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Abstract: Due to the implementation of many regulation projects in the upper Yangtze River, the vessel transit capacity has been improved visibly. An increasing trend of ships tonnage results in increases of the traffic flow and underwater noise density in the upper Yangtze River, which subsequently have significant influence on the habitat of many aquatic animals, especially for the endemic fish in this region. Thus, it is crucial to accurately assess the ship underwater noise conditions for the ecological protection in the upper Yangtze River. In this study, the underwater noise from different types of ships under the normal operating conditions in the Chaotianmen-Fuling section has been monitored using the underwater noise tracking and monitoring system. Results indicate that the frequency of underwater radiation noise from ships is concentrated in the range of 200Hz~1300Hz, and the sound pressure level (SPL) is distributed in the range of 148.50dB~172.86dB, and the energy of underwater noise from ships is concentrated on the low frequency part. The SPL of underwater noise from ships in the upper Yangtze River is positively correlated with the ship tonnage, while the ship speed has a slight influence on the SPL of underwater noise. The research results can provide theoretical support for the subsequent research on the underwater noise distribution in such waterways as well as the ecological route selection.
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Introduction 
The Yangtze River waterway is a major transport artery connecting the east, middle and west regions of China, and plays an important role in promoting rapid regional economic development [1]. The rapid development of water transport in the upper Yangtze River, the increase passage capacity of the waterway after the Three Gorges impoundment, and the development of ships toward massification [2] and standardization [3], as well as the increasing underwater radiation noise from ships, have adversely affected the aquatic habitats.
The frequency of underwater radiated noise from vessels in the inland waterway is mainly concentrated in the low frequency band (200Hz~1300Hz), which can interfere with the normal growth, development and reproduction of water organisms and reproduction to a certain extent [4]. Numerous studies have shown that noise with high sound pressure levels can cause temporary hearing threshold shifts in fish [5], damage to sensory epithelial cells in the inner ear [6], permanent hearing damage [7] and endocrine imbalance response in fish [8], etc. Underwater radiation noise from ships can affect the hearing of Yangtze finless porpoise (Neophocaena asiaeorientalis), and the feeding and growth rate of grass carp (Ctenopharyngodon idella) will be reduced [9].
Most of the current research on underwater radiated noise from ships is focused on the marine environment, and few studies related to radiated noise from ships in inland waterways have been conducted. In this study, the navigation noise of two common ship types in the upper Yangtze River was collected and quantified, aiming to reveal the characteristics of underwater noise from ships, with a view to providing theoretical support for the planning and construction of ecological waterways in the upper Yangtze River.

Methodology
Monitoring equipment
The monitoring system of this experiment consists of RHS-30 hydrophone, data acquisition instrument, computer, cable, power supply and other monitoring equipment. The experimental equipment and field assembly diagram are shown in Figure 1. Among them, the hydrophone has an operating frequency range of 20Hz~50kHz and a linear frequency range of 20Hz~20kHz, which can cover the underwater radiation noise measurement band of most ships in the upper reaches of the Yangtze River. Its low-frequency receiving sensitivity response is flat -193dB (without pre-amplification), and the fluctuation range within the frequency band is ±1.5dB, and the maximum use depth is 500m. The ship underwater radiation noise monitoring equipment and system assembly is shown in Figure 1 below.

[image: ]

Figure 1 Schematic diagram of the noise monitoring equipment and system assembly

Monitoring scheme
Comprehensive practical measurement conditions, the present ship underwater radiation noise monitoring experiment was conducted by hydrophone measurement method with reference to ISO standard[10]. The radiation noise of bulk carriers and container ships of different tonnages and speeds were measured in the Fuling-Fengdu section of the upper Yangtze River channel from December 2020 to February 2021. The measurement locations are shown in Figure 2, and the latitude and longitude coordinates are shown in Table 1.

[image: 船舶噪声测量地点3]

Figure 2. Schematic diagram of ship noise monitoring sites

Table 1. Latitude and longitude coordinates of ship noise monitoring sites

	Monitoring Site
	Longitude
	Latitude

	Yangtze River Cruise Wharf
	106.602
	29.612

	Na Xi Gou Wharf
	106.641
	29.585

	Wang Jiang Wharf
	106.678
	29.566



During the radiation noise measurement period, the Automatic Identification System (AIS) data showed that there was no interference from other vessels within one nautical mile around the submerged mark, and the measurement river area had good conditions for underwater radiation noise measurement from vessels. The current velocity during the measurement period is small compared with the ship's travel speed, and the effect on the measurement data can be ignored. The hydrophone is deployed at 7-10m after the ship's propeller, and the deployment method is shown in Figure 3.

[image: 监测示意图1]

Figure 3. Monitoring instruments and equipment deployment method

Analysis method
Measurements were made to obtain multiple sets of noise voltage data form ships of different tonnages and different travel speeds, the tracking monitoring device and the ship to maintain a certain distance, the underwater radiated noise of the ship monitored under constant ship navigation conditions remains unchanged. 0.2s of the monitoring noise signal is intercepted for analysis, which need to be converted into sound pressure levels.
(1) Noise reduction: The ship underwater radiation noise is mainly concentrated in the low frequency part, so a low-pass filter is used to reduce the background sound to ensure the accuracy and reliability of the experimental results.
(2) Fast fourier transform: Transforms the signal from the time domain to the frequency domain, thus determining the main distribution interval of the underwater radiated noise frequencies of the ship.
(3) Sound pressure level conversion: The voltage signal output from the hydrophone is converted into sound pressure level data, and the calculation formula is shown below:


	(1)

where SPL is the sound pressure level (dB); U is the voltage signal output from the hydrophone (V); M is the sensitivity of the hydrophone (-193dB).

Frequency and sound pressure level range of different ship types
Based on the above-mentioned deployment of monitoring system, noise data were collected from ships randomly passing through the underwater radiation noise monitoring point of ships in the upper reaches of Yangtze River from Chaotianmen to Fuling. Focus on recording different radiation signals of bulk carriers, passenger ships, container ships and speedboats passing through the monitoring point, the four monitoring objects are shown in Figure 4 below, and the detailed parameters of the four monitoring vessels are shown in Table 2 below.

[image: ]

Figure 4. Schematic diagram of the vessel type selected for on-site monitoring

Table 2. Specific parameter values for monitoring vessels

	Ship type
	Length of ship (m)
	Boat width (m)
	Full draught
	Total tonnage (t)
	Horsepower (PS)

	Bulk carrier
	73.8
	16.8
	4.25
	2780
	1197

	Passenger ship
	69.3
	16.4
	2.4
	2677
	1297

	Container ship
	89.8
	14.6
	4.8
	3759
	1917

	Speed boat
	112
	15.8
	3.0
	2720
	1317


[image: ][image: ]
(a) Bulk carrier 				(b) Passenger ship
[image: ][image: ]
(b) Container ship				(d) Speed boat

Figure 5. Time domain, frequency domain and sound pressure level of underwater radiated noise of four ship types: bulk carrier, passenger ship, container ship, speed boat

The above analysis method of sound pressure level and frequency domain was used to analyze the monitoring data of different ship types, and the results are shown in the Fig.5. The underwater radiation noise characteristics of ships do not vary much, the underwater radiation noise frequency is mainly concentrated in the range of 200Hz~1300Hz, the sound pressure level is distributed in the range of 148.50dB~172.86dB, and the energy of underwater radiation noise is concentrated in the middle and low frequency part.

Analysis of underwater noise from ships with different speeds
Take the container ship with a tonnage of 3759t as an example, the underwater radiated noise of the same vessel was monitored during the downstream travel at 6km/h, 8km/h, 10km/h and 13km/h under four different sails. The frequency distribution, sound pressure level and energy distribution of underwater radiation noise of the container ship are analyzed by the field monitoring data, and the analysis results are shown in the following figure.

[image: ][image: ]
(a) 6Km/h					(b) 8Km/h
[image: ][image: ]
(c) 10Km/h					(d) 13Km/h

Figure 6. Container ship underwater radiation noise monitoring raw data, frequency distribution, sound pressure level and energy distribution

The frequency of underwater radiation noise of container ship is mainly distributed in the range of 500-1200Hz, and the energy of underwater radiation noise of container ship is concentrated in the low frequency part below 1kHz. The frequency band above 1 kHz contains less energy, and shows a trend that the higher the frequency, the less energy it contains. The average value of sound pressure level of container ship with four different speeds at the same tonnage are shown in the figure below. The SPL of underwater noise from container ship has a minor increase from 148.5 dB to 153.35dB as the ship speed increases from 6km/h to 13km/h. For the container ship, the ship speed has a slight influence on the SPL of underwater noise.

[image: ]

Figure 7. The relationship between the average sound pressure level of underwater radiated noise of ships and the speed of ships

Analysis of underwater noise from ships with different tonnages
In order to study the characteristics of underwater radiation noise source of different tonnage ships, during the downstream movement of this ship, four different bulk carriers of 2780t, 3279t, 4331t and 6217t tonnages were monitored underwater radiation noise at the speed of 8 Km/h. The frequency distribution, sound pressure level and energy distribution of underwater radiation noise of different tonnage bulk carriers were analyzed by the field monitoring data, and the analysis results are shown in the following figure.

[image: ][image: ]
(a) 2780t					(b) 3279t
[image: ][image: ]
(c) 4331t					(d) 6217t

Figure 8. Raw data, frequency distribution, sound pressure level and energy distribution of underwater radiated noise monitoring of bulk carriers

The frequency of underwater radiation noise of bulk carrier is mainly distributed in the range of 200-700Hz, and the energy of underwater radiation noise of bulk carrier is concentrated in the low frequency part below 1kHz. The frequency band above 1 kHz contains less energy, and shows a trend that the higher the frequency, the less energy it contains. The average value of sound pressure level of bulk carriers with four different tonnages at the speed of are shown in the figure below. As the tonnages of ship increases from 2780t to 6217t, the SPL of ship noise increases from 150.85dB to 172.86dB. The SPL of underwater noise from ships is positively correlated with their tonnages.

[image: ]

Figure 9. The relationship between the average sound pressure level of underwater radiated noise of ships and the tonnage of ships

Conclusion
In this study, the acoustic source characteristics of the underwater noise from ships in the upper Yangtze River have been investigated, including the frequency, the sound pressure level and the energy. Main conclusions are as follows:
(1) The frequency and the sound pressure level of underwater radiated noise from navigation vessels in the upper Yangtze River are mainly distributed in the range of 200-1300Hz and 148.50dB~172.86dB, respectively.
(2) The SPL of underwater noise from ships in the upper Yangtze River is positively correlated with the ship tonnage, while the ship speed has a slight influence on the SPL of underwater noise.
(3) The energy of underwater noise from ships in the upper Yangtze River is mainly concentrated in the low frequency band, especially below 800 Hz; and the higher the sound frequency, the less the energy proportion. 
In the future, the attenuation law of underwater noise from ships and the damage threshold of fish auditory in the upper Yangtze River should be further explored, and the influence area of ships underwater noise on domestic fishes should be determined for a better planning of the vessel’s route. This can provide theoretical and data support for the construction of ecological waterways in the upper Yangtze River.
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