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Research progress in the continuous measurement technology of suspended
sediment concentration

LI Weihua, LI Jiufa, ZHANG Wenxiang
State Key Laboratory of Estuarine & Coastal Research Center, East China Normal University, Shanghai 200062, China

Abstract: Continuous measurement technology of suspended sediment concentration is the most fundamental requirement in
the research fields of hydraulics, environmental science, estuarine and coastal science, as well as marine science. The current
popular technical routes including optical backscattering and transmission, specular reflection, remote sensing, acoustic
backscattering and transmission attenuation, tuning fork resonance, pressure difference and gamma-ray attenuation and other
principles of technical methods were summarized in this paper. The main advantages and problems of each technical method
are then discussed, and the future research focus and development direction are prospected as: (1) the principle of optical
backscattering is the optimal technical route for low-cost, miniaturized, and high-time-frequency measurement of suspended
sediment concentration, and is necessary to focus on range expansion and particle size sensitivity weakening study; (2) low
uncertainty suspended sediment concentration profile measurement relies on the development of the acoustic backscattering
technical route; (3) the tuning fork resonance technical route is particularly suitable for ultra-high range application scenarios
under turbid current and fluid mud conditions; (4) integrate multi-technology sensors and use the artificial intelligence
algorithms to replace traditional inverse theory model, etc.

Key words: suspended sediment concentration; continuous measurement technology; optical turbidity measurement; acoustic

suspended sediment concentration measurement; tuning folk densimeter

i BEl 2022-01-12; 1&iTHH  2022-02-16

HE&E&WMAB (U2040202);
fEE &I (1982—), , , , email: whli@sklec.ecnu.edu.cn
BiEEE email: wxzhang@sklec.ecnu.edu.cn

Received date: 2022-01-12; Revised date: 2022-02-16. Editor: YAO Yantao

Foundation item: Joint Key Funds of National Natural Science Foundation of China (U2040202); Fundamental Research Funds for the Central
Universities

Corresponding author: ZHANG Wenxiang. email: wxzhang@sklec.ecnu.edu.cn



21

2014)
, WEDE
(suspended sediment concentration,
SSC) KR @
RGeS
' : U V"_‘_m ®
(Rai et al, 2015; Felix et al, 2016) , 4 =Sa N —— |\
] e\
/ SR .
(continuous measurement technology, CMT) ) ! ) i (Campbell, 2_018)
Fig. 1 Schematic of optical backscattering and
CMT transmission measurement (Campbell, 2018)
(Gray et al (van de Hulst, 1981)
2009) (F) (SSC) )
, CMT (E) (v (D)
, ©)
V-SSC-E-
1982 ., 2008 F:%X = o 1
75% (Gray et P
al, 2009) s Munsell
(Sutherland et al, 2000),
(Rai et al, 2015),
SSC )
SSC
CMT 2)
SSC
CMT Lambert—Beer ,
() (Ochiai et al,
2010)(  1):
1 =1,-¢hs5Cd )
1.1 2 1o 0
1.1.1 MERE sk ;
(1) (optical backscatter, OBS) ,
(OBS) SSC ,k , SSC
(140~165°  90°) )
(Bin Omar et al, 2009)( 1), 0~80° , 0°
/" (analog and digital, AD) 100~170° 10* (Zhang et al, 2002)
(nephelometric turbidity unit, (0° )
NTU)(ISO, 2016) ( ) > )
AD NTU),
AD NTU  SSC
, SSC (Haimann et al,



22

Vol. 41, No. 4/ Jul.,, 2022

1.1.2 #RE545E98
OBS

SSC (Rasmussen et

al, 2009; Uhrich et al, 2014) OBS ,

SSC 20g-L'(Felix et al, 2012; Shao

et al, 2017), (Gentile et al, 2010; Wang et al,
2020a) SSC , /

SSC

SSC ,
(Downing, 2006;
Shao et al, 2017; Wang et al, 2020a)

>

>

OBS 1~500um
200  (Downing, 2006) s
SSC
70%(Navratil et al, 2011)
, OBS
Landers (2013)
16pum ; Merten
(2014) OBS
SSC
(Druine et al, 2018)
Druine (2018) 90°
140° , Merten  (2014) 90°
180°, Campbell ( )
140°
(Campbell, 2018)
SSC
( , 2006; Landers et al, 2013;

, 2018); ,

Su  (2016)

SSC
1.2
Ritchie (1976) 700~800nm
SSC ,
MODIS Landsat SPOT Sea WiFS
Sentinel  GF-1/4/5 s
SSC

( Fraser, 1998; Dekker et al, 2001; Doxaran
et al, 2009; Wang et al, 2009; Teng et al, 2021),
SSC ,
(Dekker et al,

2001; Doxaran et al, 2009; Wang et al, 2009; Teng et
al, 2021) SSC

>

(Giardino et al, 2007; Sipelgas et al, 2009;
Binding et al, 2012), ,

(Binding
et al, 2012; Wang et al, 2020b),
( , 2012; Wu et al, 2013; Wang et al,
2020b);
, SSC

E E

(Fraser, 1998; Dekker et al, 2001),

>

(Loisel et al, 2014; Shen

et al, 2014), (Dogliotti
et al, 2015),
(Shen et al, 2014; Chen et al, 2015;
Giardino et al, 2015), SSC
(Wang et al, 2020b)
SSC

(Bowers et al, 2006; Pavelsky et al, 2009; Long et al,
2013), SSC

(Long et al, 2013) ,



23

, S
SSC k= Jao )
, (3) (4) (5) (SSC)
SSC , SSC 50mg-L™", (Vi)
1% (Wren et al, 2000), s (K)
SSC , >
, (3) 4) SSC
2 (K) )
2.1 (Thorne et al, 2007) 3
(1) (Hanes, 2016)
) (Wilson et al, 2015)
(acoustic backscatter, ABS) ,
(2)
, (
(Thorne et al, 1993) R Vi) ™)
(SSC) ( Lambert—Beer (
Vin) (Thorne et al, , 1990):
2014), Vo =y e ©)
SSC = (%} V2 (o, +a,) 3) P Vmo ( )
' Y Y (c)
; r > R (SSC) (6)
, V. =aetSSC 7)
> O ’ a b
;O
s K ’
(7)
() ssc (
: 500~800g-L ") ( ,2012)
o = [ (& +¢,)SSCo)r )
gy ;4 . (@)
n S
, s (i)
(Landers, 2010) o, = fo(i)as([) ()
> 4) (6) (8) , n+l
(Moore et al, 2012; Sahin et al, ,
2013) n SSC, Sympatec
(K) ( )  OPUS
, 0)) ( , 2009; Sympatec,
(ao) 2021)



24

Vol. 41, No. 4/ Jul.,, 2022

2.2
, SSC
, SSC
CMT , Aquatec
( ) AQUAscat 1000 ,
, (1999)
ADCP(acoustic doppler current profiler)
SSC ,
OBS ; Ha  (2011) ,
ADCP SSC
Fugate  (2002)
6MHz ADV
SSC , SSC
«C )
SSC ,
(Moate et al, 2012),
( , 2018),
(Ha et al, 2011)
6MHz 100~300pm
(Fugate et al, 2002), 8MHz

30~400pum (Manaster et al, 2020) Siadatmousavi

(2013) , 1.5MHz
, SSC

) SSC

l6épm

B

(Guerrero et al, 2011) ,

(LISST-SL)(Guerrero et al, 2014),

(Guerrero
etal, 2011)
, ( ,
2012) ,
, SSC
800g-L™" ,
OPUS SSC

3
3.1
e WA WREER  wmw
\ |
\ \/_\ L J
FT T T =
= e smiEA T
_—11 1] l
| e
2 ( ,2018)

Fig. 2 Schematic of tune sensor (Li et al, 2018)

SSC ,
SSC ,

SsC ( 2X , 2018);

(Hsu et al, 2008; Zhang et al, 2020)

Stema Rheotune
(Werner, 2012) Emerson FDM
(Emerson, 2021)
AEX-3 (
, 2020) SSC

E

(Werner, 2012), SSC

(FDM Rheotune
lkg'm™),
SSC (McAnally et
al, 2007)
3.2
SSC
SSC  10kgm™ ,
(Rai et al, 2015) Hsu (2010)
SSC JI-Ji
SSC 3,
Calhoun (2001)
SSC

(Gray et al, 2009),



25

(Gray et al, 2010)

TR T

OBS5+(Campbell,
ATU75W2(JFE-Advantech, 2017)
TSS(HACH, 2018)

SSC
OBS

R Campbell

2021) JFE

~ , SSC 5
AD ,
3 SSC (Hsu et al, 2010) SSC
Fig. 3 Schematic of differential pressure densimeter (Hsu
et al, 2010) (Downing, 2006; Fettweis et al,
2019)
33 Y SSC ,
v (NTU) ,
SSC NTU-SSC
( , 2015; , 2020)
; S$SC ( , SSC
, 2016) SSC ’ SSC
20kg'm™ CMT .y 3
, 30pum
(Rai et al, 2015) 30~500pm
4 ;
(1) , Sequoia ( )
SSC LISST-AOBS
S8C (Sequoia Scientific, 2021);
Sequoia ) LISST
/ ; ( . 2019);
s (micro electromechanical ’ ’ Mie
system, MEMS) , Vishay( ) Ti( ) ,
Maxim( ) «C ) ( ) ,
AD IC SsC (Kostadinov et al,
) 2009),
s (Kostadinov et al, 2009, ,
SSC , 2015) , TAOS( ) Maxim( )
Argus ( ) ASM- AMS( ) ( )
( , 2015) 1.1.2 , IC( TCS3200
, MAX30102 AS7341 CI2666MA ),
, SSC )

)

SSC



26

Vol. 41, No. 4/ Jul.,, 2022

SSC

) SSC

SSC

( ;
1990), Ssc

, /SSC
(Hsu et al, 2008;

, 2018; Zhang et al, 2020),
/

(Thorne et al, 2014), SSC
Stema( ) Rheotune
) (McAnally et al,
SSC , 2007) s /SSC
s , (McAnally et al, 2007),
Fugate (2002) >
(Fugate et al, 2002);
Ha (2011) R TE( ) FPS2800B12C4 ,
(Ha et al, 2011) , ,
SSC [ 1mm, 70mA@12VDC(TE
( , 2019), Connectivity, 2015), Stema Rheotune
, 20%, 98%(Stema
( , 2018), Systems, 2016) /SSC
, SSC )
, “4)
(Thorne et al, 2014),
SSC
SSC (Vergne et al, 2021)
3) , SSC
CMT (Ying et al,
Y 2020),
3 SSC
Y >
References
R R , o, 2012. LIQIAO, et al, 2012. Partitioning of the suspended particulate
[J7. , 32(3): spectral  scattering  coefficient in Poyang Lake[J].

729-733. CHEN LIQIONG, CHEN XIAOLING, TIAN

Spectroscopy and Spectral Analysis, 32(3): 729-733 (in



27

Chinese with English abstract).

, 2018.

1. ( ), 52(2):
307-316. CHEN XINGYU, HUANG SHANHE, HE
HAOZHE, 2018. Measurement error due to frequency

s s

selection in  multi-frequency  suspended  sediment
measurement system[J]. Journal of Zhejiang University
(Engineering Science), 52(2): 307-316 (in Chinese with
English abstract).

, , 1990. .

, (2): 1-12. FANG YANJUN, TANG MAOGUAN, 1990.
Ultrasonic attenuation method for measuring sediment
concentration[J]. Journal of Sediment Research, (2): 1-12 (in
Chinese with English abstract).

,2020[2020-01-13]. Aex
[EB/OL]. http://www.hhsw.cn/ArticleShow.asp?

ArticleID=113.

, , 2018.
0. , (12): 222-223 (in Chinese).
, , , . 2018.
. , 38(1): 53-57. LIN ZHENZHEN, CHEN

YUNZHEN, YANG RIKUI, et al, 2018. Study on correlation
of suspended sediment concentration[J]. Journal of China
Hydrology, 38(1): 53—57 (in Chinese with English abstract).
, s , , 2006. OBS
[3]. , (5): 52-58. LIU HONG, HE QING,
WANG YUANYE, et al, 2006. OBS situ calibration research
in the turbidity maximum of the Changjiang Estuary, China[J].
Journal of Sediment Research, (5): 52-58 (in Chinese with
English abstract).
, , , ,2009. Opus 1.
, (2): 1-7. NIU ZHAN, JI JUNFENG, HE
RUILI, et al, 2009. Discussion on OPUS principle structure
and measurement operation[J]. Automation in Water
Resources and Hydrology, (2): 1-7 (in Chinese with English
abstract).
, 2019. [D]. :
QIAN RENLIANG, 2019. Research on
multi-frequency  acoustic measurement of suspended
sediment[D]. Hangzhou: Zhejiang University (in Chinese with
English abstract).

5 s , , 2012. Opus
[C)/ —2012
:471-477 (in Chinese).
> ) , 1999.  ADCP
1. , 30(6): 758-763. WANG

YAPING, GAO SHU, LI KUNYE, 1999. A preliminary study
on suspended sediment concentration measurements using an
ADCP mounted on a moving vessel[J]. Oceanologia et
Limnologia Sinica, 30(6): 758-763 (in Chinese with English
abstract).

, 2015. ASM

[J1. , (6): 46-51. XING
CHAOFENG, HE QING, GUO LEICHENG, et al, 2015.

s s 5

Application of ASM at the bottom observation of suspended
sediment concentration[J]. Journal of Sediment Research, (6):
46-51 (in Chinese with English abstract).
) ) , , 2015.
U1 ( ), 40(2):
164-169. YANG XIGUANG, HUANG HAIJUN, YAN
LIWEN, et al, 2015. Average grain size inversion of
suspended sediment in offshore waters[J]. Geomatics and
Information Science of Wuhan University, 40(2): 164—169 (in
Chinese with English abstract).
, , , , 2019.
[J]. , 44(5): 21-26. ZHANG
WENXIANG, HUANG YUANGUANG, CHENG WUFENG,
et al, 2019. Experimental study on high concentration suspend
sediment calibration[J]. Journal of Sediment Research, 44(5):
21-26 (in Chinese with English abstract).
,2016. GB/T 50159-2015
[S]. .
Ministry of Housing and Urban-Rural Development of the
People’s Republic of China, 2016. GB/T 50159-2015 Code
for measurements of suspended sediment in open channels[S].
Beijing: China Planning Press (in Chinese with English
abstract).
, 2020. ASM-
(1. ,
39(2): 221-228. ZHOU XIAOYAN, DAI ZHIJUN, PANG
WENHONG, et al, 2020. Application study of ASM-

instrument at the near-bed suspended sediment concentration

s s s

measurement in estuary[J]. Journal of Applied Oceanography,
39(2): 221-228 (in Chinese with English abstract).

BINDING C E, GREENBERG T A, BUKATA R P, 2012. An
analysis of MODIS-derived algal and mineral turbidity in
Lake Erie[J]. Journal of Great Lakes Research, 38(1):
107-116.

BIN OMAR A F, BIN MATJAFRI M Z, 2009. Turbidimeter design
and analysis: a review on optical fiber sensors for the
measurement of water turbidity[J]. Sensors, 9(10):
8311-8335.

BOWERS D G, BINDING C E, 2006. The optical properties of
mineral suspended particles: A review and synthesis[J].
Estuarine, Coastal and Shelf Science, 67(1-2): 219-230.

CALHOUN D L, RASMUSSEN T C, 2001. Densimetric
monitoring of  suspended-sediment concentrations,
northeastern Georgia[C]//Proceedings of the seventh federal
interagency sedimentation conference. Reno, Nevada, USA:
11186-11193.

CAMPBELL, 2018[2018-05-09]. OBS-3A system operator's
manual[EB/OL].
manuals/obs-3a_man.pdf.

CAMPBELL, 2021[2021-09-25]. OBS-5+ system operator's
manual[EB/OL].
manuals/obs-5+.pdf.

CHEN JUN, QUAN WENTING, CUI TINGWEI, et al, 2015.

Estimation of total suspended matter concentration from

https://s.campbellsci.com/documents/ca/

https://s.campbellsci.com/documents/us/



28

Vol. 41, No. 4/ Jul, 2022

MODIS data using a neural network model in the China
eastern coastal zone[J]. Estuarine, Coastal and Shelf Science,
155:104-113.

DEKKER A G, VOS R J, PETERS S W M, 2001. Comparison of
remote sensing data, model results and in situ data for total
suspended matter (TSM) in the southern Frisian lakes[J].
Science of the Total Environment, 268(1-3): 197-214.

DOGLIOTTI, A I, RUDDICK, K G, NECHAD, B, et al, 2015. A
single algorithm to retrieve turbidity from remotely-sensed
data in all coastal and estuarine waters[J]. Remote sensing of
environment, 156, 157-168.

DOWNING J, 2006. Twenty-five years with OBS sensors: The
good, the bad, and the ugly[J]. Continental Shelf Research,
26(17-18): 2299-2318.

DOXARAN D, FROIDEFOND J M, CASTAING P, et al, 2009.
Dynamics of the turbidity maximum zone in a macrotidal
estuary (the Gironde, France): Observations from field and
MODIS satellite data[J]. Estuarine, Coastal and Shelf Science,
81(3): 321-332.

DRUINE F, VERNEY R, DELOFFRE J, et al, 2018. In situ high
frequency long term measurements of suspended sediment
concentration in turbid estuarine system (Seine Estuary,
France): Optical turbidity sensors response to suspended
sediment characteristics[J]. Marine Geology, 400: 24-37.

EMERSON, 2021[2021-12-01]. Micro Motion FDM Fork Density
and Concentration Meters[EB/OL]. https://www.emerson.
com/documents/automation/brochure-density-concentration-m
eters-micro-motion-en-64220.pdf.

FELIX D, ALBAYRAK I, ABGOTTSPON A, et al, 2012.
Suspended  sediment and  Pelton  turbine  wear
monitoring[C]//Experimental investigation of various optical
and acoustic devices and begin of the case study Fieschertal.
Wien, Austria: 483-494.

FELIX D, ALBAYRAK I, BOES R M, 2016. Continuous
measurement of suspended sediment concentration:
Discussion of four techniques[J]. Measurement, 89: 44—47.

FETTWEIS M, RIETHMULLER R, VERNEY R, et al, 2019.
Uncertainties associated with in situ high-frequency long-term
observations of suspended particulate matter concentration
using optical and acoustic
Oceanography, 178: 102162.

FRASER R N, 1998. Multispectral remote sensing of turbidity
among Nebraska Sand Hills lakes[J]. International Journal of
Remote Sensing, 19(15): 3011-3016.

FUGATE D C, FRIEDRICHS C T, 2002. Determining
concentration and fall velocity of estuarine particle
populations using ADV, OBS and LISST[J]. Continental Shelf
Research, 22(11-13): 1867—-1886.

GENTILE F, BISANTINO T, CORBINO R, et al, 2010.

Monitoring and analysis of suspended sediment transport

sensors[J]. Progress in

dynamics in the Carapelle torrent (Southern Italy)[J].
CATENA, 80(1): 1-8.
GIARDINO C, BRANDO V E, DEKKER A G, et al, 2007.

Assessment of water quality in Lake Garda (Italy) using

Hyperion[J]. Remote Sensing of Environment, 109(2):
183-195.

GIARDINO C, BRESCIANI M, VALENTINI E, et al, 2015.
Airborne hyperspectral data to assess suspended particulate
matter and aquatic vegetation in a shallow and turbid lake[J].
Remote Sensing of Environment, 157: 48-57.

GRAY J R, GARTNER J W, 2009. Technological advances in
suspended-sediment surrogate monitoring[J]. Water Resources
Research, 45(4): W00D29.

GRAY J R, GARTNER J W, 2010. Overview of selected surrogate
technologies for high-temporal resolution suspended-sediment
monitoring[C]//Proceedings of the joint federal interagency
conference 2010: Hydrology and sedimentation for a changing
future: Existing and emerging issues. Las Vegas, Nevada,
USA.

GUERRERO M, RUTHER N, ARCHETTI R, 2014. Comparison
under controlled conditions between multi-frequency ADCPs
and LISST-SL for investigating suspended sand in rivers[J].
Flow Measurement and Instrumentation, 37: 73-82.

GUERRERO M, SZUPIANY R N, AMSLER M, 2011.
Comparison of acoustic backscattering techniques for
suspended sediments investigation[J]. Flow Measurement and
Instrumentation, 22(5): 392-401.

HA H K, MAA J P Y, PARK K, et al, 2011. Estimation of
high-resolution sediment concentration profiles in bottom
boundary layer using pulse-coherent acoustic Doppler current
profilers[J]. Marine Geology, 279(1-4): 199-209.

HACH, 2018[2021-09-25]. TSS SC wuser manual[EB/OL].
https://www.hach.com/asset-get.download.jsa?id=763998298
3.

HAIMANN M, LIEDERMANN M, LALK P, et al, 2014. An
integrated suspended sediment transport monitoring and
analysis concept[J]. International Journal of Sediment
Research, 29(2): 135-148.

HANES D M, 2016. Acoustic attenuation due to bi-modal size
distributions of suspended sediment[J]. Journal of Coastal
Research, 75: 23-27.

HSU Y S, CAI JUNFENG, 2010. Densimetric monitoring
technique for suspended-sediment concentrations[J]. Journal
of Hydraulic Engineering, 136(1): 67-73.

HSU Y S, HWANG Y F, HUANG J H, 2008. An exploratory study
of using external fluid loading on a vibrating tube for
measuring suspended sediment concentration in water[J].
Journal of Physics D: Applied Physics, 41(16): 165504.

ISO, 2016. ISO 7027-1:2016 Water quality — Determination of
turbidity — Part 1: Quantitative methods[S].
Switzerland.

JFE-ADVANTECH, 2017[2021-09-25]. INFINITY-Turbi ATU75
W2-USB/CAR/CAD data sheet [EB/OL]. https://www.jfe-
advantech.co.jp/eng/assets/img/products/ocean-infinity/INFIN
ITY-Turbi(E) 201704.pdf.

KOSTADINOV T S, SIEGEL D A, MARITORENA S, 2009.

Retrieval of the particle size distribution from satellite ocean

Geneva,

color observations[J]. Journal of Geophysical Research:



29

Oceans, 114(C9): C09015.

LANDERS M N, 2010. Review of methods to estimate fluvial
suspended sediment characteristics from acoustic surrogate
metrics[C]//Proceedings of the 2nd joint federal interagency
conference. Las Vegas, Nevada, USA: 1-2.

LANDERS M N, STURM T W, 2013. Hysteresis in suspended
sediment to turbidity relations due to changing particle size
distributions[J]. ~ Water Research,  49(9):
5487-5500.

LOISEL, H, MANGIN, A, VANTREPOTTE, V, et al, 2014.

Variability of suspended particulate matter concentration in

Resources

coastal waters under the Mekong's influence from ocean color
(MERIS) remote sensing over the last decade[J]. Remote
Sensing of Environment, 150, 218-230.

LONG C M, PAVELSKY T M, 2013. Remote sensing of
suspended  sediment concentration and  hydrologic
connectivity in a complex wetland environment[J]. Remote
Sensing of Environment, 129: 197-209.

MANASTER A E, STRAUB T D, WOOD M S, et al, 2020. Field
evaluation of the Sequoia Scientific LISST-ABS acoustic

backscatter sediment sensor[R]. Open-File Report 2020—-1096.

MCANALLY W H, TEETER A, SCHOELLHAMER D, et al, 2007.

Management of fluid mud in estuaries, bays, and lakes.
measurement, modeling, and management[J]. Journal of
Hydraulic Engineering, 133(1): 23-38.

MERTEN G H, CAPEL P D, MINELLA J P G, 2014. Effects of
suspended sediment concentration and grain size on three
optical turbidity sensors[J]. Journal of Soils and Sediments,
14(7): 1235-1241.

MOATE B D, THORNE P D, 2012. Interpreting acoustic
backscatter from suspended sediments of different and mixed
mineralogical composition[J]. Continental Shelf Research, 46:
67-82.

MOORE S A, LE COZ J, HURTHER D, et al, 2012. On the
application of horizontal ADCPs to suspended sediment
transport surveys in rivers[J]. Continental Shelf Research, 46:
50-63.

NAVRATIL O, ESTEVES M, LEGOUT C, et al, 2011. Global
uncertainty analysis of suspended sediment monitoring using
turbidimeter in a small mountainous river catchment[J].
Journal of Hydrology, 398(3—4): 246-259.

OCHIAI S, KASHIWAYA K, 2010. Measurement of suspended
sediment for model experiments using general-purpose optical
sensors[J]. CATENA, 83(1): 1-6.

PAVELSKY T M, SMITH L C, 2009. Remote sensing of
suspended sediment concentration, flow velocity, and lake
recharge in the Peace-Athabasca Delta, Canada[J]. Water
Resources Research, 45(11): W11417.

RAI A K, KUMAR A, 2015. Continuous measurement of
suspended sediment concentration: Technological
advancement and future outlook[J]. Measurement, 76:
209-227.

RASMUSSEN P P, JOHN G R, GLYSSON G D, et al, 2009.

Guidelines and procedures for computing time-series

suspended-sediment concentrations and loads from in-stream
turbidity-sensor and streamflow data[R]. Rolla, USA: U.S.
Geological Survey.

RITCHIE J C, SCHIEBE F R, MCHENRY J R, 1976. Remote
sensing of suspended sediments in surface waters[J].
Photogrammetric Engineering and Remote Sensing, 42(12):
1539-1545.

SAHIN C, SAFAK I, HSU T J, et al, 2013. Observations of
suspended sediment stratification from acoustic backscatter in
muddy environments[J]. Marine Geology, 336: 24-32.

SEQUOIA  SCIENTIFIC, 2021[2021-12-01]. LISST-AOBS
Super-Turbidity Sensor[EB/OL]. https://www.sequoiasci.com/
product/lisst-aobs/.

SHAO YUYANG, MAA J P Y, 2017. Comparisons of different
instruments for measuring suspended cohesive sediment
concentrations[J]. Water, 9(12): 968.

SHEN, FANG, ZHOU, YUNXUAN, PENG, XIANGY], et al, 2014.
Satellite multi-sensor mapping of suspended particulate matter
in turbid estuarine and coastal ocean, China. International
Journal of Remote Sensing, 35(11-12), 4173-4192.

SIADATMOUSAVI S M, JOSE F, CHEN QIN, et al, 2013.
Comparison between optical and acoustical estimation of
suspended sediment concentration: Field study from a muddy
coast[J]. Ocean Engineering, 72: 11-24.

SIPELGAS L, OSSIPOVA V, RAUDSEPP U, et al, 2009. A
bio-optical model for the calculation of suspended matter
concentration from MODIS data in the Pakri Bay, the Gulf of
Finland[J]. Boreal Environment Research, 14: 415-426.

STEMA SYSTEMS, 2016[2021-12-01]. RheoTune Specifications:
Density and yield stress measurement[EB/OL]. https://stema-
systems.nl/wp-content/uploads/2016/03/Rheotune-2017.pdf.

SU MIN, YAO PENG, WANG ZHENGBING, et al, 2016.
Conversion of electro-optical signals to sediment
concentration in a silt-sand suspension environment[J].
Coastal Engineering, 114: 284-294.

SUTHERLAND T F, LANE P M, AMOS C L, et al, 2000. The
calibration of optical backscatter sensors for suspended
sediment of varying darkness levels[J]. Marine Geology,
162(2—4): 587-597.

SYMPATEC, 2021[2021-12-01]. OPUS: Real-time particle size
and concentration analysis in process environments from
below 0.1lpm to 3,000um [EB/OL]. https://www.sympatec.
com/en/particle-measurement/sensors/ultrasonic-extinction/
opus/.

TE CONNECTIVITY, 2015[2021-10-16]. FPS2800B12C4 fluid
property sensor data sheet{EB/OL]. https:/www.te.com/
content/dam/te-com/documents/sensors/global/FPC012_M_F
PS2800B12C4%20Data%20Sheet.pdf.

TENG LIZHI, CHENG HEQIN, DE SWART H E, et al, 2021. On
the mechanism behind the shift of the turbidity maximum
zone in response to reclamations in the Yangtze (Changjiang)
Estuary, China[J]. Marine Geology, 440: 106569.

THORNE P D, AGRAWAL Y C, CACCHIONE D A, 2007. A

comparison of near-bed acoustic backscatter and laser



30

Vol. 41, No. 4/ Jul, 2022

diffraction measurements of suspended sediments[J]. IEEE
Journal of Oceanic Engineering, 32(1): 225-235.

THORNE P D, HARDCASTLE P J, SOULSBY R L, 1993.
Analysis of acoustic measurements of suspended
sediments[J]. Journal of Geophysical Research: Oceans,
98(C1): 899-910.

THORNE P D, HURTHER D, 2014. An overview on the use of
backscattered sound for measuring suspended particle size
and concentration profiles in non-cohesive inorganic
sediment transport studies[J]. Continental Shelf Research,
73: 97-118.

UHRICH M A, KOLASINAC J, BOOTH P L, et al, 2014.
Correlations of turbidity to suspended-sediment concentration
in the Toutle River Basin, near Mount St. Helens, Washington,
2010-11[R]. Reston, VA: U.S. Geological Survey.

VAN DE HULST H C, 1981. Light scattering by small
particles[M]. New York: Dover Publications: 496.

VERGNE A, BERNI C, LE COZ J, et al, 2021. Acoustic
backscatter and attenuation due to river fine sediments:
Experimental evaluation of models and inversion methods[J].
Water Resources Research, 57(9): €2021WR029589.

WANG CHONGYANG, WANG DANNI, YANG JI, et al,
2020b. Suspended sediment within estuaries and along
coasts: A review of spatial and temporal variations based
on remote sensing[J]. Journal of Coastal Research, 36(6):
1323-1331.

WANG FAN, ZHOU BIN, XU JIANMING, et al, 2009.
Application of neural network and MODIS 250m imagery for
estimating suspended sediments concentration in Hangzhou
Bay, China[J]. Environmental Geology, 56(6): 1093—1101.

WANG YUNWEI, PENG YUN, DU ZHIYUN, et al, 2020a.
Calibrations of suspended sediment concentrations in
high-turbidity waters using different in situ optical
instruments[J]. Water, 12(11): 3296.

WERNER C, 2012. Application of high resolution acoustics for

of  fluid
sediments[C]// Hydro12 - Taking care of the sea. Rotterdam,
Netherland: 269.

WILSON G W, HAY A E, 2015. Acoustic backscatter inversion for

suspended sediment concentration and size: A new approach

determination of the physical properties

using statistical inverse theory[J]. Continental Shelf Research,
106: 130-139.

WREN D G, BARKDOLL B D, KUHNLE R A, et al, 2000. Field
techniques for suspended-sediment measurement[J]. Journal
of Hydraulic Engineering, 126(2): 97-104.

WU GUOFENG, CUI LIJUAN, DUAN HONGTAO, et al, 2013.
An approach for developing Landsat-5 TM-based retrieval
models of suspended particulate matter concentration with the
assistance of MODIS[J]. ISPRS Journal of Photogrammetry
and Remote Sensing, 85: 84-92.

YING JIANYUN, LIANG KEWEIL, WU QINGSONG, et al, 2020.
Calculation of suspended sediment concentration based on
deep learning and OBS turbidity[J]. Journal of Coastal
Research, 115(S1): 627-630.

ZHANG MI, CHEN DEHUA, HE XIAO, et al, 2020. A
hydrodynamic model for measuring fluid density and
viscosity by using quartz tuning forks[J]. Sensors, 20(1): 198.

ZHANG XIAODONG, LEWIS M, LEE M, et al, 2002. The
volume scattering function of natural bubble populations[J].
Limnology and Oceanography, 47(5): 1273—-1282.





