polyaromatic
hydrocarbons. SCKF105 was to measure the moisture
content of the crude oil emulsion.
2.2 Method
2.2.1 The characteristics of emulsiﬁed crude oil
observation with diﬀerent moisture content
The formula for calculating moisture content is as
follows:
Wc=100%×Wm/(Om+Wm),

(1)

where Wc is moisture content and Wm is the weight of
water; Om is the weight of oil.
At room temperature (25°C), crude oil (200 g) was
placed in a 2-L beaker with Wm of seawater by
calculation from formula 1. The solution was mixed
(600 r/min) for 20 min by JJ-2A, and then the beaker
was sealed and left for 24 h. Afterwards, we observed
whether there was water at the bottom of the beaker.
If there was no water at the bottom of the beaker,
according to the Eq.1, the amount of water needed for
diﬀerent moisture content is calculated. More

No.1

GUO et al.: Radar observations of crude oil emulsiﬁcation

45

a

Moisture content: 30%
b

Moisture content: 50%

Moisture content: 70%

130

35000

120

30000

Tension (mN/m)

Viscosity (mPa∙s)

110
25000
20000
15000

100
90
80
70
60

10000

50

5000

40
0
10

20

30
40
50
Moisture content (%)

60

70

30
10

20

30
40
50
Moisture content (%)

60

70

Fig.2 The diﬀerent moisture content 30%, 50% and 70% emulsion crude oil (a) relationship between viscosity, tension and
moisture content (b) from asphalt content of more than 7%
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seawater was added based on the observed moisture
content, and the above procedure was repeated. This
process was continued until there was some water at
the bottom of the beaker at the end of the 24 h. The
diﬀerent moisture content 30%, 50%, and 70% from
asphalt content of more than 7% emulsion crude oil in
Fig.2a. The color changed from black to brown
(chocolate mousse) after the crude oil was completely
emulsiﬁed from moisture content more than 50%.
From Fig.2b, the tension (measured by SCZL203)
and viscosity (measured by NDJ-8S) are positively
correlated with the moisture content, especially when
the moisture content is 50% and the tension and
viscosity are obviously increased. When the moisture
content is 70% fully saturated, the tension is 4 times,
and the viscosity is 9 times comparing with the
moisture content 10%.
Although unstable emulsiﬁed crude oil does not
appear brown. However, it is relatively beneﬁcial to the
study of the eﬀect of crude oil emulsiﬁcation with
moisture content. Therefore, we describe the process of
emulsiﬁcation of crude oil with moisture content in this
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Fig.3 The relationship between the oil emulsiﬁcation
tension, viscosity, and moisture content at 25°C from
asphalt content of less than 3%

paper. The volume of water added was used to calculate
the maximum moisture content of the oil at 25°C. In
the emulsiﬁcation process of the asphalt content 1.35%,
the tension and viscosity increased as the moisture
content increased, but the viscosity and tension were
no more than one order of magnitude greater than that
of the starting oil (Fig.3). It is an unstable emulsion.
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Table 1 The inﬂuence of diﬀerent factors in the crude oil emulsion scattering experiment
Numerical code

Mass (g)

Temperature (°C)

1 (water)

4 700 000

23.4

2 (oil) (2017/8/23/17:21)

1

32.1

3 (2017/8/24/10:03)

1

30

4 (2017/8/24/10:20)

62

30

5 (2017/8/23/11:02)

62

30.9

6 (2017/8/23/17:21)

62

30.9

Hand stirring (+) One night (*)

Wind speed (m/s)

Moisture content (%)

1.32
4.67
*

6.58
5.86

+(2 min)

6.04
6.13

7 (2017/8/24/16:03)

62

34

+(2 min)

4.94

8 (2017/8/24/16:36)

135.7

34.2

+(2 min)

5.95

9 (2017/8/24/17:56)

135.7

33

+

5.25

10 (2017/8/25/8:02)

135.7

28

*

2.21

11 (2017/8/25/8:58)

225.7

28

+(2 min)

5.38

12 (2017/8/25/10:30)

225.7

29

5.94

13 (2017/8/25/13:35)

225.7

31

5.82

14 (2017/8/25/15:48)

445.7

33

15 (2017/8/25/16:57)

445.7

33

16 (2017/8/26/8:10)

445.7

28.5

17 (2017/8/26/10:06)

3 821.7

33

18 (2017/8/26/11:12)

3 821.7

31

19 (2017/8/26/13:48)

3 821.7

20 (2017/8/26/16:33)

3 821.7

21 (2017/8/27/7:50)

3 821.7

22 (2017/8/27/10:09)
23 (2017/8/27/10:50)

+(2 min)

4.43
5.10

*

2.81
2.43

6

+(3 min)

2.66

14.7

33

+(5 min)

2.48

7.4

32

+(10 min)

3.29

34.6

28

*

1.10

21.9

4 841.7

30

+(10 min)

1.74

30.2

4 841.7

31.5

+(10 min)

1.22

5.8

24 (2017/8/27/14:26)

5 896.7

32

+(10 min)

2.41

9.1

25 (2017/8/27/15:00)

5 896.7

32

+(10 min)

2.33

57

26 (2017/8/27/16:22)

6 996.7

31

+(10 min)

2.75

45

27 (2017/8/27/17:30)

6 996.7

31

+(10 min)

3.57

42.9

The plus symbol indicates 2–10 min of stirring, and the asterisk indicates the solution was left over night with no oil adding or stirring. The number 1 is sea
water and the numbers from 2–27 are crude oil.

Therefore, relatively stable emulsions of diﬀerent
moisture contents can be formed in diﬀerent
temperature ranges. The stable maximum saturation
moisture content of relatively stable emulsions was
21% at 25°C and 12% at 20°C. In the emulsiﬁcation
process, the tension and viscosity were directly
proportional to the moisture content. The experiment
found that relatively stable moisture content could
reﬂect emulsiﬁcation process of unstable emulsions.
A small sample (asphalt content <3%) of diﬀerent
moisture content (0.64%, 6%, and 12%) were applied
to the glass slide and placed under 40× magniﬁcation
(Fig.4). A higher degree of emulsiﬁcation resulted in
more water droplets in the emulsion of crude oil and
the water droplet diameter was less than 0.3 mm. The
moisture content can be used to describe the process
of emulsiﬁcation of crude oil and is easy to measure
by SCKF105 (Yue et al., 2017).

2.2.2 Outdoor crude oil emulsion scattering experiment
Observations were performed from Aug. 23 to 27
2017 at the Muping Coastal Environment Research
Station of the Chinese Academy of Sciences.
Observation by the scatterometer was recorded and the
addition of crude oil within 0.5 h time interval was
observed and recorded. Wind speed (V) and air
temperature data from weather station are averaged
over 0.5 h. The oil temperature was recorded using a
thermometer. Oil was added to the pool nine times in 5
days, and the cumulative crude oil mass was 6 996.7 g
(Table 1). Because of instrument limitations, the UV
ﬂuorescence tester was used after the ﬁrst and second
additions of crude oil only. A schematic diagram of the
experiment is shown in Fig.5. A fully polarimetric
scatterometer (HH, VV, and VH/HV) is mounted at
1.66 m (minimum altitude) height at an incidence angle
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c
Moisture content: 6%

Moisture content: 12%

Fig.4 Images of the moisture content in emulsions at 20°C under a 40-fold microscope
The white points are water droplets. a. crude oil 0.64% moisture content; b. 6% moisture content; c. 12% moisture content.
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0.72 m
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40°

45°

50°

Distance (cm)* 92.85 114.98 140.13 169.28 203.82

55°

60°

245.84 298.60 367.52

1.15 m
* Corresponding to the pool edge distance.
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Water 0.35 m

B
0.16 m

0.64 m C
x

D
0.64 m
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0.7 m

0.17 m

2

2.

m

Fig.5 Experimental set up
x (CD) represents the horizontal distance of the diﬀerent incident angles in the side of pool (see Distance).

between 25° and 60°. The distance between the
scatterometer and the surface of the water at each angle
of incidence is shown in the table in Fig.5.
Scatterometer observations of the surface of the
water in the pool show that angles of incidence from
35° to 60° are suitable (Fig.6). Due to the limitation of
the pool, the wave height caused by the wind is only
millimeters, so it was ignored. The NRCS of seawater
and the NRCS of 1-g oil ﬁlm decreased as the angle of
incidence increased (Fig.6a, b). The NRCS with HH
polarization was unusually low when the angle of
incidence was 40° for local reasons. The NRCS values

with VV and HV polarization were similar with angles
of incidence of greater than 45°. When the angle of
incidence was greater than 40°, the NRCS with HH
polarization was greater than that with the other types
of polarization. Changes in the NRCS with 1 g of crude
oil were very similar to those with just water (Fig.6a, b).
The diﬀerences between the NRCS values of seawater
(V was 5.07 m/s) and 1 g of crude oil (V was 4.67 m/s)
at various angles of incidence are shown in Fig.6c, and
temperatures of seawater and oil are 31.9°C and 32.1°C,
respectively. With HH polarization at angles of
incidence of 40° and 45°, VV polarization at angles of
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Fig.6 The NRCS of water (a) and an oil ﬁlm formed with 1-g oil (b), and the diﬀerence between the NRCS of water and 1-g
crude oil (c) at angles of incidence from 35° to 60° (measurement points 2 in Table 1)
V-water: wind speed on the surface of the water; V-oil: wind speed on the surface of the crude oil.

incidence of 45° and 50°, VH/HV polarization at angles
of incidence of 50° and 55°, and a V of 4.67 m/s on the
oil ﬁlm, the NRCS values were higher than those of
seawater with a V of 5.07 m/s. It is well known that the
oil ﬁlm dampens the surface capillary gravity wave and
causes NRCS to decrease. However, as shown in Fig.6c,
conclusion is opposite from such a result. Statistical
diﬀerence between the NRCS values of seawater and
crude oil emulsion in diﬀerent polarization modes at
diﬀerent incidence angles shows that the diﬀerence
more than zero was accounted for 70.5% ( HH), 37.8%
( VV), and 30.8% (VH/HV), respectively (Fig.7). Due
to various reasons, the NRCS of VV and VH/HV
polarization are relatively close when the incidence
angle is greater than 45° in this experiment. By
comparing the above-mentioned diﬀerences, it can be
seen that the proportions of NRCS more than zero from
VV and VH/HV are relatively close, but the proportion
of NRCS from HH is very high. There was only one
reason for this result: the emulsiﬁcation of crude oil led
to increase NRCS. Figure 7 shows that the diﬀerences
between the NRCS values of seawater and crude oil
emulsiﬁed are more than zero, with the crude oil mass
distribution between 135.5 g and 445.7 g in No. 8–16 of
Table 1 and the NRCS maximum increment value in the
location of the incident angles are greater than 45°. Due
to the uneven spread of crude oil on the seawater surface
and the uncertainties of factors such as wind, the
emulsiﬁcation of the experimental oil was also uneven
for causing this phenomenon.
Among the angles of incidence, 45° provided the
best observations of the inﬂuence of crude oil
emulsiﬁcation on the NRCS values for all three types
of polarizations (HH, VV, and VH/HV). The factors
inﬂuencing crude oil emulsiﬁcation in the outdoor
scattering experiment are shown in Table 1. The
numbers 2 to 27 are the serial number of the
observation crude oil emulsion. Figure 8 shows

NRCS of crude oil emulsion at 45° incidence angle.
Measurement point 1 in Fig.8a is for the NRCS of
seawater, and measurement points 2 to 27 are for the
NRCS of crude oil emulsiﬁcation. The UV
ﬂuorescence tester showed that the aromatic
hydrocarbons were almost completely evaporated in
less than 30 min when in the crude oil was emulsiﬁed
(measurement points 2–7, Fig.8a). For all three types
of polarization, the NRCS of crude oil increased as
the wind speed decreased (measurement point 2
compared to 1 point (water), Fig.8a) and the similar
phenomena are repeated in Fig.8a. This shows that
the oil ﬁlm NRCS changed by emulsiﬁcation of the
crude oil. This change was more obvious with HH
polarization, followed by VV polarization, and then
VH/HV polarization. The crude oil used in the
experiments was unstable. The moisture content of
the crude oil stabilized overnight when the pool was
covered with canvas, and the NRCS values with the
three types of polarization all decreased at same time
in a wind speed of 6.58 m/s at point 3. The NRCS
values of the three types of polarization
gradually increased from measurement point 4 to 6
(Fig.8a). Then, the NRCS decreased at measurement
point 7 after addition of 62 g of crude oil (Fig.8a). The
change in the NRCS with VH/HV polarization was
less obvious than the changes with the other types of
polarization. To accelerate the emulsiﬁcation process,
we used stirring from measurement point 5 to 27
(Table 1, Fig.8a). Points 3, 10, 16, and 21 show where
the emulsiﬁed crude oil was left over night. It was
found that the NRCS had a remarkable rise or fall
during the night. This indicates that the photooxidation,
wind speed, and temperature had an eﬀect on the
emulsiﬁcation of crude oil. The results are consistent
largely with the trend of rising or falling and show a
relative stable state in moisture content of the crude
oil emulsion. From measurement points 7 to 9, 14 to
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15, and 17 to 19 (exclusive of 18) at over 33°C, the
NRCS obtained with HH, VV, and VH/HV polarization
were decreasing (Fig.8b). The cumulative crude oil to
445.7 g was easy to emulsify thin oil ﬁlm. The
maximum amplitude of HH, VV, and VH/HV were
3.01, 3.2, and 1.75 dB from 1 to 16 (Fig.8a). From
measurement point 17 to 27, accumulative oil was
6 996.7 g. The maximum amplitude of HH, VV, and
VH/HV were 5.74, 2.70, and 1.39 dB in Fig.8a and
the NRCS with all three types of polarization disagree
in the thick oil ﬁlm in which the NRCS of HH changed
greatly, and the VV and VH/HV were relatively small
compared with the thin oil ﬁlm. These diﬀerences
were caused by the increased oil volume, the short
duration of emulsiﬁcation, and inhomogeneity.
Observation of moisture content was limited by oil
ﬁlm thickness, and we measured the moisture content
in oil at 3 821.7 g (at serial number 17 in Table 1).
From measurement point 17 to 27 (Table 1) high
moisture content did not correspond to high oil
temperature, and ﬂuctuations in the moisture content
accompanied the emulsiﬁcation and demulsiﬁcation
processes because of the low asphalt content of the
crude oil. The moisture content of crude oil at 28°C
was relatively stable at 22% (Table 1). Therefore, the
corresponding NRCS increased when the moisture
content was 21.9% (Fig.8c). Figure 8 shows that the
wind speed is not positively correlated with NRCS.
The range of NRCS at HH, VV, and VH/HV varied
from -19.22 to -24.95 dB, from 23.04 to -26.73 dB,
and from -28.43 to -30.78 dB at 45°, respectively.

3 DISCUSSION
The moisture content of the relatively stable crude
oil emulsions at oil temperatures of 20 and 25°C
were 12% and 21%, respectively (Section 2.2.1). At
an oil temperature of 28°C, the moisture content of
the relatively stable crude oil emulsion was 22%
(Section 2.2.2). Because the asphalt content of the
crude oil was less than 3%, it is an unstable emulsion.
These results show that the moisture content of a
relatively stable emulsion, in which no demulsiﬁcation
occurred within a week under static conditions, is
aﬀected by the temperature. For a relatively stable
emulsion, the tension is positively correlated with the
viscosity.
Outdoor conditions are very beneﬁcial to the
emulsiﬁcation process because of rapid evaporation
and the inﬂuence of V and light oxidation. Figure 9
shows that the NRCS of crude oil emulsions changed
at diﬀerent incidence angles from HH, VV, and
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VH/HV; and the NRCS decreases as the incidence the
angle increases (except 40°). The range of NRCS at
HH, VV, and VH/HV varied from -14.15 to -33.48 dB,
from -15.24 to -38.62 dB, and from -23.07 to
-39.41 dB, respectively, and the NRCS of crude oil
emulsions was not positively correlated with wind
speed at diﬀerent angles of incidence in three
polarized ways. When incident angle is greater than
the 45°, the NRCS of crude oil emulsion in VV and
VH values are similar, which is consistent with the
observed NRCS of seawater (Fig.6a, b). We think that
the NRCS decreases gradually with the increase of
incident angle, the NRCS of VV and VH values of
crude oil emulsion are close to each other due to
noise.
It is well known that the NRCS decreases because
oil ﬁlms dampen propagation of capillary gravity
wave. The only explanation for this abnormal result is
that emulsiﬁcation of crude oil changes the scattering
mechanism of the oil ﬁlm surface, leading to an
increase in the NRCS. The wind speed is not the main
cause of the variation of oil ﬁlm NRCS (Fig.9). Field
test photos are shown in Fig.10.

4 CONCLUSION
Crude oil, with an asphalt content of less than 3%,
can be emulsiﬁed in seawater under ambient conditions.
The relative saturation moisture content of the unstable
emulsion inﬂuenced by temperature, but the
emulsiﬁcation was not optimized at high temperatures
(over 33°). Stirring will speed up the emulsiﬁcation or
demulsiﬁcation for unstable emulsiﬁed crude oil. Wind
speed is not positively correlated with NRCS of
emulsiﬁcation crude oil ﬁlm observations. A certain
degree of emulsiﬁcation can increase the NRCS and
the maximum increment is 6.08 dB at HH, 4.15 dB at
VV, and 2.34 dB at HV in this experiment, and the
maximum root-mean-square error compared with
seawater was 4.38, 5.25, and 4.19 dB, respectively at
HH, VV, and VH. In NRCS observations of a thin or a
thick oil ﬁlm, HH polarization is the best, followed by
VV polarization, and then VH/HV polarization.
The increase of NRCS is aﬀected by the degree of
emulsiﬁcation. Because oil emulsiﬁcation changes
the structure of oil ﬁlm, the scattering of oil ﬁlm is
changed. However, we found that the higher the
degree of emulsiﬁcation, the smaller the NRCS. It is
speculated that the NRCS of emulsiﬁed oil ﬁlm with
a certain thickness can be increased. This requires
further experiments.
The emulsiﬁcation and demulsiﬁcation processes
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Fig.9 The NRCS of crude oil emulsions changed at diﬀerent incidence angle and V HH (a); VV (b); VH/HV (c)
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Fig.10 Photos of oil spill test site

of crude oil change the NRCS of the crude oil ﬁlm.
We did not quantify description the contributions of
wind speed and the moisture content of emulsiﬁcation
to the NRCS due to sewage treatment. In future
studies, we will use crude oil with an asphalt content
of >7% to study the emulsiﬁcation characteristics,
and the relationship between emulsifying moisture
content, dielectric constant, and NRCS was
established. Because transmission of electromagnetic
waves in the medium is inevitable, there will be antiradiation, scattering, and transmission phenomena. In
the process of emulsiﬁcation, microwave passes
through the air and oil to the water, and then to the oil
and into the water. Electromagnetic scattering can
occur on a rough surface of the multilayered medium.
The inﬂuence of the emulsiﬁcation on the NRCS will
be described quantitatively and the scattering
mechanism will be studied in subsequent experiments;
and the detail associated remote sensing mechanism
of the emulsiﬁcation crude oil will be done elsewhere.
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