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Introduction

Statistical methods such as empirical orthogonal functions (EOFs) are often used to model the sound speed profile (SSP). However, their statistical nature often leads to the sample dependence and physical fuzziness.





Method

This study proposes a technique for modeling the SSP from the perspective of ocean dynamics. It employs the ocean normal mode, which is the mode of fluid particles motion, to deduce perturbations in the SSP, which is called the ocean mode basis (OMB).





Result

The results of SSP reconstruction of in-situ samples showed that a few leading orders of the OMB can provide a compact representation of the SSP. Oscillations of the contours and gradient of the sound speed in thermocline were analyzed by using the first two orders of the projection coefficients of the relationship between the OMB and the baroclinic mode. As a physical model, this technique can also be used to characterize the dynamics of internal solitary waves. Furthermore, the OMB derived from archival date was used for SSP inversion. The results showed that the OMB can reconstruct SSP of a reasonable resolution without requiring in-situ samples.





Discussion

Compared with statistical models, the OMB can better explain the ocean dynamics underlying variations in the SSP while requiring fewer samples.





Keywords: sound speed profile, empirical orthogonal function, internal solitary wave, inversion, basis function




1 Introduction

Sound speed profile (SSP) is the basic acoustic characteristic of the water column in the ocean. The properties of sound propagation are strongly influenced by temporal and spatial changes in the SSP due to the ocean dynamics. Conversely, the water column can be observed and analyzed by examining the SSP and perturbations in it. Information on the ocean, ranging from the large-scale marine environmental monitoring of the global climate to the fine-scale analysis of internal waves and turbulence in local seas, can be obtained from SSP inversion (Behringer et al., 1982; Yang and Liu, 2017). SSP plays an important role in underwater applications (Xing et al., 2021, Zhang et al., 2021; Xing et al., 2023; Yang, 2024; Zhang, 2024, Zhang et al., 2024 ).

To provide constraints on the search space for inversion, it is necessary to apply a dimensionality reduction technique to model a refined SSP. As a technique of principal component analysis, empirical orthogonal functions (EOFs) have been the most widely used method for modeling SSPs in recent decades. LeBlance first proved that the EOF can describe the SSP without losing much information by using a few groups of basis vectors and projection coefficients (LeBlanc and Middleton, 1980). The EOF was subsequently used in a considerable amount of research on SSPs, including ocean tomography (Li et al., 2015), uncertainty analysis of inversion (Jiang and Chapman, 2009), perturbation analysis of the sound field (Hjelmervik et al., 2012), and rapid environmental assessment (Chen et al., 2018). Moreover, Bianco and Cheng used machine learning to reduce error in the reconstruction of SSPs while using fewer coefficients (Bianco and Gerstoft, 2017; Cheng et al., 2022). This effort indicated that the resolution of the SSP model can be improved by lifting the orthogonality restriction. However, it remains difficult to satisfy certain demands of ocean observation in light of the statistical nature of the SSP model currently in use. To form the basis vectors, the abovementioned SSP models obtain the rules of perturbation of the sample data mainly by statistical methods: The basis vectors are entirely the products of numerical analysis. Early studies on ocean observation and analysis suggested that statistical models do not necessarily correspond to the true dynamical characteristics or modes of the ocean physical behavior (Dommenget and Latif, 2002; Behera et al., 2003). In addition, there are certain requirements on the sample size and temporal–spatial coverage of SSPs for basis generation that pose a barrier to SSP modeling in scenarios where in-situ samples are lacking. This paper proposes a technique to model the SSP from the perspective of its physical mechanism. Based on the ocean normal mode (ONM), which represents the dynamic characteristics of fluid particles, the SSP is represented by a basis derived from the stratification characteristics of the water column. This study shows that the physical model can better explain the dynamic activity of the ocean, and mitigate to a greater extent, the reliance on samples than the statistical model.

The ONM refers to the dynamic mode that describes the vertical velocity of fluid particles. According to Gill’s definition (Gill, 1982), numerous normal modes can be obtained through the motion equation of a stratified fluid. Mode zero is the barotropic mode, which is unrelated to the depth and is a response to fluctuations on the sea surface. Baroclinic modes, which start with mode one, originate from fluctuations in the density interface. These modes are vital for describing the dynamic process in the ocean interior, and are defined as the ONM. The ONM has been used in oceanography to analyze the process of transformation of marine energy, and to explain the dynamic activity of the ocean interior at various scales, even linking it to variations in the climate (Liu, 1999; Zhang and Liu, 1999; Moon et al., 2004; Qiu et al., 2007). Therefore, a derived basis for SSPs based on the ONM has the potential to explain the dynamic mechanism of the ocean environment. The ONM is obtained from the stratification characteristics of the water column, and reduces the dependence on samples for the basis acquisition.

This paper proposes a sound speed profile model based on the ONM. The SSPs are reconstructed by using the bases derived from in-situ data and archival date, and the results are evaluated against EOF-based methods. In Section 2, theories related to the SSP model are presented. In Section 3, SSP reconstruction is carried out based on the in-situ data, and the dynamic processes of the ocean are analyzed according to the bases and projection coefficients. Section 4 contains a description of the calculation of the basis using climatological mean data, following by SSP inversion. Finally, Section 5 offers the conclusions of the paper.




2 Theory

To provide a compact presentation, the SSP model is usually expressed as

 

where c(z) is the reconstruction of the SSP model, z represents the discrete point in depth, and c0(z) is the invariant component of the SSP. The corresponding perturbation component is approximated by the superposition of M orders of oscillation pattern ψn(z), the amplitude of which is weighted by the corresponding coefficient an. There are different statements for Equation (1) in different studies, and this paper claims that the term “basis” refers to the vertical oscillation pattern and “projection coefficient” refers to the weight coefficient.

For EOF technology, SSP modeling is implemented by extracting the principal component of a sufficient number of samples. As SSP samples subtract the average value of the profiles, the anomaly vectors X can be obtained. The result is a p × q matrix, where p and q represent discrete points of depth and sample size, respectively. The singular value decomposition (SVD) is

 

where R is the covariance matrix of X, λ is the eigenvalue of R, I is an identity matrix, and   is a p×q matrix with EOF columns. The leading perturbation feature kn in Equation (2), which corresponds larger eigenvalue and describes more total variance of samples, is selected as the basis in Equation (1), and the corresponding projection coefficient is usually obtained as a result of inversion.

To elaborate the dynamic mechanism and the method used to determine the physical basis, the derivation begins from the equation of a continuously stratified fluid. The motion equation of fluid particles in the vertical direction is:

 

where W is the velocity, ρ0 is the density, N is the buoyancy frequency, and κ is the phase speed along the horizontal direction. After introducing the Boussinesq approximation (i.e.,ρ0 varies more slowly than W), Equation (3) can be simplified to the simpler Sturm–Liouville problem:

 

Based on the boundary condition W = 0 on the sea surface and the seabed for Equation (4), the movement of the fluid particles can be expressed by the superposition of many ONMs:

 

where ϕn(z) is the n − th order ONM with amplitude Bn, x and y are the eastern and northern directions along the horizontal, respectively, kn and ln are their corresponding wavenumbers, and σ is the frequency in Equation (5). The displacement ξ of fluid particles in time t causes a variation in sound speed (Munk and Zachariasen, 1976):

 

The sound speed is a function of temperature T, salinity S, and depth (Kim et al., 2015):

 

where

	

	

	

The change in sound speed with temperature, salinity, and depth is approximately linear in Equation (7). For a fixed depth, once the temperature rises by 1°C, the sound speed increases by about 4 m/s, while for a 1 psu increase in salinity, the corresponding increase in sound speed is only 1.1 m/s. Considering that the interval of changes in salinity in most seas across the world is much smaller than that in temperature, the latter is often a crucial factor influencing sound speed. Thus, only the temperature, i.e.,   is considered. The variations in profiles of the sound speed and temperature are often consistent, and the approximation has been proved to be reasonable in previous applications (Song et al., 2014). In a follow-up study, the approximation was shown to ensure enough precision in most seas. Equation (6) can then be expressed as  . The vertical profile of the ocean has remarkable time-variant characteristics that can be decomposed into a steady background profile and perturbation. The background profile is often stable at a large time scale, and disturbance is caused mainly by the short-term meso- and micro-scale dynamic activities, and do not change properties of the background profile. Therefore, SSP c(t) can be expressed as c0 + Δc, where c0 is the background SSP corresponding to fluid particles in equilibrium   is the perturbation of the SSP caused by the integration of fluid particle motion. Then, Equation (6) can be expressed as:

 

The reconstitution Equation (8) of the sound speed model corresponding to Equation (1) is:

 

 

Equation (9) is the basis derived from the ONM reflecting the perturbation in the SSP caused by the dynamic activity of the water column, that is, the ocean mode basis (OMB). In Equation (10), the real component is the projection coefficient of the corresponding OMB. In ocean observation, it usually serves as the result of inversion extracted from the acoustic signal.

It is clear from Equation (9) that the OMB is the basis of the physical modes. After SSP inversion, the results can be translated into the ONMs and their corresponding amplitudes by Equations (9) and (10), and such dynamic parameters as pressure, flow velocity, Ursell number, and Ostrovsky coefficient can then be discussed (Farmer et al., 2009; Yang et al., 2009). In addition, the vertical mode is an effective tool to explain the interior fluctuations in the ocean. From the vertical motion of the fluid particle, the OMB can explain dynamic ocean phenomena.

It is also clear that the OMB does not require a large number of samples. The OMB is deduced from the stratification characteristics of the water column—that is, the buoyancy frequency of the background profile. On the one hand, the stratification information can be extracted from the in-situ measurement. On the other hand, they can be obtained from historical data, and even from ocean numerical models. When using background profile from archival data or ocean numerical models for OMB calculation, in-site samples are not required. In comparison with statistical model, the requirements related to sample size are laxer. In the following sections, the acquisition and application of the OMB using in-situ data and archival data are detailed. Considering the current understanding of varied statistical basis functions and their effectiveness in inverse problem applications, EOF is selected as the counterpart in our paper for subsequent research.




3 OMB application based on in situ data



3.1 Datasets

The SSP data were calculated from two sets of temperature data, collected in August 2011 in the Yellow Sea and May 2001 in the South China Sea. The mooring locations are shown in Figure 1.




Figure 1 | Locator map of the thermistor string. The asterisks show the anchor positions in the Yellow Sea and the South China Sea.



The SSP data were calculated from two sets of temperature data, collected in August 2011 in the Yellow Sea and May 2001 in the South China Sea. The SSP data for the two experiments are shown in Figure 2. In August 2011, a thermistor string was anchored offshore Tsingtao (35.66°N 121.00°E) in the Yellow Sea, where this was a semi-closed continental shelf and shallow sea. The depth was 40 m. The thermistor string was composed of 19 units, located at depths ranging from 8.9 to 31.6 m. The sampling interval was 0.5 min. In this area, cold water mass was the characteristic. Owing to intense radiation on the sea surface in the summer, the sea surface temperature rises to the annual maximum. Under the impact of these two factors, the span of mean temperature measured by the thermistor string was about 16°C, forming a strong thermocline. At the same time, The strong linear internal wave activity was noted. Under the influence of local circulation, with the measuring points located in the low-salt zone along the coast, the salinity of the water column stabilized at about 31 psu. The thermistor string, located near the continental slope (21.55°N, 117.35°E) in May 2001, was a part the measurement of the Asia Sea International Acoustic Experiment (ASIAEX). The depth was 139 m, the thermistor string was composed of 13 units ranging in depth from 21.7 to 135.1 m, and the sampling interval was 1 min. As the measuring location was in the tropics, the water temperature was higher than that in the Yellow Sea. Due to a combination of the bottom slope and transbasin waves, strong internal tidal and internal solitary wave were formed. Moreover, the variety in the amplitudes of the sound speed contour reached up to 70 m owing to internal solitary waves. The salinity was stylized at approximately 34 psu.




Figure 2 | Variation in the SSP over 24 hours calculated from the thermistor string. (A) Yellow Sea in 2011. (B) South China Sea in 2001.



Because diurnal tidals were dominant in both areas, the cycle of a diurnal tide (24 h) was set as the time window to test using SSP models. The averaging method was applied to continuously measured in-situ data to extract the background profile. The salinity values were taken from CTD measurements near anchor positions of the thermistor string. As the variation in the salinity of multiple groups of CTD measurements was small, the salinity profile closest to the thermistor string was used. The buoyancy frequency and the ONM were calculated using the mean temperature profiles from the thermistor string and the salinity profile from the CTD. The OMB was then obtained by Equation (9). The mean temperature profiles of the thermistor did not cover the depth of the mixing layer, which might have led to extrapolation errors in the background profile under the sea surface. However, the CTD measurements in two experiments indicated that the mixing layer under the sea surface was thin, and linear extrapolation errors were thus acceptable. The OMN for mixing layers of different depths were also simulated, and the results showed that even in the presence of a thick mixing layer, the ONM values were nearly identical to those with a thin layer. Therefore, linear extrapolation was used on the depth data obtained from the thermistor string. In the subsequent analysis, the range of depth refers to the measured range of the thermistor string at a resolution of 0.1 m.




3.2 SSP reconstruction compared with EOF

The OMB and the EOF were calculated using the background profile and the SSP samples, respectively, as shown in Figure 3. The first three order on the Yellow Sea had good consistency while the first two orders for the South China Sea were similar. As the order increased, the difference between the bases increased. In general, the first three orders described a large part of the total variance. This suggests that the main statistical characteristics of SSP perturbation as determined using the EOF were consistent with the motion laws of the fluid particles determined using the OMB. Due to the impact of circulation and the geometric, dynamic activities in the South China Sea are more complex than in the Yellow Sea. This might have led to more factors contributing to the statistical perturbation component compared with that using the OMB. There were certain differences in the higher-order models, but did this not have a significant impact on the reconstruction owing to their smaller weights than in the first two orders. Some vertical perturbation features of the ONM were retained to determine the distribution of the OMB. For example, the OMB values showed an increasing number of changes in sign as the number of modes increased, and the maximum first-order amplitude appeared in the depth interval of the maximum change in sound speed.




Figure 3 | Comparison of the first five orders between the OMB and the EOF. (A) Yellow Sea in 2011. (B) South China Sea in 2001: from left to right are, in order, the first to the fifth orders.



Table 1 lists the cumulative proportions of variance for the different orders. It shows small differences in the proportions of the leading orders between the OMB and the EOF for each set of experimental data. The proportion of the EOF was slightly higher than that of the OMB. In case the number of samples is sufficient, the random and fine disturbances caused by some factors unrelated to the ONM can be better embodied by the EOFs. For both the EOF and the OMB, the first five orders of reconstruction exceeded 95% of the commonly used threshold, which means the resolution of the SSP reconstruction of the OMB was close to that of the EOF with a sufficient number of samples.


Table 1 | Cumulative proportions of variance for different orders.



To analyze the reconstructions of the OMB and the EOF, the mean reconstruction error ME of a set of p discrete points and q samples is defined as follows:

 

where cj (zi) represents the SSP of the j − th sample at the i − th depth, and the apostrophe refers to the reconstruction value. The values of ME in Equation (11) of different orders are shown in Table 2. The results correspond to the results in Table 1. The EOF, with a sufficient number of samples, yielded a smaller error than the OMB. However, there was little difference in the error between them. For both seas, the OMB provided reasonable results. To illustrate the representational resolution of the OMB, the SSPs were reconstructed using the five orders of the OMB and EOF, and compared with the measured values in Figure 4. The SSP could be reconstructed accurately for the two sets of data using five orders bases. In particular for data from the South China Sea, the precision of reconstruction could still be guaranteed by the OMB even in case of significant anomalies caused by internal solitary waves. An analysis of results with large errors revealed that samples with large reconstruction errors in the two reconstruction methods were nearly identical. SSP perturbation caused by turbulence or water mass was difficult to express using the OMB, and could not constitute the principal component of perturbation (EOF). When the cumulative proportions of variance is low, their reconstruction accuracy will be affected.


Table 2 | Mean reconstruction error M E for different orders.






Figure 4 | Comparison of SSP reconstruction of 24 example profiles on the hour from 01:00 hrs to 24:00 hrs. (A) Yellow Sea in 2011. (B) South China Sea in 2001.






3.3 Ocean dynamic analysis based on OMB

As a physical basis, the most appealing feature of the OMB is that the coefficient obtained from inversion can directly explain the ocean environment. In this section, dynamic changes in the sound speed contours (isotherm) and internal solitary waves are analyzed.

According to oceanographic analysis, different baroclinic modes correspond to different dynamic processes. The relative proportion of the ONM in an area of the sea reflects the leading dynamic activity. As it is the leading mode, it is important for the adjustment of ocean dynamics for the first two baroclinic modes. According to work by Liu (Liu, 1999; Zhang and Liu, 1999), the fluctuation resulting from Ekman pumping is mainly reflected in the first baroclinic mode, that is, changes in the depth of the thermocline. The second baroclinic mode occurs mainly due to the anomaly originating in fluctuation in buoyancy, and is manifested as a variation in the thickness of the thermocline. For the first-order ONM, the symbols were consistent in the water column, showing that the fluid particles moved in the same direction at different depths. The second-order ONM manifested as a variation in the inverse symbols of the upper and lower boundaries of the thermocline, that is, a variation in the thickness of the thermocline. Owing to the high variance of the first two orders in SSP construction, the projection coefficient of the first-order OMB can be used to represent changes in the depth of the sound speed contours in the thermocline. Furthermore, the variation in the sound speed gradient with the depth of the thermocline can be described by the projection coefficient of the second-order OMB.

Figure 5 shows a comparison of the projection coefficients and the structural parameters of the thermocline of the SSP. Figures 5A–C show that the first-order projection coefficient was in accordance with the trend of variation in the sound speed contour with depth. Figures 5B, D show similar results. The Pearson coefficients of the structural parameter of the thermocline and the corresponding projection coefficient are shown in Table 3. They suggest that the first two coefficients were highly relevant to changes in the depth of the sound speed contour and the sound speed gradient, which could be used to monitor them. The difference between reconstruction and the measured samples was small, which confirms the precision of reconstruction.




Figure 5 | Comparison of the structural parameters of the thermocline and projection coefficients. (A) Depth of the sound speed contour (1518 m/s) and the first-order projection coefficient in the Yellow Sea in 2011. (B) Sound speed gradient at depths ranging from 11.4 m to 19.2 m, and the second-order projection coefficient in the Yellow Sea in 2011. (C) Depth of the sound speed contour (1528 m/s), and the first-order projection coefficient in the South China Sea in 2001. (D) Sound speed gradient at depths ranging from 24 m to 78.1 m, and the second-order projection coefficient in the South China Sea in 2001. From top to bottom, the plots show the corresponding projection coefficient, the structural parameters of the thermocline of the reconstructed SSP, and those of the sample SSP, respectively. Min–max normalization was carried out.




Table 3 | Pearson correlation coefficient of the projection coefficient (PC) and the structural parameters of the thermocline.



The relationships among the OMBs can also help explain the dynamic activity of the ocean.   is used to represent the change rate of the first-order projection coefficient, and   is that in the second-order projection coefficient. According to the 2.5-dimensional internal wave Lamb model and experimental observations of the Strait of Messina, Casagrande formulated the following dynamic laws of internal solitary waves (Casagrande et al., 2009): In the first half of an internal solitary wave, the disturbance of the pycnocline at a depth is controlled by the variation of the first-order baroclinic mode, corresponding to the change in CR1. The deviation in the pycnocline can lead to opposite circulation in the upward and downward sides of its depth, where this mainly manifests as a variation in the second-order baroclinic mode, which corresponds to a change in CR2. As the first two ONMs are orthogonal, the signs of CR1 and CR2 are opposite to each other. At the end of first half of the wave, the variation in the pycnocline reaches its peaks, and the corresponding values of CR1 and CR2 are zero. In the first half of an internal solitary wave, CR1 and CR2 undergo an irregular-arch change and have opposite signs. In the second half of the wave, CR1 and CR2 undergo inverse processes to those in the first half of the wave. Thus, the variations in CR1 and CR2 are similar during an internal solitary wave. Their zero points are consistent but their signs are opposite, which indicates a double oscillation pattern.

Figure 6 shows an example of the analysis of the double oscillation pattern. The SSPs had prominent internal solitary wave trains. In the first two internal solitary waves, the CR1 and CR2 exhibited clear double oscillation patterns with a large amplitude. Although the third wave was smaller, its start and end times were identified, and it too was determined to have a double oscillation pattern. The fourth wave was visually identical but its dynamic characteristics were significantly different, and it did not have a double oscillation pattern. This analysis of the OMB confirmed waves of the internal solitary train. Furthermore, the amplitudes and wavelength characteristics could also be estimated. Double oscillation was also observed when analyzing the density EOF but not in the velocity EOF (Vázqueze et al., 2006; Casagrande et al., 2010). By contrast, the connection of the OMB to physical properties was closer. Based on the OMB and its coefficient, the dynamic activity of the ocean could be analyzed using a combination of baroclinic modes, which is useful for interpreting the results of inversion.




Figure 6 | Internal solitary wave from 00:00 hrs to 03:00 hrs on May 19, 2001 in the South China Sea. The figure on top shows the SSPs and that at the bottom shows the corresponding CR1 and CR2. During an internal solitary wave, CR1 increased first and then returned to zero at the maximum wave amplitude. As the wave amplitude decreased, CR1 increased with the opposite sign, and then decreased to zero. The change in the amplitude of CR2 was similar to that of CR1 but opposite in sign. The patterns of changes in CR1 and CR2 are defined as double oscillation.







4 Application of OMB based on archival data

Another attractive feature of the OMB is its lax requirements of sample size. Theoretically, a representative background profile is sufficient to calculated the OMB. With the development of Argo, underwater gliders, and other measurement methods, a large number of samples of the global profile have been accumulated. In combination with ocean numerical models, many database products have been developed to provide the statistical mean and objectively analyzed mean temperature–salinity profile. In this section, the effectiveness of the OMB extracted from archival data is tested in case of the absence of in-situ data. The background profile was extracted from climatological filed data of the World Ocean Atlas 2013 (WOA13), published by the National Oceanographic Data Center (NODC, https://www.nodc.noaa.gov/OC5/woa13), and data on acoustic propagation were from ASIAEX2001 in the East China Sea.

The acoustic propagation experiment of ASIAEX2001 in the East China Sea was carried out at a depth of 105 m. A total of 32 vertical arrays were hung over a receiving ship. On the course away from the receiving ship, a launching ship released the broadband explosive sources of 38 g TNT with a rated depth of 50 m. CTD measurements were carried out many times in this experiment, and the SSPs are shown in Figure 7. Some SSPs around a depth of 60 m were low, possibly because of the cold water mass. The invariant component of the SSPs was calculated from the mean profile of all measured CTD values. As the CTD survey was not conducted during the acoustic propagation experiment, the effectiveness of the OMB was evaluated through matched field tomography, obtained by the EOF extracted from CTD samples and the OMB extracted from the archival data.




Figure 7 | SSPs measured by the CTD. The dark line represents the mean SSP, and the other lines show the samples.



Considering that there were clear seasonal characteristics in the oceanic background profile, the objectively analyzed mean summer profile (1955–2012), recorded by WOA13 at a spatial resolution of 0.25°, was used. The climatological profiles of the experimental areas are shown in Figure 8. The thermocline in summer covered almost the entire water column, and salinity changed by little. At a depth of 20–70 m, the buoyant frequency was high. This corresponded to the thermocline in CTD measurements, reflecting seasonal background characteristics.




Figure 8 | The background profiles extracted from WOA13. Buoyancy frequency was calculated based on temperature and salinity.



Based on the results of the reconstruction test, three orders with the highest reconstruction accuracy was adopted for the SSP inversion. A comparison of the first three orders of the basis between the OMB calculated by archival data and the EOF calculated by CTD samples is shown in Figure 9. A certain similarity was noted in the distribution between them, but large differences were also noted in terms of the depth of the extrema and fine structure. This indicates that the seasonal background can embody the macroscopic dynamic characteristics. However, there was a large difference between the mean climate and in-situ measurements. The key focus of the OMB application was to determine whether the resolution was sufficient to describe the SSP based on the OMB extracted from historical data products.




Figure 9 | Comparison of the first three orders between OMB and EOF.



SSP inversion was carried out using conventional matched field processing. All environmental parameters except the projection coefficient were set as known quantities. Based on the broadband Bartlett processor, 35 frequency points in the frequency band 99–201 Hz were processed in the inversion. The optimal values of the first three orders of vector quantity a were searched using the genetic algorithm in the optimization space to implement the minimum cost function E(a):

 

where L is the number of frequency points, N is the number of hydrophones,   and   are the measured sound pressure and the sound pressure of the replica field at the a − th frequency point, respectively, when the projection coefficient was a. The asterisk in Equation (12) indicates the conjugation. According to the experimental results, a density of 1.86 g/cm3 was set on the half space seabed. The sound speed and attenuation coefficient were 1610 m/s and 0.15 dB/λ, respectively.

Figure 10 shows the inversion results for two explosive sources 10.2 km from the receiver. It is clear that the inversion results of the OMB and the EOF were similar. The absolute errors of the two inversion results are 0.15 m/s and 0.22 m/s, respectively. The root mean square error of the two inversion results are 0.21 m/s and 0.27 m/s, respectively. This indicates that the OMB can guarantee a similar resolution to that of the EOF. In general, features of the seasonal stratification were stable, and the principal characteristics of the ocean dynamics were controlled by it. This shows that the effects of the other factors of the sea area were small. The application of the OMB without in-situ data had different effects at different times and in different spaces. In the sea area where the dynamic activities were controlled mainly by the baroclinic mode, for which reliable historical data were available, the OMB should have reasonable precision. However, in areas with complex dynamic activities, such as those influenced by air–sea interaction and water mass, and where perturbations in the sound speed are short term, in-situ measurements are indispensable to obtain an accurate background profile. Drastic perturbations at a small range of depth occurring randomly are difficult to express, whether by the physical or the statistical SSP model.




Figure 10 | Two inversion results at 10.2 km. Due to the uncertainty of source depth, acoustic focalization was carried out before the SSP inversion. The actual source depth was 48 m and 49 m, respectively. The agreement between OMB and EOF is better than that in the former inversion using the rated depth of 50 m (Qu et al., 2019). Both methods have resolution to reflect the relief of source depth mismatch.



As currently available ocean data products can provide profile-related information worldwide, OMB can be theoretically calculated for applications without any in-situ measurement, where the statistical model cannot do this. However, when features of the water column stratification obtained from archival data are not consistent with the empirical situation, in-situ samples are needed for accurate SSP modeling. A compromise is to measure the profile during the slack tide to obtain stratification-related information for the OMB. This not only reduces the sample size needed, but also ensures the real-time determination of the stratification features.




5 Conclusions

The ONM is an important means of explaining the kinetic energy and heat transfer of the water column, and can be used to describe the structure of the profile. A typical example is the analysis of internal waves,

where Ursell number and Ostrovsky number calculated by ONM can effectively explain the motion and transport status of water column (Farmer et al., 2009; Yang et al., 2009). Based on this physical mode, an SSP model was proposed and tested in this paper. In contrast to the statistical model applied widely in research, the SSP perturbation described by the OMB is based on the motion law of fluid particles.

The OMB can explain the ocean environment directly through the ONM. In tests involving SSP reconstruction in the Yellow Sea and the South China Sea, the OMB yielded reasonable precision. In combination with the barotropic mode, it made possible analyses of the thermocline structures and internal solitary waves using the first two orders of the projection coefficient.

Another feature of the OMB is that it has no rigid requirement on sample size compared with the statistical model. The regional OMB was extracted through the objectively analyzed mean profile of WOA13. SSP inversion was carried out for data from ASIAEX2001 on the East China Sea, and the results of SSP inversion were similar to those of the EOF. Although the global OMB could be obtained using archival data without in-situ measurements, precision was difficult to guarantee due to the inconsistency between the mean stratification features obtained through historical data and those determined in real time. A more feasible method is to obtain the real-time background profile by few measurements. The archival data can then serve for scenarios where measurements are unavailable.

The improvement to the SSP model effected by the OMB is in providing a bridge to directly link the dynamic mechanism of the ocean with the perturbation of SSP. By using few leading orders of basis vectors and projection coefficients, it can provide a compact representation of SSPs for inversion and the determination of ocean dynamics. It presents an alternative to the statistical model.
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