

  remotesensing-16-01105




remotesensing-16-01105







Remote Sens. 2024, 16(6), 1105; doi:10.3390/rs16061105




Article



Monitoring Thermal Exchange of Hot Water Mass via Underwater Acoustic Tomography with Inversion and Optimization Method



Shijie Xu 1, Fengyuan Yu 1, Xiaofei Zhang 1, Yiwen Diao 1, Guangming Li 2,* and Haocai Huang 1,3,4





1



Ocean College, Zhejiang University, Zhoushan 316021, China






2



National Innovation Institute of Defense Technology, Fengtai District, Beijing 100071, China






3



Hainan Institute, Zhejiang University, Sanya 572025, China






4



Pilot Qingdao National Laboratory for Marine Science and Technology, Qingdao 266061, China









*



Correspondence: guangming_1224@hotmail.com







Citation: Xu, S.; Yu, F.; Zhang, X.; Diao, Y.; Li, G.; Huang, H. Monitoring Thermal Exchange of Hot Water Mass via Underwater Acoustic Tomography with Inversion and Optimization Method. Remote Sens. 2024, 16, 1105. https://doi.org/10.3390/rs16061105



Academic Editor: Chung-Ru Ho



Received: 23 January 2024 / Revised: 2 March 2024 / Accepted: 4 March 2024 / Published: 21 March 2024



Abstract

:

Thermal exchange of underwater water mass caused by marine heat wave is a hot point of research recently. In particular, because the water temperature observation along hot water mass transportation is hard work. Acoustic tomography is an advanced method to measure water temperature variations via sound signal transmission with multi-station network sensing. The 5 kHz frequency acoustic tomography used for observing water temperature variations caused by ocean heat waves is interesting work. In this paper, the numerical simulation of hot water mass is completed first, then floatation and diffusion of hot water mass in a simulation are monitored by acoustic tomography. A new inversion optimization method is proposed to obtain hot water mass transportation variations at two-dimensional temperature vertical profile. The proposed inversion method adds a regularized mode matrix and the optimization method adds the model correlation matrix to improve the results quality. The accuracy of inversion optimization results is compared and discussed, where the mean temperature error is less than 0.4 °C. Sensing water temperature variation of marine heat waves is verified via acoustic signal transmission and improved inversion optimization method. The water dynamical process observation is an application of acoustic tomography, which can be further used observe underwater environmental characteristics.
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1. Introduction


Marine heat waves have gradually become an important observation in ocean environmental research. The concept of the ‘marine heat wave’ was introduced by Pearce et al. [1], who describe this ocean climate phenomenon as: an unusually warm seawater incident that exerts sustained impacts on marine systems. In the ocean, such climate phenomena often trend to water temperature anomalies. The horizontal scales of water temperature anomalies are normally up to several kilometers, the vertical scales are extending from the sea surface to bottom at depths of hundreds of meters, and time scales ranging from days to years [2,3,4].



The marine heat wave variations are directly related to sea surface temperature (SST), water heat exchange at air-sea interface and multi-scale ocean dynamical processes (like water mass transportation and mixing). SST variations and water heat exchange can be effectively measured by satellite or surface observation. However, underwater multi-scale dynamical processes also play an important role in the marine heat wave progress. For example, when the upwelling is weakened or the downwelling is strengthened, warm water accumulation promotes the occurrence of marine heat waves [5]. Conversely, it slows the intensity of marine heat waves when the upwelling is strengthened or downwelling is weakened [6]. In coastal regions, upwelling fluctuations largely influence the marine heat wave seasonal characteristics. Researchers found that marine heat waves mainly exist during the weakening periods of coastal upwelling (fall and winter) in the west coast of the United States, where the intensity of marine heat wave increases to 2 °C [7]. On the other hand, in the Northeast Pacific, hot water mass transporting and mixing have significant influence on the evolution of marine heat waves [8,9,10]. Water transportation brings warmer (cooler) seawater from the subsurface layer to the mixing layer, which enhances (weakens) the intensity of marine heat wave. As such, the intensity of marine heat waves under the influence of high pressure can increase 2.1~3.1 °C in winter [9].



Thus, the underwater heat exchange in multi-scale ocean dynamical processes is a problem worthy of attention and further study. However, water transportation with heat exchange in vertical profile scale still lack refined observation methods. For this reason, we try to use underwater acoustic tomography technology as an advanced observation method for monitoring the water transportation process.



In underwater acoustic tomography study, ocean acoustic tomography (OAT) is firstly proposed by Munk and Wunsch for estimating the ocean temperature or current velocity over a wide area [11]. The key to acoustic tomography is to establish the functional relationship between an underwater environment and the acoustic signal, where the marine physical parameters (temperature, salinity and velocity) are obtained by the variation of acoustic signal travel time [12,13,14]. With the development of advanced technology, acoustic tomography observation is used more frequently in coastal area via high frequency signal transmission as coastal acoustic tomography (CAT). Several high-precision experiments have verified the feasibility for the observation of ocean dynamic processes via CAT [15,16,17,18]. We previously have successfully obtained signal transmission within a spatial area and reconstructed the three-dimensional flow current and water temperature field via moving acoustic tomography in preliminary experiments [17]. Chen et al. reconstructed two-dimensional flow fields using a coast-fitting inversion model by five-station reciprocal transmission and obtained the M2 and M4 tidal currents and residual current [18].



Thus, whether water transportation with heat exchange can be observed and estimated by acoustic tomography is discussed in this paper. Here, we call this process hot water mass transportation. To simplify the simulation model, hot water transportation mainly contains the flotation and diffusion of hot water mass. The simulation model is established and compared with acoustic tomography results. An inversion optimization method, using a regularized mode matrix and model correlation matrix, is proposed to reconstruct the water temperature variations via the signal travel time differences. In addition, water mass transportation route is obtained by judging the temperature sensitive position. The inversion results are compared to discuss the possibility of monitoring the flotation and diffusion in hot water mass transportation.



The remaining sections of this paper are structured as follows: In Section 2, the simulation model settings and methods are introduced. The water temperature exchange and acoustic signal identification are presented in Section 3. Section 4 focuses on the travel time variations and 2D temperature variations via inversion optimization method. Discussions of inversion optimization results and temperature spatial modes are presented in Section 5. Concluding remarks and future prospects are given in Section 6.




2. Simulation Model and Method


In this section, a numerical simulation model of the hot water mass flotation and diffusion by multiphase flow model is introduced in Section 2.1. Then the simulation of acoustic signal transmission is conducted based on the numerical simulation. In addition, an inversion and optimization method for reconstructing water temperature variations based on reasonable CAT station design is presented in Section 2.2 and Section 2.3.



2.1. Simulation Model


The numerical simulation setting of hot water mass transportation is shown at Figure 1. This paper mainly studies the floatation and diffusion process of the hot water mass along the transportation route, which means numerical simulation supplies the water temperature variation to the signal transmission. The signal travel time will change under the hot water mass transportation.



The size of the water mass in the simulation model is about 50 m × 50 m. The water mass motion route simulation uses unstructured dynamic grids. The size of the computational domain set as 10,000 m × 5000 m × 200 m (the X-axis direction is the direction of water mass motion, the Y-axis is the direction of water mass radial motion and the Z-axis is the water depth direction). The fluid medium in this domain is seawater and the medium in the upper domain is air.



The boundary conditions include velocity inlet, pressure outlet, wall and interface. Velocity inlet: velocity is set as 0.1 m/s on the left-side surface towards the right-side surface of water mass (the positive direction of the X-axis); the preset temperature of water mass is set as 5 °C. Pressure outlet: set the static pressure value of right surface relative to the reference pressure (the reference pressure is 1 atmosphere). Wall: the surface of the bottom is set as a no-slip wall, the two surfaces of radial direction are set as symmetric walls, and interface between the seawater and air space is set as a free surface. Interface: the surface between water mass computational domain and external field computational domain is set as the interface surface. Overlap: an overlapping mesh area is set over the transportation route.



The numerical simulation model is carried out as follow. The water computational domain uses the refined unstructured grid, the external flow field computational domain uses the structured mesh to increase the accuracy. The interface and water temperature exchange regions are encrypted mesh to facilitate the detail variations of the hot water mass transportation process and characteristics. Based on the simulation, the theoretical mechanisms of water floatation and diffusion are formed from the water mass transportation. The simulation process and setting are only briefly described at this section. This paper places emphasis on observing the simulation results of hot water mass flotation and diffusion via acoustic tomography technology and discusses the feasibility of this.




2.2. Inversion Method


The water temperature variations caused by hot water mass flotation and diffusion influence the signal transmission in vertical profile. In other words, signal travel time will be influenced by the hot water mass transportation. The inversion problem is at the core for solving temperature variation based on the recorded travel time.



In the simulation, only the effect of temperature change is added, this paper focuses on temperature variations during floatation and diffusion processes of the hot water mass. It should be mentioned that the flow velocity is not studied in this paper, because the vertical ZY observation profile is perpendicular to the moving transportation route of hot water mass, which means the flow velocity variations can hardly affect the signal travel time. Two-way signal travel time is used for flow field study, so one-way signal travel time is enough for the inversion problem of water temperature. Figure 2 shows an acoustic simulation model of the station deployment and observation method.



The signal travel time along the sound ray path (l) is:


  t =    ∫ l     d s    C 0  ( x , y , z ) + δ C ( x , y , z )       



(1)




where    C 0  ( x , y , z )   is the reference sound speed in grid   ( x , y , z )   alone,   δ C ( x , y , z )   is the sound speed deviation caused by water temperature changing, and l is the sound ray path of the signal transmission between each station pair (one sends a signal and one receives a signal). To simplify expression, station pair between each two-station mark with station depths as 50 m_50 m, 100 m_100 m and 150 m_150 m, e.g., 50 m_50 m denotes the transmission of two stations where both are at a depth of 50 m.



The reference travel time without temperature variation is:


   t 0  =    ∫ l     d s    C 0  ( x , y , z )       



(2)







By Equations (1) and (2), the travel time deviation is formulated as:


  δ t =    ∫ l     d s    C 0  ( x , y , z ) + δ C ( x , y , z )      −    ∫ l     d s    C 0  ( x , y , z )       



(3)







Due to    C 0  ( x , y , z ) ≫ δ C ( x , y , z )  , by adopting the Taylor expansion of Equation (3), it reduces as:


  δ t =    ∫ l     d s    C 0      1 −   δ C    C 0    +       δ C    C 0       2  −       δ C    C 0       3  ⋯      −    ∫ l     d s    C 0        



(4)







The terms higher than the second order are extremely small and neglected in Equation (4), so we obtain:


  δ t ≈    ∫ l     d s    C 0      1 −   δ C    C 0         −    ∫ l     d s    C 0       = −    ∫ l     δ C    C 0 2       d s  



(5)







Based on Equation (5), we can study the sensitivity of the sound speed from signal travel time variations, which are caused by water temperature fluctuation. Along the sound speed equation   C ( T , S , D )   as in Equation (6) [19], generally, sound speed increases by about 4.5 m/s when the water temperature increases by 1 °C.


      C ( T , S , D )     = 1448.96 + 4.591 T − 0.05304  T 2  + 2.734 ×   10   − 4    T 3           + 1.340 ( S − 35 ) + 1.630 ×   10   − 2   D + 1.675 ×   10   − 7    D 2           − 1.025 ×   10   − 2   T ( S − 35 ) − 7.139 ×   10   − 13   T  D 3       



(6)







Hot water mass flotation and diffusion exist in different phases [4,5,6]. The phase of hot water mixing with cold water and then rising upward and spreading out is the easiest stage to observe, here water temperature changes by about 0.2~1 °C [9,10].



Assuming an ideal environment, the reference sound speed is negative gradient, the water temperature increases by 0.5 °C after water mass transportation, and station-pair distance is about 5000 m. In this case, a 0.5 °C rise in temperature may lead to sound speed about 2.25 m/s increasing, which means travel time deviation is about 0.005 s by Equation (5). This result is based on the fact that the water temperature rises along the entire sound ray path. However, if the flotation or diffusion width of water mass is only 100 m, the travel time deviation is about 0.0001 s. In order to identify such small variations, acoustic signal sampling frequency of more than 10 k is required to identify travel time deviation. As per the above discussion, the hot water mass flotation and diffusion can be observed by high-frequency signal transmission. But high frequency exhibits higher signal attenuation which means shorter transmission distances. Thus, it is important to balance the signal sampling frequency and station-pair distances to obtain the water temperature variations.



In addition, in the inversion solution, the vertical profile is grid divided to match and identify the relevant sound ray paths for establishing the coefficient matrix. The travel time of sound ray path is affected when the ray path passes through the temperature changing grids during hot water mass transportation. Thus, the direct inversion method cannot capture changes in detail, which means the partial variations of hot water mass are reflected in the whole vertical profile leading to distortion of the inversion results. Therefore, the mode rule of floatation and diffusion process of the hot water mass is added in the inversion process to optimize the results.



Matrix relationships are established according to Equation (5) as follow:


         δ  t 1        δ  t 2       ⋮      δ  t n         n × 1   = −           L  11          C 0 1     2       ⋯       L  1 j          C 0 j     2       ⋯       L  1 m          C 0 m     2         ⋮   ⋱   ⋮   ⋱   ⋮         L  i 1          C 0 1     2       ⋯       L  i j          C 0 j     2       ⋯       L  i m          C 0 m     2         ⋮   ⋱   ⋮   ⋱   ⋮         L  n 1          C 0 1     2       ⋯       L  n j          C 0 j     2       ⋯       L  n m          C 0 m     2           n × m          δ  C 1        δ  C 2        δ  C 3       ⋮      δ  C j       ⋮      δ  C m         n × 1    



(7)




where j denotes the jth grid, where Equation (7) is written as the following formula [20,21]:


  y = E x + q  



(8)




where    y  =   δ  t i      is the travel time deviation vector,    E  =    E  i j     =      L  i j    /       C 0 j     2        is the transform matrix,    x  =   δ  C j      is the unknown variable vector, and    q  =    q j      is the solution error vector, n is the ray number and m is the grid number.



Equation (8) is solved by regularized inversion with tapered least square method, in which the objective function J is given as:


  J =   n  T   n  +  α 2    x  T   β x  =   (  y  −  E x  )  T  (  y  −  E x  ) +  α 2    x  T   β x   



(9)




where  α  is the damping factor and   β   is the matrix of regular coefficients evolving from the water mass mode rule. The expected solution of x is determined to minimize the objective function J:


    x  ^  =       E  T   E  +  α 2   β      − 1     E  T   y   



(10)







By introducing singular value decomposition, the E matrix is decomposed as:


   E  =   ∑  k = 1    N k      λ k      u  k    v  k T  =  U Λ    V  T   



(11)




where    U  =     u   1   ,   u   2   ,   u   3   , ⋯ ,   u     N   k        ,    V  =     v   1   ,   v   2   ,   v   3   , ⋯ ,   v     N   k         and


   Λ  =        λ 1     ⋯   0   ⋯   0     ⋮   ⋱   ⋮   ⋱   ⋮     0   ⋯     λ   N k       ⋯   0     ⋮   ⋱   ⋮   ⋱   ⋮     0   ⋯   0   ⋯   0       



(12)




where     N   k     is the number of nonzero singular values. The weighting matrix   β   is introduced to weaken the influence of the unchanged grids and to increase the weights of the changed grids at different depths according to the mode rules of hot water mass transportation, and is formulated as:


   β  =        β 1     0   0   0   0   0   0   0     0   1   0   0   0   0   0   0     0   0   1   0   0   0   0   0     ⋮   ⋮   ⋮   ⋱   ⋮   ⋮   ⋮   ⋮     0   0   0   0     β j     0   0   0     ⋮   ⋮   ⋮   ⋮   ⋮   ⋱   ⋮   ⋮     0   0   0   0   0   0   1   0     0   0   0   0   0   0   0     β m         



(13)







Different kinds of weighting factors (1,    β 1   ,    β 2   , …,    β m   ) are allocated for the central grids including mixing grids, side grids and diffusion grids.    β j  = 1   denotes the grid j where sound ray paths do not pass through. The size of weighting factors in different grids is determined by the hot water mass mode. Here, this mode is obtained from the numerical simulation.



By using Equations (10)–(13), the equation is rewritten:


    x  ^  =   ∑  i = 1    N k        λ i    u  i T    v  i   y     λ i 2  +  α 2   β i       



(14)







The expected solution error vector becomes:


    n  ^  =  y  −  E    x  ^  =    I  −  E        E  T   E  +  α 2   β      − 1     E  T     y   



(15)







The error of the expected solution becomes:


      x  ^    e r r o r   =       E  T   E  +  α 2   β      − 1     E  T    n  ^   



(16)







Note that, the damping factors  α  is calculated by the L-curve method [22].  α  and   β   are updated at every signal transmission. We define the inversion result obtained when L-curve is fold at the maximum curvature point. Thus, this method provides flexibility to reconstruct flotation and diffusion processes of hot water mass.




2.3. Optimization of Vertical Results


The inversion results are obtained via the proposed method in the Section 2.3. But the observation area always exists acoustic shadow zone, which means the inversion results based on mode rule are sparse results (the results of ray path not pass through grid is 0). Although the inversion method smooths the results by the matrix of regular coefficients (  β  ). It improves the results quality, but it does not optimize the sparse region. Thus, a model assimilation is introduced to further improve the accuracy of the inversion results.



Referring state estimation optimization methods, the new optimization loss function is established as follow:


   J ′   =    (   x  ^   -  E ′   x ′  )    T     R   −  1     (    x  ^   -  E ′   x ′  ) +   x  ′   T  x    w   T     Q   −  1     w  x ′    



(17)




where     x  ^    is the grided inversion results in vertical profile,     E ′     is the grid distance relationship matrix between gird and sound rays, R is the covariance matrix of the inversion error, Q is the covariance matrix of the model (background) error, w is the grided model (background) results. The inversion error controls the accuracy of the inversion results, and the model error controls the error in the unfitted region, which inversion error has a dominant effect on inversion results



The model (background) results are the data of numerical simulation. For example, the hot water mass flotation and diffusion simulation give the background water temperature variations at different moments, in other words it gives the reference water temperature at different grids. By this, the whole vertical profile results can be further optimized and improved.



From Equation (17), the local minimum value can be expressed as:


     x  ^  ′  =       E  ′   T    R   −  1      E ′  +    w   T     Q   −  1     w      −  1      E  ′   T    R   −  1      x  ^   



(18)







The expected solution error vector and uncertainty of the solution can be expressed as:


     n  ^  ′  =    I  −   E ′         E  ′   T    R   −  1      E ′  +    w   T     Q   −  1     w      −  1       E  ′  T    R   −  1        x  ^   



(19)






     p  =      E  ′   T     R    −  1     E ′  +  w T     Q    −  1     w     −  1      E  ′   T    R   −  1         n  ^  ′        n  ^   ′   T          R   −  1     E ′       E  ′   T    R   −  1     E ′  +  w T    Q   −  1     w     −  1       



(20)







The whole vertical profile results are reconstructed by the inversion results and model (background) results.





3. Thermal Exchange and Signal Identification


As per the introduction, the numerical simulation builds a background hot water mass field, and then an acoustic transmission simulation based on numerical simulation is performed. Figure 2 shows an acoustic tomography observation model of flotation and diffusion of hot water mass. We defined the observation profile on the ZY plane at the position of x = 0, where the hot water mass begins to float and diffuse (thermal exchange). The core area in Figure 2 is the main region of variation in water temperature, where sound rays are concentrated at depths of 100 m. In real observation experiments, it is not possible to real-time record the fluctuation of water temperature due to the signal interval between signal sending and receiving. In the early stage of the thermal exchange, the sudden water temperature change cannot be distinguished via acoustic signal. So, we place emphasis on the flotation and diffusion of hot water mass mixing with seawater phase and record the water temperature variations via signal transmission. Note that, only the water temperature variations are observed and studied here, and the most obvious stage is the process of water temperature stabilization during the floating and diffusing phases.



3.1. Thermal Exchange


Figure 3 shows the numerical simulation results of flotation and diffusion of the hot water mass. It shows the variation of the maximum floating height at position x = 0 and the decay rule of the temperature variations at a depth of 100 m and time = 0. Time = 0 is the moment the hot water mass begins thermal exchange.



Figure 3a shows the mode rule of maximum floating height with time after the hot water mass transportation, where the hot water mass exchanges with the cold seawater. In the early stage, the initial floating velocity of hot water mass is fast and the fluctuation amplitude is small. In the later stage, the floating velocity of hot water mass gradually slows down and the range of fluctuations becomes larger. The reason for this is that the hot water mass has not been fully diffused and the larger temperature difference generates the smooth rise of the hot water mass in initial phase. However, over time, the temperature difference is weakened and the diffusion is more adequate and the floatation process of the hot water mass produces more intense oscillations.



The decay rule of the temperature variations at depth of 100 m, x = 0 is shown in Figure 3b. It can be seen that the large water temperature difference occurs in the early phase, where the center temperature rapidly declines due to the hot water mass mixing with cold water. Then, the intensity of the water thermal exchange rapidly declines and the center temperature slows down as the temperature difference decreases.



Through the analysis of Figure 3, we can deduce the two mode rules of maximum floating height and water temperature variations in the core area. This is then extended to changing vertical profile grids to establish the weighting matrix   β   and background results. Among them, the maximum floating height of hot water mass varies regularly with time and water temperature at the core area is gradually consistent with the ambient temperature. In summary, we obtained the flotation and diffusion rule of the hot water mass and the water temperature distribution results in the vertical profile. After converting water temperature into sound speed, the effected profile is used for simulating the acoustic signal transmission at different moments.




3.2. Signal Identification in Acoustic Transmission Simulation


Sound signal identification is the distinguishing and matching of sound ray paths corresponding to travel times based on sound ray simulation. Firstly, original acoustic transmission simulation without the influence if hot water mass transportation is carried out to identify original sound rays. Then, the affected ray simulations are performed at different moments with variations of water temperature environment. From Figure 3, it can be seen that hot water mass is mainly in the middle depth layer in the initial phase, in which the sound rays in upper and lower station pairs (50 m_50 m and 150 m_150 m) are not greatly influenced. As the hot water mass begins gradually floating and diffusing, it has an effect on the sound rays of the upper station pair.



In this acoustic transmission simulation, only two stations at the same depth are carried out across a distance of 5000 m, defined as 50 m_50 m, 100 m_100 m and 150 m_150 m. The ray simulation between different depths such as 50 m_150 m cannot identify effective ray (sound ray in acoustic channel) paths due to the complex acoustic channel. Our previous experimental experience also shows that station pairs at the same depth are easier for acoustic signal transmission [21].



In this simulation, the terrain is simplified with a depth of 200 m. Thus, the original acoustic transmission simulations are first identified by three sound ray paths of three station pairs, as shown in Figure 4. The identified ray paths divide in grids as in Figure 4a. Figure 4a shows the original simulation results of 50 m_50 m, 100 m_100 m and 150 m_150 m, represented by solid lines, dashed lines, and dotted lines, respectively. The green, red, and blue lines represent different travel times of sound rays which are bottom reflected more than once. The circles, squares and diamonds in Figure 4b show the relationship between ray length and launch angle of three station pairs. Table 1 shows the detail results of identified rays in the original simulation.



As the identification of the affected ray simulation is influenced by hot water mass transportation, the sound ray paths with the same launch angles as in the original simulation are selected. Thus, the travel time variations in the affected ray simulation can be assumed to be caused by the influence of the hot water mass flotation and diffusion.



It is important to note that the selected ray paths are based on whether the sound rays pass through the core area or not (core area is the yellow area in Figure 4). Due to terrain depth and distance limitations, there is no direct ray, only bottom reflected ray paths are identified. In the real experiment, bottom reflection produces a large attenuation to the acoustic signal. The sound speed profile under the influence of hot water mass transportation is varied not only in the depth direction (Z-axis), but also in the horizontal direction (Y-axis). The travel time of ray paths is changing due to this influence in the grided vertical profile.





4. Results


In this section, travel time variations are shown in Figure 5. The behaviors of the flotation and diffusion of hot water mass in the simulation are reconstructed and demonstrated via inversion and optimization method. Figure 6 and Figure 7 show the results by grid-averaged variations and the error of the result. Then, the comparison between real results and inversion optimization results is introduced, and the water mass transportation route based on inversion and optimization is discussed.



4.1. Travel Time Variation


The travel time variations of sound ray paths at each station pair in hot water mass acoustic transmission simulation and travel time deviation (simulated travel time minus original travel time) are shown in Figure 5. In Figure 5, the X-axis is the time, the left Y-axis is the travel time, and the right Y-axis is the travel time deviation. Figure 5a–c denote the simulation results of three station pairs, 50 m_50 m, 100 m_100 m and 150 m_150 m. The red, green and blue curves are travel time changes over time, and the curves of the travel time variations in different colors correspond to the identified sound rays in Figure 4a. The black lines with different line types represent the travel time deviation variations over time, where the solid, dashed, and dotted lines denote the blue ray, red ray, and green ray, respectively. The original acoustic transmission simulation of identified rays between three station pairs are shown in Table 1.



Firstly, we focus on the core area in the hot water mass transportation (yellow area in Figure 4a) at a depth of 100 m, which corresponds to the curves in Figure 5b. From Figure 5b, the sound ray paths’ travel time fluctuates significantly as the hot water mass floats. The most obvious variation is the green ray, which indicates this sound ray is greatly affected by the water temperature variations. The reason for this is that the green ray passes through a longer distance in the core observation area, in other words, the temperature fluctuation of hot water mass creates a larger impact on it. In contrast, the red and blue rays show less changes. In addition, the travel time of three sound rays gradually slows down. Especially in the first 50 s, the travel time increase fast. From the variations of black curves, it can be seen that the mean value of travel time deviation is about 1 ms. Based on Equation (5) and the size of the core observation area, the sound speed difference caused by 1 ms of travel time deviation has an effect of about 0.5 m/s (caused by the temperature changes of hot water mass exchange).



Figure 5a is the travel time results of a station pair at a depth of 50 m. Compared to Figure 5b, there are no significant variations in the curves at the first 350 s phase, after which the travel time curves fluctuate significantly. Due to the thermal exchange of hot water mass, it has no influence on the signal transmission of the upper sound ray path layer in the beginning. Then, the travel time changes with the effect of the hot water mass flotation and diffusion, similar to the maximum floating height shown in Figure 3a. The travel time deviation in Figure 5a is smaller than that in Figure 5b, in which the mean travel time deviation in Figure 5b is about 20 ms (about 10 m/s sound speed difference of the floating core observation area). Figure 5c is basically unchanged, which is due to the fact that the thermal exchange of hot water mass did not affect the acoustic transmission of the station pair at a depth of 150 m.



The summarized rules from travel time and travel time deviation over time from the above simulation results are as follows: the hot water mass initially affects the core observation area at a depth of 100 m and immediately produces a large decay. As the hot water mass floats, the core observation area is diffusing, and station pairs at shallow depths are influenced. On the other hand, the station pair at a depth of 150 m is unchanged. In comparison, travel time deviation in the station pair at a depth of 100 m is significant, which indicates the larger sound speed difference caused by water temperature variations during hot water mass transportation.



The sound speed difference in acoustic simulation is solved by the travel time deviation via the proposed inversion and optimization method in the core observation area. Thus, the variation range of the sound speed is calculated, which is used to further solve the variation range of water temperature influencing the hot water mass to validate the rules of floatation and diffusion.




4.2. Inversion and Optimization Results


The temperature and sound speed inversion and optimization results via the travel time deviation are shown at Figure 6 and Figure 7. Figure 6 shows the variations of two-dimensional (2D) temperature inversion and optimization results at vertical profile from 5 s to 515 s with intervals of 30 s, which display the basic rule of hot water mass flotation and diffusion in the core observation area. The X-axis is the distance, Y-axis is the depth, and the color is the temperature value. Note that the water temperature in the entire 2D vertical profile is obtained through grid interpolation of inversion and optimization results.



In addition, Figure 7 shows the results of sound speed and sound speed difference over time at depths of 75 m, 95 m, 115 m and 135 m. In Figure 7, X-axis is the time, the left Y-axis is the sound speed, and the right Y-axis is the sound speed difference. The two blue curves are speed sound variations, in which solid curves represent inversion optimization results and dashed curves represent comparison results (numerical simulation results). Red curves represent the variations of sound speed difference between the inversion optimization results and the numerical simulation results.



From the 2D temperature profile inversion and optimization results in Figure 6, it can be seen that water temperature changes in the core area are clearly different from the background water environment. It demonstrates that the additional matrix and model correlation matrix can effectively regularize grided results and obtain the sound speed variations in the inversion and optimization method. From 5 s to 500 s, the water temperature increases are particularly significant in the initial stage, but in the later stage, the water temperature gradually becomes the same as the background environment temperature. However, the trend of increasing temperatures in the core observation area is not obvious.



Figure 7 shows the sound speed variation at four different depth grid positions, which can also be regarded as the water temperature variation. It basically reveals the process of water variation at different depths during the hot water mass flotation and diffusion. Combining the Figure 7a–d, the sound speed dropping in the beginning stage, but eventually it fluctuates around the background water temperature and gradually stabilizes. Moreover, the sound speed fluctuations near the core observation area in Figure 7b,c are more significant. Furthermore, the numerical simulation fluctuation patterns are similar with the variations of inversion results in Figure 7.



From Figure 6 and Figure 7, the inversion and optimization results preliminarily validate the observation of the hot water mass variation via acoustic tomography technology. The rules of the hot water mass transportation in 2D vertical profile are obtained. Through comparison, the trend of inversion optimization results and numerical simulation results are similar, but error via inversion and optimization results still exist due to the algorithmic overfitting.




4.3. Comparison


The sound speed difference in Figure 8 is the sound speed inversion and optimization results compared with the sound speed in original results. The X-axis is the time, left Y-axis is the temperature variation and right Y-axis is the depth variation. Blue solid curve is the mean temperature in core observation grids and blue dashed curve is the water temperature comparison. The red solid curve is the depth variation of the core area and the red dashed curve is the depth comparison between inversion optimization results and numerical simulation results.



The RSMEs (Root Mean Square Error) in Figure 7a–d at four different grid depths are 3.72 m/s, 4.61 m/s, 1.80 m/s and 1.585 m/s respectively. And the mean RSME in the whole 2D vertical profile is 2.23 m/s. A larger sound speed difference exists in the beginning, which means the difference is large during the hot water mass mixing with seawater at first. In inversion and optimization problems, this difference will cause a cumulative fitting inversion error. However, the sound speed difference is still within the controllable range and does not exceed the pre-set value.



Figure 8 shows the comparison of the temperature variation and maximum floating depth variation at the core area. It shows the change of temperature floatation and diffusion in 2D vertical profiles at four different moments. This comparison also shows that the inversion and optimization results are basically consistent with the simulation, which means the feasibility of monitoring the flotation variation of the water mass transportation route via acoustic tomography. However, the accuracy of the results does not reach a very satisfying condition, which is discussed in Section 5.





5. Discussion


The 2D station observation design at the vertical profile effectively establishes water mass transportation routes of water temperature variation through the signal travel time. In particular, the advantage of acoustic tomography observation technology is high sensitivity and high perceptibility for real-time monitoring 2D water temperature field via acoustic transmissions. In this paper, the flotation and diffusion numerical simulation model and acoustic transmission simulation model are used to discuss the thermal exchange of hot water mass in a 2D vertical profile.



If multiple cross vertical profiles and multiple acoustic stations are established to monitor the water temperature variation of the hot water mass, it will improve the accuracy of thermal exchange observation. Moreover, the acoustic signal travel time deviation is not only used to establish the water temperature observation, but also the travel time difference can be further used to establish the flow velocity variation. It is also an important way to monitor state of hot water mass transportation.



However, there are some shortcomings in the acoustic tomography observation technology. Due to the water temperature variation in the real experiment environment being potentially much smaller than the simulation model, it is extremely important to design and set the suitable station-pair distance for high-frequency acoustic signal transmission. Meanwhile, the simulation model established in this paper is focused on the core observation area of 2D vertical profile. However, the floating and diffusing position of hot water mass in reality is randomly distributed. The 2D vertical profile may be inclined and elevated with the flotation and diffusion motion of hot water mass. Thus, establishing an effective acoustic tomography observation mode matrix and corresponding high-precision inversion and optimization methods on specific hot water mass transportation experiments is important preprocessing. Furthermore, it also needs to solve the problem of obtaining the basic motion of hot water mass. As for the station drift, the station position has a significant impact on acoustic tomography observations of water temperature. In real observations, stations may drift due to the influence of currents and this problem is solved by secondary localization or drift correction algorithms.



Acoustic tomography is a common way for underwater temperature and flow field observation in areas, such as oceans and rivers. Acoustic tomography has unique observational advantages for dynamic ocean processes such as water thermocline variations, internal wave transformations and so on. In this paper, the simulation model is established to briefly discuss the feasibility of using acoustic tomography to observe the flotation and diffusion of hot water mass. The water temperature and max floating height variation solved via the inversion and optimization method to verify whether the flotation and diffusion rule of hot water mass can be obtained. This put forward a reference construction for the subsequent research. In summary, the acoustic tomography technique is likely to observe the hot water mass transportation, but still needs further experimental verification.




6. Conclusions


The application of underwater acoustic tomography technology in the flotation and diffusion of hot water mass transportation observation is innovative research. A hot water mass transfer simulation and acoustic transmission simulation are conducted in this paper. The temperature (sound speed) variation of hot water mass in 2D vertical profile is successfully obtained via the proposed inversion and optimization method. The travel time in signal transmission by acoustic tomography is influenced during the floating and diffusing of hot water mass. The accuracy of the new method for observing the hot water mass transportation is compared and discussed.



We can summarize as follows:




	
The sound speed of RSMEs between simulation results and inversion optimization results at whole core observation area is 2.23 m/s (equivalent to 0.4 °C temperature change), which is less than the error requirements. Furthermore, the curves fluctuations input and results are close and similar.



	
The new proposed methods combined inversion and optimization, are based on the simulated hot water mass mode matrix, and are successfully used in the observation. The accuracy of results is verified the method effect.



	
The signal transmission can be influenced by the hot water mass flotation and diffusion. Due to the small water temperature variation, the station deployment needs to consider the relationship between the signal loss and transmission distance.



	
The application of acoustic tomography is an innovative way for thermal exchange observation, which is proved by the simulation comparison. The real sea scale variation needs further study and verification.








Hot water mass monitoring based on the underwater acoustic tomography is a practical method. Whether it can be applied maturely needs further verification and experiment. For this reason, we propose that the application of acoustic tomography to monitor hot water mass variation is a relatively new research direction.
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Figure 1. Numerical simulation model setting of hot water mass transportation. Red arrows denote direction of velocity inlet (only in water domain). Blue arrows denote direction of pressure outlet. The gradient of color from red to blue denotes the probably process of water mass flotation and diffusion changing (hot water to cold water). The yellow line denotes the probable water mass transportation route. 
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Figure 2. Acoustic tomography observation and grid slice model. Six transducers are developed three left and three right at depth of 50 m, 100 m and 150 m. Water mass variation grids are set at a depth of 100 m. The ZX plane is the same as Figure 1. 
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Figure 3. Numerical simulations of flotation and diffusion of hot water mass. (a) is the maximum floating height at position x = 0, (b) is the decay rule of the temperature variations at depth 100 m. 
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Figure 4. Ray simulation and identification. (a) ray simulations of 50 m_50 m, 100 m_100 m and 150 m_150 m. (b) relationship between ray length and launch angle. (c) original sound speed profile. Yellow area is the core observation area. Gray lines are the acoustic channel of other ray paths. Black lines are the grid slice lines. 
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Figure 5. Travel time and travel time deviation results. (a–c) are the acoustic transmission simulation results of 50 m_50 m, 100 m_100 m and 150 m_150 m, respectively. The colors of the curves are the same as ray path color in Figure 4. 
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Figure 6. 2D colormap of water temperature inversion and optimization results from 5 s to 515 s with intervals of 30 s. The color depth shows the temperature value as the right-side color bar. 
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Figure 7. Grid sound speed inversion and optimization results and sound speed difference results. (a–d) are the grids at depths of 75 m, 95 m, 115 m and 135 m, respectively. 
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Figure 8. Results comparison. (a) is the comparison of maximum floating height and temperature change in the core observation area. (b–e) are the temperature floating height at 75 s, 225 s, 375 s and 525 s. 
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Table 1. Original acoustic transmission simulation of identified rays.
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Station Pairs

	
Launch Angle (°)

	
Ray Length (m)

	
Travel Time (s)






	
50 m_50 m

	
−2.96 (blue ray)

	
5045.919590

	
3.3144957




	
−1 (red ray)

	
5042.638983

	
3.314263




	
4.54 (green ray)

	
5050.544503

	
3.314902




	
100 m_100 m

	
−5.57 (blue ray)

	
5032.079960

	
3.3136260




	
−1 (rad ray)

	
5019.860809

	
3.3125639




	
5.57 (green ray)

	
5032.025004

	
3.313598




	
150 m_150 m

	
−3.45 (blue ray)

	
5010.278219

	
3.312462




	
1.63 (rad ray)

	
5006.951102

	
3.312726




	
3.46 (green ray)

	
5010.304894

	
3.312469

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
Time (5)

Time (5)

s ey s amig:






media/file4.png
Surface

Om

— — 50m

— —100m

— — 150m

—200m

Bottom

l Transducer

—_— Sound Ray

K /-_‘ B
\@ Water mass





nav.xhtml


  remotesensing-16-01105


  
    		
      remotesensing-16-01105
    


  




  





media/file16.png
45 -

40

==Mean temperature
== Temperature comparison
==Core area depth

Temperature (°C)
~
o
e’

I |
e 1 I I
N O N B
o O O o o

Depth(m)

- 140
- 160
- 180
- 200,

1000

1000

= Depth comparison

100

Time = 75s
-
2000 3000

Distance (m)

Time = 375s

2000 3000
Distance (m)

200

4000

4000

300
Time (s)

Temperat%e °O)

5000

9

8

-

I?eptﬁ(m):h

. (©

- 40
- 60

1
o0]
]

Temperatl;ge (°C)

5000

9

8

7

6

5

4

D?pthgm)

13 -

=200

-2 (€)
- 40
- 60
- 80
100
120
140
160
180

1000

1000

Time =225s
2000 3000

Distance (m)

Time =525s

2000 3000
Distance (m)

500

4000

4000

0
600

Temperatlﬂ;e (2C)

0
5000

Temperat%e (°C)

0
5000

9

8

(w) pdaq





media/file2.png
Velocity-inlet t ' ' t t ' t Pressure-outlet

interface

200m

transportation path

ARR

Bottom






media/file5.jpg
25

Depth (m)

(@)

m

W aw
Time (s)

s00

()

00
Time (5)

0





media/file3.jpg
Om

- 50m

[~—100m

[~=150m

E Transducer

. Sound Ray

() Water mass

=200m





media/file1.jpg
Velocity-inlet Pressure-outlet

water mass

-~
(S
4

XXX






media/file7.jpg
Distance (m)

) ©
o
= o & o ™
S .
tRE CYE
S Z
. o 3
= T

‘Sound Speed (m's)





media/file10.png
Travel time (s)

3315 -(a)

3.3148 —
3.3146
3.3144 [
0 100
3314
(b)
3.312|
| 2
3.31" 1 ' | |
0 100 200 . 300 400 500 600
Time (s) x10°
33153 * * f
(c) ¢
3.3126
L
3.3125
e e o e o e e e e o e e e e B oo o [
3.3124 : - I l 1
0 100 200 400 500 600

(S) uOnEIAIP dwIN) [PARI],





media/file12.png
- 100 - 100 - 100

- 150 - 150 » - 150

- 200 200 200
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000 1000 2000 3000 4000 5000

- 100 - 100 - 100
- 150 - 150 - 150 |
200 m 200 | 200 |
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
- 100 - 100 - 100
42
- 150 - 150 - 150
- 200 200 - 200
0 1000 2000 3000 4000 5000 OO 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 — 40
0 0
TN R —
100 - 100 - 100 - 100 - 38
- 150 . A - 150 - 150 - 150
- 200 200 200 |
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000 1000 2000 3000 4000 5000 -~ 36
_ — — *
- 100 - 100 - 100 = 34
150 J_ - 150 . | - 150
- 200 200 200 N 32
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000 1000 2000 3000 4000 5000 §

- 100 - 100 - 100

- 150 - 150

0 - 200 - 200
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000





media/file9.jpg
Travel time (s)

S5 @)

®






media/file0.png





media/file17.png





media/file14.png
Sound speed (m/s)

1540 5/
\,“
1530 _(d)\
1520
0

100

100

100

400

===Inversion results
== Comparison results 5

=i
_ 5
500 600

T -
s.—-“’

-

==Inversion results
=== Comparison results

S

!
1
i

600

o N

(o W S NS |

=== nversion results
=== Comparison results| -

400

o
S
S

500

===Inversion results 6
=== Comparison results 4

2
0

-7

200

400

500 600

(S/ux) AIUAIJIP PIads punos





media/file8.png
L]
/ “.-:i',""=....
o** I "‘,

.:0 / ...o ’0...
o’.l \‘ *e 0... | . j
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Distance (m)
5060 x x ] L
(b) o (©)
& O O -50
~5040 ~
= g
o O O | =100
© 52
25020 - O =
as o 0 -150
5000 J . !
2200
-6 -4 2 0 2 4 6 "TT500 1520 1540
Launch angle (°)

Sound Speed (m/s)





media/file11.jpg
P 10 0
w

-2

i o s
_ — —

“ o

P o
“

1 150

w 1000 2100 000 00 00”200 1000 2000 00 00 st u 1000 2000 3000 4000 5000

— —

o
o

1%

2 1000 2000 ux:x'zw 1000 2000 3000 4000 5000 20, 1000 2000 3000 4000 5000

5 : -0

i 1w 8

10 [ - a0 )

i Time 275 -, m

Wu 1000 2000 3000 4000 5000 4v 1000 2000 3000 4000 5000 u 1000 2000 3000 4000 5000 36

0 -0 u

1 [ -0 [

3 - oo I

""'u 1000 2000 3000 4000 5000 u 1000 2000 3000 4000 5000 ""'u 1000 2000 3000 4000 5000 32
%

" - ™

-150

150 [

200751500 2000 3000 4000 5000

200,
o 1008 3600 00 3050 2205 1008 3080 500 0080 008






media/file6.png
100

200

®

ture (°C)
& & £

P o
-

.
-

(U]
(o0]

Tempera
(OS] (%) W
NS PN

300 400 500 600
Time (s)

~
o
o
(V5]