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Abstract— Rain fall is discontinuous in both time and space. The measurement of rainfall is difficult and significant. The analysis of underwater ambient noise signal due to rainfall can be used for the prediction and measurement of rainfall. This paper estimates and analyses the ocean ambient noise spectra to identify the noise band of underwater sound due to rainfall. In this work, spectral estimation of the underwater rain noise is performed using real time ocean ambient noise measurements taken from offshore Chennai. The paper simulates the underwater rain noise spectra in order to identify the two possible sources of underwater noise produced by rainfall as impact sound and pulsations of entrained bubbles. The simulation results show that small raindrops which are present in most types of rain are responsible for a unique 15 kHz sound in the spectra. The spectral interpretation is done depending on the measured rainfall rate from satellite data. It is observed that the sound produced by large raindrops is highly correlated with rainfall rate. The estimated spectrum is analyzed under different rainfall rates and varying wind speed conditions. 
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I.  Introduction 


Rain measurement and study of its impact in ocean ambient noise is a significant task. It has many applications in underwater acoustics. Accurate estimation of rainfall parameters and interpretation of underwater rain noise spectra can be used in calibration and design of various acoustic instruments. The use of acoustic sensors to detect the underwater rain noise is a promising technology in this aspect. With the help of hydrophones used at a specific depth from the ocean surface, it should be possible to get the data measurements. However, the process of field data collection and using them to develop an environmental device for monitoring rain is complicated by all the factors of the real world. In this paper, the spectral interpretation of underwater rain noise using real time ocean ambient noise measurements is discussed. The spectrum analysis is performed with the data collected at two different hydrophone depths of 10m and 15m respectively. The analysis is further extended over varying rainfall conditions.  The role of wind, being one of the greatest contaminants of sound generation across a broad range of frequencies is also considered. Section II briefly explains the need for underwater sound measurement due to rainfall. Section III describes the experimental setup for the live recording of ocean ambient noise using hydrophones. Section IV describes the signal processing part of the experiment. Section V describes the simulation results and the performance analysis.

II. Underwater sound by rainfall

Ocean ambient noise is the prevailing, sustained unwanted background of sound in the ocean. It is the background noise, typical of the location & depth against which a signal such as the sound of a submarine or the echo from a target must be detected. It excludes all forms of self noise such as the noise of the platform on which the measuring system is mounted e.g. ship, buoy etc. Also it excludes all forms of electrical noise. 

Observations indicate that rainfall can be detected using underwater ambient noise even when wind noise is also present because of the distinct spectral shape of the rain noise and the high sensitivity of the sound level at 15 kHz to rainfall rate, even at light rains [1]. In this work, we tried to characterize underwater noise produced by rain, which is helpful for the estimation of rainfall parameters. 

The experiment performed in this paper is focused on the estimation of rainfall parameters using real time ocean ambient noise measurements. The source interpretation of underwater rain noise spectra defines two important theories behind the rain generated noise spectrum. One is the initial impact theory and the other one is the bubble theory [3]. The latter one is assumed to be the source of the noise spectra at light rains whereas the initial impact theory is applicable at large rainfall. For this reason, we analyze the spectra under various rainfall conditions.


With the various mechanisms for noise generation by rain fairly understood from the earlier works, we have performed an extension to the underwater rain noise spectra interpretation in a real time environment in this work.
III. Experimental Setup

Practically, underwater sound signals and noises are recorded in digital format. The measurements are taken with the help of an ambient noise data buoy. Ambient noise data buoy is a system used for continuous measurement of under water noise. It is integrated with the following instruments: 
· Hydrophones
 - 2 Nos.

· Autonomous data acquisition system - 1No.


Hydrophones meet all requirements for application on a data buoy since they posses an omni directional characteristic which helps to retain the output voltage sensitivity as unaffected due to the drops impacting from different incident angles [4]. The items used for data collection in the field are data acquisition module, note book computer, hydrophone and two sets of its accessories, handheld wind meter, hand held GPS,12 Volt 17 AH batteries, mechanical fixtures. Noise generating machineries present in the boat such as engine, generator etc. are switched off before data collection. Other pulse generating sensors like echo sounder if any present in the boat are made inactive before data collection. Boat is anchored before data collection to reduce the drift. Current direction is observed and the hydrophones mounted in the mechanical fixture are deployed opposite to the current direction. For every data collection it is ensured that the mechanical fixture is not loading the cables of the hydrophones. Voltage level of the hydrophones is observed through data acquisition system during the initial stage of the data collection.
         Sound in water is measured using a hydrophone, which is the underwater equivalent of a microphone. The hydrophone is a transducer, listens to the underwater sound. It measures pressure fluctuations, and these are usually converted into sound pressure level, which is a logarithmic measure of the mean square acoustic pressure. In this experiment, the TC4032 reson hydrophone is used both at 10m and at 15m depths. The characteristics of the hydrophone signal are constantly varying electrical voltages with time. The time series voltage values are recorded.
IV. Signal processing and spectral Estimation

For most of the practical applications, where only a finite segment of a signal is available, we cannot obtain a complete description of the adopted signal model. Therefore, we can only compute an approximation or estimation of the spectrum of the adopted signal model. The quality of the estimated spectrum then depends on the following parameters,
· Method of estimation.
· Data values assigned to the unavailable signal samples.
· How exactly the assumed signal model represents the data.

The aim of the spectral estimation of noise is to get an accurate estimate of the power spectral density or spectral information of a signal on an average basis. Modified averaging periodogram methods namely Bartlett’s method, Welch’s method etc. are usually adopted for spectral estimation of ambient noise. For our estimation, we used Welch method which includes the process of averaging the periodograms windowed with a Hanning window.
A.
Welch’s Method

Welch's method is also called the modified periodogram method. In this method, estimation of power spectra is performed by dividing the time signal into successive blocks, forming the periodogram for each block, and averaging. 


The data is divided into several overlapping segments
                                x (n) = x (n+iD)



  (1)
                      Where x (n) is the given sequence






   n = 0, 1…: M-1

                                  i = 0, 1…: L-1

                      Where iD is the starting point for the ith sequence. D is the maximum length for each sequence. L is the number of non-overlapping segments with a length M.

If D=M, the segments do not overlap and if D=M/2, then there is 50% overlap between successive segments. The data segments are windowed prior to computing the periodogram.

The modified periodogram is computed for each segment of length M.
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Where U is the normalization factor. 



     w(n) is the selected window for the periodogram estimation.
        U = 
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The power spectrum estimate is the average of these modified periodograms.
V. Results and discussion
A.
Algorithm for simulation:

· Load the time series hydrophone voltage data obtained from field.
· Detrend the data to remove a linear trend from the data for FFT processing.
· Convert the voltage output of hydrophone to corresponding pressure value.
· Perform the Power Spectral Density (PSD) estimate, using Welch's averaged, modified periodogram method. 

· Plot the SPL vs. Frequency graph.
· Analyze the data for various observations.
TABLE I.  Simulation parameters

	Parameter
	Value

	Sampling frequency
	200kHz

	Window type
	Hanning

	FFT Window size
	1024

	Overlapping
	50%

	Hydrophone receiving sensitivity
	-170dB



The simulation is done in order to obtain a readable spectrum which can accurately give information about the nature of the characteristic peak formation due to smaller rains as well as the presence of other possible sound peaks at moderate and heavy rains. The typical background ambient noise spectrum in the absence of rain has a uniform spectral slope. During light rain, smaller drops produce acoustic noise with a 15 kHz low frequency cutoff.
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Fig .1. Rain noise spectrum at 10m hydrophone depth under  





different rainfall conditions.

Fig. 1 shows the spectral view of underwater rain noise recorded at 10m hydrophone depth under different rainfall rates of 0mm, 4.8mm, and 20mm. The first result corresponding to 0mm shows the sound pressure level in the absence of rain. The wind speed is varying in each case. From the simulated graphs for 4.8mm and 20mm rainfall, we observe the formation of resonant peaks at the frequency range of 14-16 kHz. It implies that the average frequency at which such resonant peak formation occurs is 15 kHz.


When there is a significant rainfall, the bubble oscillations are contributing the major acoustic power to the underwater noise produced by rainfall. This observation was partly solved by the papers by Pumphrey, &Crum [5]. In studies of artificial and real rain in light and moderate rainfalls the authors showed that the 14- to 16-kHz spectral peak is caused by bubbles entrained in the water by the drop impact. The simulation is interpreted with the help of rainfall measurement taken from satellite. The rainfall measurement data for our work are collected from National Institute of Ocean Technology, Chennai.
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Fig .2. Rain noise spectrum at 15m hydrophone depth under different rainfall conditions .
Fig. 2 plots sound pressure level against frequency for rain noise recorded using a hydrophone placed at 15m at relatively higher rainfall. The formation of peaks is comparatively dominant around 6-8 kHz and 15-16 kHz.
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 Fig .3. Rain noise spectrum during light rainfall at 10m and 15m hydrophone depths.

Fig. 3 shows rain induced noise band estimated at light rain. For this plot, the rainfall rate and wind speed are the same. But the hydrophones are kept at depths of 10m and 15m respectively. The hydrophone at 15m clearly recorded a rain induced peak sound around 15 kHz, whereas at 10m depth, the peak is not sharp compared to that shown at 4.8mm and 20mm rainfall.
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 Fig .4. Rain noise spectrum during 4.8mm rainfall at 10m and 15m hydrophone depths.


In Fig. 4, we plot rain induced noise band estimated at 4.8mm rain. For this plot, the wind speed reading is constant at 4.86m/s. Again, the hydrophones are kept at depths of 10m and 15m respectively. The hydrophone at 10m shows a resonant peak sound around 15 kHz, whereas at 15m depth, the peak is not sharp. Because of the increase in wind speed, which can change the impact direction, bubble creation could be decreasing rapidly with the increasing angle of impact. At 15m hydrophone depth, the 14-16 kHz peak may be reduced due to the presence of wind. 


The two major sources of underwater noise produced by rainfall are 
·  Impact sound.

· Pulsations of entrained bubbles. 

The impact sound is produced by raindrops of all equivalent diameters, with the major noise contribution from large raindrops. The bubble pulsation is responsible for the resonant peak formation at 14-16 kHz.


During light rainfall, chances of bubble pulsations are higher. In heavier rain, there may be large flattened drops. The large drops in the rain create observable low frequency energy; the smaller drops do not. Small raindrops radiate measurable broad-band impact sound and a much higher energy sound of a damped micro bubble oscillation at peak frequencies around 15 kHz [6]. This explains the theory behind the 14-16 kHz peak we observed. The initial impact sound could possibly contribute to the general elevation of the noise level observed in heavy rain [6].
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Fig .5. Rain noise spectrum during 20mm rainfall at 10m hydrophone depth for different wind speed measurements.

If we consider mid-size drops at moderate rainfall, they radiate only broad band impact sound. Large drops radiate both impact and bubble sounds. In Fig. 5, 20mm rainfall is considered. At this rainfall, in addition to the peaks due to bubble pulsations, the hydrophones identify the frequencies of more dominant peak energy density from 4 kHz to 7 kHz. This shows that large drops could produce noise from secondary bubbles also. In either case, there is an acceptable agreement between predictions of the rain drop model and ocean measurements during heavy rainfall [7]. 


The parameters recorded by the live hydrophones in our experiment include another significant data, which is the average wind speed. In all the simulations, the wind speed is considered as one of the factors which determine the peak energy density locator. Wind does have a strong influence on the sound generated by the rain and must be considered as a part of the relationship between spectral level and rainfall rate [8]. The energy level of the dominant feature of the rain generated sound spectrum, the broad spectral peak at 15 kHz, drops sharply as the wind increases, suggesting that the efficiency of the drop impact sound mechanism used to explain the peak has been severely reduced [8].
VI. Conclusion

In this paper, an attempt to describe the underwater rain noise spectrum under different conditions of rainfall and wind speed is done. The hydrophone noise spectrum obtained is different for different segments. In order to get a spectral estimate whose variance decreases with increase in data length, it is necessary to average over many segments of data. For estimating power spectra, Welch method is used. The noise spectra are analyzed and interpretations of its relations to the raindrop size are studied. The results observe that the sources of underwater noise by rainfall are the initial impact sounds and the bubble pulsations. The bubble pulsations are dominant during light rainfall whereas the initial impact theory is responsible for the underwater sound produced during heavy rains. The authors observe that wind does have a heavy influence on the angle of impact of a drop. Also wind can reduce the possibility of resonant peak formation due to trapped air inside a bubble. The characterization of underwater noise produced by rain will be a key prediction factor for detection and measurement of rainfall. The analysis of underwater rain noise sound can aid in the design and calibration of various acoustic instruments.
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