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Abstract

Building empirical equations is an effective way to link the acoustic and physical properties of sediments. These
equations play an important role in the prediction of sediments sound speeds required in underwater acoustics.
Although many empirical equations coupling acoustic and physical properties have been developed over the past
few  decades,  further  confirmation  of  their  applicability  by  obtaining  large  amounts  of  data,  especially  for
equations based on in situ acoustic measurement techniques, is required. A sediment acoustic survey in the South
Yellow Sea from 2009 to 2010 revealed statistical relationships between the in situ sound speed and sediment
physical properties. To improve the comparability of these relationships with existing empirical equations, the
present study calculated the ratio of the in situ sediment sound speed to the bottom seawater sound speed, and
established the relationships between the sound speed ratio and the mean grain size, density and porosity of the
sediment.  The sound speed of seawater at  in situ  measurement stations was calculated using a perennially
averaged seawater sound speed map by an interpolation method. Moreover, empirical relations between the
index of impedance and the sound speed and the physical properties were established. The results confirmed that
the existing empirical equations between the in situ sound speed ratio and the density and porosity have general
suitability for application. This study also considered that a multiple-parameter equation coupling the sound
speed ratio to both the porosity and the mean grain size may be more useful for predicting the sound speed than
an equation coupling the sound speed ratio to the mean grain size.
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1  Introduction
The seabed is one of the important boundaries for acoustic

propagation in the ocean, especially in shallow seas. As the basic
parameter for underwater acoustic study, the sediment sound
speed is conventionally obtained by direct measurement meth-
ods, including laboratory and in situ measurements and acoustic
inversion (e.g., Hamilton et al., 1956; Hamilton, 1963; Zhou et al.,
2009, Yang and Tang, 2017; Wang et al., 2018). Additionally,
many studies have established the empirical or theoretical mod-
els for sound speed prediction (e.g., Biot, 1956a, b; Hamilton,
1971; Stoll, 1977; Hamilton and Bachman, 1982; Buckingham,
2000, 2007; Williams, 2001; Chotiros and Isakson, 2004, 2014;
Kimura, 2011). The sound speed of sediment are related to the
temperature and pressure; therefore, the sound speed ratio,
which is defined as the ratio of the sound speed in sediment to

that in seawater under the same conditions (temperature, pres-
sure and salinity), was suggested to eliminate the effects of tem-
perature and pressure (Hamilton, 1971). The sound speed ratio is
widely used in theoretical and empirical prediction models, es-
pecially the latter (Hamilton and Bachman, 1982; Jackson and
Richardson, 2007).

The most widely used empirical equations were established
by Hamilton and Bachman (1982) to predict the sound speed
based on the density, porosity and mean grain size of sediment
and later modified by Bachman (1989) for the sound speed ratio
against the same three parameters (this set of equations is re-
ferred to hereafter the H&B model). Then, in the 1990s, with the
successive development of in situ measurement systems such as
the in situ sediment acoustic measurement system (ISSAMS) and
acoustic lance (Richardson and Briggs, 1996; Fu et al., 1996), the  

Foundation item: The National Natural Science Foundation of China under contract Nos 42076082, 41706062 and 41676055; the
Director Fund of Pilot National Laboratory for Marine Science and Technology (Qingdao) under contract No. QNLM201713; the
Public Science and Technology Research Funds Projects of Ocean under contract No. 201405032; the Taishan Scholar Project Funding
under contract No. tspd20161007.
*Corresponding author, E-mail: bhliu@ndsc.org.cn
 

Acta Oceanol. Sin., 2021, Vol. 40, No. 4, P. 65–73

https://doi.org/10.1007/s13131-021-1764-8

http://www.hyxb.org.cn

E-mail: ocean2@hyxb.org.cn



“undisturbed” sediment acoustic properties were able to be ob-
tained under real seafloor conditions. Subsequently, empirical
regressions were proposed for in situ sound speed ratio predic-
tion based on the sediment density, porosity and grain size
(Richardson, 1997; Jackson and Richardson, 2007) (these equa-
tions are hereafter referred as the J&R model). However, the J&R
model yields a lower sound speed ratio value than that predicted
by the H&B model. Jackson and Richardson (2007) argued that
the differences between the two models may be due to the meas-
urement techniques of acoustic property and physical property,
sample perturbations, or even actual differences in the sediment.
Uncertainty about differences among various models makes it
difficult to choose the appropriate model for predictions. Com-
paratively, the J&R model seems to be more suitable for predic-
tion in that the sound speed ratio data are derived from the in-
situ measurement technique and are believed to be less affected
by the variation in measurement conditions than the laboratory
method. Nevertheless, the J&R model was based only on 88 sites
(Jackson and Richardson, 2007), and more data are necessary to
confirm it, especially data measured using in situ techniques.

The South Yellow Sea (SYS) is an epicontinental sea in the
western Pacific margin. Abundant terrestrial materials, delivered
by the surrounding large rivers, are deposited and then reworked
under the unique ocean circulation system in the SYS (Shi, 2012).
In 2009 and 2010, two cruises of sediment acoustic survey
(named YSSA09 and YSSA10) were conducted in the central and
western parts of the SYS (Fig. 1a) to characterize the distribution
of sediment acoustic and physical properties. A hydraulically
driven self-contained in situ sediment acoustic measurement
system (named HISAMS by Liu et al. (2013)) was used to acquire
the sound speed of the sediment at 104 stations. The center
measurement frequency of this system was 30 kHz. Sediment
samples were collected for physical property measurements in
the laboratory. The data made it possible to build empirical
equations to compare with the previous models. Liu et al. (2013)
published the in situ acoustic and physical property data and es-
tablished regression equations of the in situ sound speed against
the mean grain size, density and porosity. However, during the
two survey, the bottom seawater sound speed measurements
were performed at only a few stations, which was not sufficient
for calculating the in situ sound speed ratio at each station.
Therefore, the sound speed ratio prediction model was not
provided, although the bottom seawater temperatures in the
study region are variable (Fig. 1b, based on Editorial Board for
Marine Atlas (EBMA), 1993). To accommodate the lack of data
for the sound speed ratio calculations mentioned above, this
study accessed the historical data of seawater sound speed in the
SYS (Editorial Board for Marine Atlas, 1993) and used the sound
speed of the bottom seawater to calculate the sound speed ratio
at each in situ station. Then, the relationships between the sound
speed ratio and physical properties were established and com-
pared with the previous models.

2  Data and methods
The data used in this study are from the two cruises of YSSA09

and YSSA10, including the in situ sediment sound speed and the
physical properties measured in laboratory, such as the mean
grain size, density, porosity, and sand, silt, and clay content
(Meng et al., 2012). The in situ sound speed were measured by
the self-contained HISAMS, in which the acoustic transducers
are inserted into the sediment by a hydraulic system and then
transmit and receive sound wave signals in the sediment. The ar-
rival time of the received sound wave signals and the distances

between probes are used to determine the sound speed of the
sediment. For a detailed description of the self-contained HIS-
AMS, please refer to Kan et al. (2011). Liu et al. (2013) also de-
scribed the methodology of in situ sound speed measurement
and data processing, and a measurement accuracy of approxim-
ately 0.5% was acquired by calibration in the seawater using con-
ductivity temperature depth sensors (CTD). Notably, the HIS-
AMS utilizes a similar working style as the ISSAMS, which penet-
rates the transmitter and receivers into same depth below the
seafloor and performs measurements in the horizontal direction.
Therefore, the measurement results of the HISAMS were more
comparable with those of the ISSAMS than the cross-layer aver-
aged sound speed taken from measurements in the vertical dir-
ection (such as acoustic lance).

The sediment samples were collected by a gravity corer or a
box sampler. However, sample collecting are unavailable at some
stations due to the hard seabed. Therefore, only the in situ sta-
tions with available sediment samples were included in Liu et al.
(2013). Each sample was then measured in the laboratory by con-
ventional methods to acquire physical properties such as density,
porosity, grain size, and particle composition. Test methods for
physical properties were described in detail by Liu et al. (2013)
and will not be reiterated here. As the HISAMS has no sediment
sampling function, sample collection is performed before or after
the in situ measurement. Although the research vessel was
anchored each time before station operation, the vessel tended to
drift an average of 10 m between measurements. As a result, the
position of the in situ measurement was not strictly consistent
with the sampling position.

The YSSA09 and YSSA10 collected seawater sound speed pro-
files using CTD at a total of 13 stations that were fairly evenly dis-
tributed in the study region. For these stations, the sound speed
ratios were calculated using the measured sound speed of sedi-
ments and seawater. For other stations without measured seawa-
ter sound speed, the Marine Atlas of the Bohai Sea, Huanghai
Sea, East China Sea (Hydrology) (Editorial Board for Marine At-
las, 1993) was used to deduce seawater sound speed data for the
sound speed ratio calculation. Both YSSA09 and YSSA10 were
carried out in June, so the contour map of the bottom seawater
sound speed in June (Fig. 1c) in the atlas was selected and digit-
ized according to its projection method (Mercator Projection).
Then, the sound speed value on the corresponding position of
the in situ measurement station was calculated by an interpola-
tion method. Compared to the measured sound speed at the bot-
tom of the CTD profile, the digitally interpolated seawater speed
at the same station shows a general consistency (Fig. 2), with a
slight difference that averages less than 0.3%, which indicates
that it is appropriate to use the hydrology atlas to obtain the
sound speed of the bottom seawater.

The relationships between the sound speed ratio and the
mean grain size, density and porosity were built by quadratic
equation fitting, and the correlation coefficient was obtained to
evaluate the goodness of fit. Additionally, the index of acoustic
impedance (IOI) was calculated by multiplying the sound speed
ratio and density, and then the empirical equations between the
main physical property parameter and the IOI were established
by the polynomial regression method.

3  Results

3.1  Sound speed ratio and its empirical regressions versus
physical properties
The calculated sound speed ratio ranges from 0.967 to 1.074
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and its upper limit is lower than that of the in situ sound speed
ratio in Jackson and Richardson (2007), which is more than 1.15.
There are coarse sand deposits in the southwestern part of the
study area according to the sediment type atlas (Shi, 2012), but
sediment samples were obtained in only a few stations due to the

hard seabed. As a result, the types of sediment samples are dom-
inated mainly by silt and clay, as shown in the Shepard ternary
diagram (Fig. 3), and only a few stations with sandy sediment
samples are included. These factors might explain why a relat-
ively lower sound speed ratio was acquired in this study.
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Fig. 1.   The location of the study area (a, red shaded area), contour map of the bottom seawater temperature (°C) in the study area in
June (b, from Editorial Board for Marine Atlas, 1993), and contour map of the bottom seawater sound speed (m/s) in the study area in
June (c, from Editorial Board for Marine Atlas, 1993). In a, the black shaded area shows the study area of Kim et al. (2011) and Bae et al.
(2014), whose data were used for comparison. BS: Bohai Sea, NYS: North Yellow Sea, SYS: South Yellow Sea, ECS: East China Sea,
KWC: Kuroshio Warm Current, YSWC: Yellow Sea Warm Current, YSCC: Yellow Sea Coastal Current, and KCC: Korea Coastal Current.
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The regressions of the sound speed ratio V pR against the mean
grain size Mz, density ρ, and porosity η are listed in Table 1 and
the corresponding curves are plotted in Figs 4a, b and c, respect-
ively. The sound speed ratio increases with increasing density
and mean grain size (decreasing  values) and decreases with in-
creasing porosity, showing the same tendency as the relation-
ship between the sound speed and these physical properties in
Liu et al. (2013). The correlation coefficient of the equation
between the sound speed ratio and the mean grain size is signi-
ficantly lower than that of the other two equations. The data
points are more scattered for the coarser particle deposits (low 
values, high density, low porosity) than for the fine particle de-
posits, meaning that the uncertainty of the correlation increased
with increasing sound speed ratio. This is understandable, con-
sidering the difficulties in sampling and storing coarse-grained
sediment, which is easily disturbed and dehydrated. Another
reason for the relatively high scatter of these data points may be
due to the disagreement in the sampling position and in situ
measurement position, as mentioned previously. Ideally, if the
sediment is sampled synchronously when the in situ measure-
ment device is deployed, the positions of both operations will be
kept identical. Therefore, the columnar sampler should be in-
stalled on the newly developed in situ measurement system,
which makes it possible to collect sediment samples and deploy
in situ measurements of sound properties simultaneously.

3.2  Index of acoustic impedance and its empirical regressions
against physical properties
Using acoustic instruments such as sub-bottom profilers and

multibeam echosounders, acoustic classification of the sediment

can be accomplished based on the echo signals obtained and the
relationship between the sediment acoustic impedance and
physical properties. Richardson and Briggs (1993, 2004) pro-
posed the concept of the index of acoustic impedance (IOI) and
established its relationship with the major physical properties of
sediment. The IOI was defined as the product of sound speed ra-
tio and the bulk density, which is different from the acoustic im-
pedance in that it is temperature independent. Considering the
specific aspects of the sedimentary environment in the SYS, we
also calculated the IOI using the calculated in situ sound speed
ratio and the density and established the relationships of the IOI
with the major sediment physical properties by the polynomial
regression method, as in the quadratic equations shown in Table 2
and the curves in Fig. 6.

4  Discussion

4.1  Comparison to the previous sound speed ratio empirical
regressions
The equations of the H&B model and J&R model are plotted

in Fig. 4. All the equations of the H&B model show an overestim-
ation of the sound speed ratio for three physical properties in
comparison to those of the J&B model and our model, while the
latter two models show relatively consistent values for the dens-
ity and porosity (Figs 4b and c). Moreover, our model yields a
sound speed ratio that is lower than those in the H&B and J&R
model for a given mean grain size (Fig. 4a).

Considering the good agreement between our model and the
J&R model for the density and porosity and their disagreement
for the mean grain size, we investigated whether the relationship
between the porosity (or density) and the mean grain size is dif-
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Fig. 2.   Comparison of the bottom seawater sound speed inter-
polated from the hydrology atlas to that measured by CTD dur-
ing the cruises. The 1:1 dashed line represents that the sound
speed is equal, and the solid line is the fitting curve.
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Fig. 3.   Shepard ternary diagram of sediment types in the study
area. The black points represent the data used in this paper and
the red points represent the collected data from Bae et al. (2014).

Table 1.   Empirical relationships of the sediment sound speed ratio with physical properties
Physical properties Regression equation for VpR Correlation coefficient (R2)

/ϕMean grain size (Mz) VpR=. −. e−Mz+. e−M
z 0.687 8

Density (ρ)/(kg·m–3) VpR=. −. e−ρ+. e−ρ 0.878 5

Porosity (η)/% VpR=. −. e−η+. e−η 0.877 4
/ϕPorosity and mean grain size VpR=. −. η−. Mz+. η−. ηMz+. M

z 0.876 5
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ferent between our model and the J&R model. Since the regres-
sion equation between the porosity and mean grain size was not
reported by Jackson and Richardson (2007), we determined this
equation by combining the equation coupling the sound speed
ratio to the mean grain size and the equation coupling the sound
speed ratio to the porosity, although we are not sure to what ex-
tent this regression matches the measured values of the J&R
model. As shown in Fig. 5a, the J&R model yeilds an underestim-
ation of porosity for the given mean grain size, compared to our
data, while the H&B model agrees well with our data, especially
for fine-grained sediment. Therefore, the relationship between
the porosity and mean grain size is different in various studies,
which may be due to the sediment grain shape and the sea envir-
onment.

Table 1 indicates that the correlation between the sound
speed ratio and mean grain size is not very close, and the
R-square value is indeed low. Therefore, we attempted to com-
bine the porosity and the mean grain size to establish a two-para-
meter empirical equation for predicting the sound speed ratio, as
listed in Table 1 and shown in Fig. 5b. With this two-parameter
empirical equation, the R-square value is improved compared to
that of the single-parameter equation using the mean grain size.
These results indicate that the development of multiple-paramet-
er equations would be useful for sound speed prediction.

To further confirm the above analysis, sediment acoustic
measurement data of the adjacent area of the SYS, mainly the
southeastern SYS off the Korean Peninsula (Fig. 1a), were collec-
ted, including the sound speed and density data published by
Kim et al. (2011) and the sound speed, mean grain size, density,
and porosity data published by Bae et al. (2014). However, only
the sound speed was given in these articles, and the sound speed
ratio was not mentioned. In addition, the above studies conver-
ted the sound speed to that of standard laboratory conditions
(23°C, 1 atmosphere, and 35 salinity) as proposed by Hamilton
(1971). Therefore, the seawater sound speed of 1 529.6 m/s in
such a standard condition is used to calculate the corresponding
sound speed ratio. Since both Kim et al. (2011) and Bae et al.
(2014) focused on the so-called Central South Sea Mud region,
the sediment types were mainly clayey silt, as exhibited in Fig. 3
(red points), with physical properties of low density, high poros-
ity and small mean grain size. These collected data are also plot-
ted in Fig. 4. The data of both Kim et al. (2011) and Bae et al.
(2014) match well to our model and the J&R model. Therefore,
the general suitability of the J&R model in this sea area is further
confirmed. However, the sound speed ratio data of Bae et al.
(2014) match better to our model using the mean grain size than
the J&R model (shown in Fig. 4a), which indicates that the regres-
sion of the sound speed ratio to the mean grain size of the J&R
model is not applicable for the SYS and its adjacent region.

The porosity and mean grain size data from Bae et al. (2014)
are also plotted in Fig. 5. These data agree well with the regres-
sion equation of the H&B model and our data but depart from the
equation of the J&R model. The sediment in the SYS is mainly ter-
rigenous materials transported by the surrounding large rivers,
especially the Huanghe River (Yellow River) and the Changjiang
River (Yangtze River). After long-distance delivery by the river,
this sediment is deposited and then reworked by the strong hy-
drodynamic forces of the SYS, such as circulation currents and
tidal currents (Fig. 1a), and sediment of different grain sizes de-
posits at the delivery path, which leads to the sediment being well
sorted in different areas. The sorting of the sediment in the study
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Fig. 4.   Relationship between the sound speed ratio and the three
physical properties of mean grain size (a), bulk density (b), and
porosity (c). Black points represent our data, and black solid lines
represent their fitted curves, corresponding to equations listed in
Table  1.  Also  plotted  are  the  curves  of  the  H&B  model  (blue
lines), the J&R model (pink lines) as listed in Appendix, and data
from Kim et al.  (2011) (green diamonds) and Bae et al.  (2014)
(red triangles).
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area is supported by geological survey data, which show that the
sediment sorting coefficient is below 2 as a whole and is even less
than 1.5 in the clayey sediment area (Shi, 2012). The grain size,
shape and packing are key parameters affecting porosity in un-
consolidated sediment (Kamann et al., 2007). Well-sorted sedi-
ment has more pore spaces unfilled by finer-grained compon-
ents than poorly sorted sediment. This may explain why the re-
gressions of the sound speed ratio and mean grain size are incon-
sistent between our model and the J&R model. This also sup-
ports the view that the mean grain size may not be a good indic-
ator for the prediction of the sound speed. Nevertheless, as a geo-
logically general and readily available sediment parameter, the
mean grain size is still useful for predicting the sound speed in a
specific region with a relatively sedimentary environment in
areas lacking porosity or density data.

4.2   Comparison of the index of acoustic impedance empirical re-
gressions
Comparing our IOI equations with those of Jackson and

Richardson (2007), we can see that the porosity, density and
sound speed ratio equations are in good agreement (Fig. 6). This
was as expected, considering the consistency of this study and
the J&R model regarding the equations linking the sound speed
ratio with the density and porosity. Furthermore, the relation-
ship of the IOI with the mean grain size is different, just as that of
the sound speed ratio and the mean grain size. The relationship
between the IOI and the sand content and clay content is drawn
in Fig. 6e. By comparison, the relationship of the IOI with the
sand content has a similar trend to that of the J&R model, al-

though they are not entirely consistent.
These equations of the IOI are valuable in practical applica-

tions, such as sediment classification and sound speed predic-
tion. Conventional methods of measuring the sound speed
(sampling and laboratory measurements, in situ measurements
and acoustic inversion) at fixed points are inefficient; it is costly
to obtain a dense data set. Moreover, sound speed prediction us-
ing the relationship of this parameter with physical properties is
also challenging because of the difficulty in measuring physical
parameters. Underway measurements using a sub-bottom pro-
filer or multibeam echosounder typically operate with high effi-
ciency. With the wide application of these convenient and effi-
cient survey techniques and application of IOI models as above, a
large amount of densely distributed acoustic properties of the
seafloor sediment can be easily obtained.

5  Summary
Based on the in situ measured sound speed and the historical

seawater sound speed data in the SYS, this study calculated
sound speed ratios at each in situ station of the YSSA09 and
YSSA10 survey. This study also established new regression rela-
tionships between the sound speed ratio and three physical
properties, including the mean grain size, density and porosity.
In comparison to the previously built models, the new regres-
sions of the sound speed ratio to the density and the sound speed
ratio to the porosity show good agreement with those of Jackson
and Richardson (2007), but there is some inconsistency in the
equations coupling the sound speed ratio to the mean grain size
between the two models. The sediment acoustic measurement

Table 2.   Empirical relationships between the index of impedance (IOI) and geoacoustical and physical properties
Parameters Regression equation for the IOI Correlation coefficient (R2)

Sound speed ratio (VpR) VpR=. −. (IOI)+. (IOI) 0.938 3

Mean grain size (Mz)/ϕ Mz=. −. (IOI)−. (IOI) 0.832 1

Bulk density (ρ)/(g·cm–3) ρ=−. +. (IOI)−. (IOI) 0.995 7

Porosity (η)/% η=.−.(IOI)+.(IOI) 0.995 2

Sand content (SC)/% SC=.−.(IOI)+.(IOI) 0.595 5

Clay content (CC)/% CC=.−.(IOI)+.(IOI)) 0.775 9
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Fig. 5.   Relationship between the porosity and the mean grain size (a), and double-parameters relationship of sound speed ratio with
both porosity and mean grain size (b). In a, black points represent our data; also plotted are the H&B model (blue lines), the J&R
model (pink lines), and data from Bae et al. (2014) (red triangles).
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Fig. 6.   Relationship between the IOI and the geoacoustical and physical properties and comparison with equations from Jackson and
Richardson (2007). a. Sound speed ratio against the IOI, b. mean grain size against the IOI, c. density against the IOI, d. porosity
against the IOI, and e. sand content and clay content against the IOI (the pink line represents the regression for IOI against sand and
gravel content in J&R model).
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data for the SYS published in other articles are consistent with
these new equations and confirm the general applicability of the
J&R model for sound speed ratio prediction based on density and
porosity in the SYS. The mismatch of the equations coupling the
sound speed ratio to the mean grain size may be related to the
sediment itself due to the different sedimentary environments.
Considering that the mean grain size is a geologically general and
readily available sediment parameter, the equation coupling the
sound speed versus the mean grain size is still useful for predict-
ing the sound speed in a specific region where the porosity or
density data are not available. In addition, regressions between
the IOI and the acoustic and physical properties are also calcu-
lated, which may be applied for rapid sediment classification and
sound speed prediction.
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Appendix:
　Hamilton and Bachman (1982) established the empirical equations of sound speed ratio against physical properties based on

laboratory measurements. These regression equations are listed as follows.

　The equation for sound speed ratio against mean grain size (ϕ) (as shown in Fig. 4a) is

VpR = . − . Mz + . M
z ( ϕ to  ϕ). (A1)

　The equations for sound speed ratio against wet bulk density ρ (g/cm3) (as shown in Fig. 4b) is

VPR = .− .ρ+ .ρ
(
. g/cm to . g/cm

)
. (A2)

　The equation for sound speed ratio against porosity n (%) (as shown in Fig.4c) is

VPR = .− .n+ .  n (% to %). (A3)

　The equations from Richardson (1997) based on the in-situ measured data at 38 kHz or 58 kHz using ISSAMS are listed as
follows.

　The equation for sound speed ratio against mean grain size (ϕ) (as shown in Fig. 4a) is

VpR = .− . Mz + .  M
z . (A4)

　The equations for sound speed ratio against wet bulk density ρ (g/cm3) (as shown in Fig. 4b) is

VPR = . ρ+ . ρ. (A5)

　The equation for sound speed ratio against porosity n (%) (as shown in Fig. 4c) is

VPR = .− . n+ . n. (A6)
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