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Abstract: The distribution of ocean sound speed profiles (SSPs) profoundly influences the design of
underwater acoustic communication and positioning systems. Conventional methods for measuring
sound speed by instruments entail high time costs, while sound speed inversion methods offer
rapid estimation of SSPs. However, these methods heavily rely on sonar observational data and
lack the capacity to swiftly estimate SSPs in arbitrary oceanic regions, particularly in scenarios
with few-shot data. Precisely estimating non-cooperative maritime SSPs under such conditions
poses a significant challenge. To explore temporal distribution patterns of sound speed and achieve
precise SSP predictions with limited data, we propose a hierarchical long short-term memory transfer
learning (H-LSTM-TL) framework. The core idea involves pre-training the base model on extensive
public datasets, transferring the acquired knowledge to task models, and fine-tuning the task model
on few-shot data to predict future SSPs. Through H-LSTM-TL, it accelerates model convergence,
enhances sensitivity to few-shot input data, alleviates overfitting issues, and notably improves the
accuracy of SSP predictions. Experimental results demonstrate that the H-LSTM-TL model exhibits
strong generalization capabilities in few-shot data scenarios, effectively reducing overfitting problems
and proving its applicability for rapid prediction of SSPs.

Keywords: hierarchical long short-term memory transfer learning (H-LSTM-TL); few-shot learning;
ocean sound speed profile (SSP) prediction; overfitting effect; generalization capabilities

1. Introduction

In the marine environment, the attenuation of acoustic signals is considerably smaller
than that of radio and optical signals. This characteristic makes acoustic signals more
suitable for long-distance information transmission, establishing them as the primary
signal carrier for underwater sensing systems [1]. The underwater integrated positioning,
navigation, timing, and communication (PNTC) system holds significant importance in
various domains such as maritime disaster warning, underwater rescue operations, marine
resource development, and national defense security. Acoustic signals, serving as the
primary signal carrier for underwater PNTC systems, have garnered considerable research
attention due to their propagation characteristics in the ocean environment. The acquisition
of oceanic sound speed distributions plays a pivotal role in advancing the development of
high-precision positioning, ranging, timing, and communication capabilities within PNTC
systems because it has great influence on the signal propagation mode.

The sound speed distribution in the ocean is dynamic, influenced significantly by
temperature, salinity, and pressure. These influences manifest in the change in spatial
dimension with latitude and longitude and the change in temporal dimension with daily or
seasonal periods [2]. According to [3], in shallow ocean regions, temperature predominantly
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drives sound speed variation. However, as a certain sea depth is reached, pressure changes
become the dominating factor. Due to the effects of sea winds, waves, and turbulent
conditions, the temperature variation in these shallow waters is minimal, referred to as
the surface isothermal layer [4]. In the deep-sea domain, the ocean temperature is notably
lower and exhibits relative stability, forming the deep isothermal layer. Within this region,
the impact of temperature on sound propagation velocity diminishes, becoming primarily
influenced by pressure, displaying a linear increasing trend with pressure escalation.
Between these two isothermal layers, a significant temperature decrease with depth is
observed, resulting in a gradual reduction in sound speed, ultimately exhibiting a negative
gradient distribution. This transitional region is identified as the thermocline.

The variation in sound speed in the vertical direction exceeds that in the horizontal
direction, necessitating the common use of sound speed profiles (S5Ps) to depict sound
speed distribution [5]. Currently, the acquisition of ocean SSPs primarily involves measure-
ment and inversion methods [6]. SSPs can be directly measured using a sound velocity
profiler (SVP) [7] or indirectly determined by combining conductivity, temperature, and
depth profilers (CTDs) [8,9], as well as expendable CTDs (XCTDs) [10], with empirical
sound speed formulas. Sound speed profile (SSP) measurement methods offer precise
measurements of sound speed distribution in specific regions, but they are time-consuming,
and the measurement depth range of an XCTD is constrained by sensor pressure tolerance.
Consequently, achieving a rapid and accurate construction of the sound speed field is
crucial [11].

In recent years, a variety of methods utilizing acoustic field information to infer SSP
have been proposed, aiming to establish the relationship between the marine environment
(SSP distribution) and sound field measurements. Classical SSP inversion approaches
primarily fall into categories such as matched field processing (MFP) [12,13], compressed
sensing (CS) [14-16], and machine learning methods [17-19]. In comparison to traditional
SSP measurement methods, SSP inversion methods are not only more time-efficient but
also more intelligent [20], thus garnering extensive research attention. Both the SSP mea-
surement and inversion methods focus on constructing spatially dimensional sound speed
fields, with a high reliance on in situ observations.

In order to address the challenges posed by the excessive reliance on sonar observation
data and the difficulty in rapidly estimating SSPs in non-cooperative maritime environ-
ments, we propose a hierarchical long short-term memory (H-LSTM) neural network for
SSP prediction. To tackle the issue of inconsistent sound speed variations at different depths,
we introduce the concept of depth-stratified processing. The method enables the rapid
estimation of future time SSPs without the need for on-site data measurements. However,
in scenarios where sound speed data are scarce, neural network models are prone to overfit
the noise, leading to a decrease in predictive accuracy. Therefore, addressing the overfitting
issue of the H-LSTM model in few-shot situations and enhancing its predictive capabilities
warrant further investigation.

Currently, underwater reference SSP data are insufficient in quantity due to difficulties
in collection. Despite initiatives like the Argo program promoting ocean data observation,
SSP data remain deficient in global databases, lacking real-time measurement data. The
scarcity of ocean observation data poses a significant challenge to the progress of marine
science [21]. In situations where marine reference data are scarce, failing to conduct few-
shot learning can lead to overfitting, thereby reducing the model’s generalization ability.
Therefore, enhancing the predictive capabilities of neural network models in few-shot
situations is crucial.

Transfer learning (TL), as an emerging machine learning method, is well-suited for
few-shot learning [22,23]. Transfer learning involves leveraging the experience and relevant
parameters learned from a source task and transferring them to a new task model to ensure
the model is not trained from scratch. Subsequently, the new task is used to fine-tune the
task model, effectively mitigating the overfitting phenomenon. Transfer learning provides
a model optimization approach for handling few-shot data, making it widely applicable
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in various marine-related fields, such as wave characterization predictions [24] and ocean
noise classification [25]. Given that historical ocean SSP data consist of vertically arranged
sound speed values at different depths and the sound speed patterns at different depths
exhibit inconsistent temporal variations, applying transfer learning directly to sound speed
data using schemes from other domains can result in severe data feature loss. Therefore, for
specific tasks related to predicting ocean SSP, it is essential to construct a more reasonable
transfer learning model tailored to the characteristics of marine environments.

In order to address the overfitting issue in few-shot scenarios and to enhance the
prediction efficiency and generalization ability of the model, we propose a transfer learn-
ing framework for sound speed prediction, and the internal model is adopted from our
proposed H-LSTM, which combines the H-LSTM model and the TL framework to propose
a novel method of transfer learning based on hierarchical long- and short-term memory
neural networks (H-LSTM-TL). This method involves pre-training the base model with a
substantial amount of SSP data from publicly available global datasets. Subsequently, the
experiences and parameters learned by the converged base model are transferred to the
task model. The task model is then fine-tuned using few-shot data relevant to the new task.
Finally, the converged task model is utilized for SSP predictions in the new task. Through
H-LSTM-TL, the convergence speed of the task model is accelerated, maintaining sensitiv-
ity to input data and reducing overfitting on limited new task samples, thus significantly
improving SSP prediction accuracy.

The contributions of this paper can be summarized as follows:

*  To obtain favorable prediction accuracy in few-shot data, we propose a transfer learn-
ing framework for SSP prediction. The internal model is not limited to deep neural
network models, Gaussian process regression models, or Transformer models.

e To address the challenge of traditional SSP inversion methods relying heavily on
sonar observation data and struggling with rapid estimation of non-cooperative
maritime area SSPs, we propose a hierarchical long short-term memory (H-LSTM)
neural network as the internal model within the TL framework.

¢  To validate the feasibility of H-LSTM-TL, we conducted ocean experiments to obtain
few-shot SSP data and evaluated the accuracy of the model in predicting SSPs based
on the measured data.

The rest of the paper is organized as follows: In Section 2, we briefly review related
works about SSP inversion. In Section 3, we first propose a TL framework for the prediction
of few-shot SSPs, followed by the presentation of the internal model H-LSTM for the
TL framework, and finally, we propose the H-LSTM-TL model based on few-shot SSPs
and give the implementation details. In Section 4, we give the experimental results and
experimental analysis, which fully validate the feasibility and effectiveness of H-LSTM-TL
for predicting SSPs. Finally, the conclusions are given in Section 5.

2. Related Work

MEFP, CS, and machine learning are three classical SSP inversion methods [26]. As
early as 1991, Tolstoy et al. proposed an MFP framework combining empirical orthog-
onal function (EOF) decomposition, offering an effective solution for SSP inversion [12].
Subsequently, Taroudakis et al. integrated MFP with modal phase inversion for SSP
inversion [27]. Yu et al. introduced an MFP method incorporating genetic algorithms for
SSP inversion [28]. MFP remained a predominant algorithm for SSP inversion for a long
time. However, its computational complexity prompted the introduction of CS methods for
SSP inversion, aiming to expedite the inversion process [14-16]. In contrast to MFP, the CS
framework reduces computational complexity, thereby improving SSP calculation efficiency.
However, CS methods, by simplifying the mapping relationship from the acoustic field to
sound speed distribution, sacrifice some inversion accuracy. Recently, several classical SSP
inversion methods have been proposed, expanding on the MFP foundation. For instance,
a method combining particle swarm optimization (PSO) with EOF for SSP inversion was
introduced [29]. Another approach involves a single-benchmark assimilation method for
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ocean SSPs [30]. Additionally, a single empirical orthogonal function-regression (SEOF-r)
method [31] and a ray-gradient-enhanced surrogate model (RGE-SM) method [32] were
developed to further enhance SSP inversion techniques.

With the continuous development of the global ocean observation network and the
maturation of theories and practices in machine learning and deep learning, an increasing
number of scholars are applying machine learning and deep learning methods to address
relevant issues in the field of oceanography [33,34]. For example, Jain et al., aiming to
demonstrate the feasibility of estimating SSPs using satellite-derived sea surface parameters,
successfully inverted SSPs using artificial neural network (ANN) methods [35]. Hashem et
al., utilizing ANNSs, investigated the influence of temperature, electric fields, and magnetic
fields on sound speed variations in the ocean [36]. Huang et al. proposed an SSP inversion
method based on a combination of artificial neural networks and ray theory [17]. They later
introduced a framework for autonomous underwater vehicles that assisted ocean sound
speed inversion, combining ray tracing theory and artificial intelligence models [37], for
the rapid acquisition of three-dimensional sound speed distributions. Yu et al. proposed a
sound speed inversion method based on radial basis function (RBF) neural networks [38].
Biancoa and Hua separately proposed ocean SSP estimation methods based on dictionary
learning [39,40]. Li et al. introduced a nonlinear SSP inversion method based on a self-
organizing map (SOM), utilizing abnormal data for sea surface temperature and sea surface
height obtained from satellite observations, combined with EOF coefficients from Argo
floats for SSP inversion [41]. Huang et al. introduced an auto-encoding feature-mapping
neural network (AEFMNN) structure, effectively enhancing the robustness of the neural
network model in constructing the sound speed field against interference [37]. Ou et al.
proposed an SSP inversion algorithm based on a comprehensive learning model using
random forest (RF), followed by a method reconstructing SSP using the extreme gradient
boosting (XGBoost) model [42,43].

When inverting SSPs using methods like EOF, MFP, CS, or machine learning models,
a substantial reliance on a large amount of empirical SSP data for reference is necessary.
However, the time and economic costs associated with measuring SSP using conventional
methods are often high. As a result, SSP data are extremely scarce in many maritime regions,
severely hindering the progress of marine science. In situations of data scarcity, machine
learning models can frequently face overfitting issues, leading to a decline in the accuracy
of SSP inversion. To address overfitting with few-shot data, various methods have been
proposed. These include cross-validation methods [44], early stopping techniques [45], gen-
erative adversarial networks for expanding datasets [46], regularization approaches [47],
multi-task learning (MTL) [48,49], and transfer learning (TL) [22,23]. Transfer learning is
the transfer from sample to sample. Usually, the source domain has a large number of
samples and the target domain has only few-shot data, transferring the laws learned by the
model on a large number of samples to the target domain.

Transfer learning has garnered widespread attention in various marine-related fields [50].
For instance, Miao et al. established a transfer learning model for predicting sea surface
temperature anomalies and sea surface height anomalies based on satellite remote sensing
observational data [51]. Kumar et al. constructed a TL model for wave characterization
prediction using data from Mexico, Korea, and the United Kingdom for three regions [24].
Lu et al. proposed a TL method for ocean noise classification [25]. Rostami et al. proposed
a new TL framework to solve the problem of classifying few-shot synthetic aperture radar
(SAR) images [52]. Liang et al. proposed a TL method for wind speed prediction at multiple
wind farms in wind farm control centers [53]. Chen et al. proposed a TL framework for target
detection in remote sensing images [54]. Transfer learning provides a model optimization
approach for handling few-shot data, making it widely applicable in many domains with
limited data. TL is suitable for dealing with the overfitting problem of sound speed prediction
with only a few reference samples.

However, two challenges persist in current research on sound speed prediction. One
is the scarcity of ocean sound speed data. The other is the mismatch between the model
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and the task due to the fact that the distribution of SSP time series data at different depths
has significant differences. How to address these issues and enhancing the accuracy of
predictive models for few-shot SSP tasks are crucial aspects of research in marine acoustics.

To tackle the few-shot problem in ocean sound speed prediction, we establish a transfer
learning framework. For the phenomenon of mismatch between model and task caused by
the difference in different sea depth data, we propose the idea of stratification and integrate
it into the few-shot prediction model.

3. Methodology

Due to the complexity of the ocean environment, it takes quite a long time to measure
SSPs with conventional sound speed sampling equipment, resulting in historical ocean SSP
data being usually scarce. Therefore, we propose a transfer learning framework for few-
shot sound speed prediction to solve the overfitting problem and to improve the prediction
accuracy of the SSP. Considering the inconsistent patterns of sound speed changes with time
at different depths in the same location, we propose the H-LSTM sound speed prediction
model based on data hierarchical processing as the internal model of the transfer learning
framework and then combine this model with the transfer learning framework to form
the H-LSTM-TL. In this section, we will first give the transfer learning framework for SSP
prediction, then give our chosen internal model H-LSTM, and finally describe our proposed
H-LSTM-TL model as well as the specific workflow in detail.

3.1. Transfer Learning Framework for SSP Prediction

Traditional neural networks generally demand a substantial volume of data for ef-
fective learning and performance optimization on specific tasks. However, when faced
with new tasks or datasets, these conventional models necessitate retraining and parame-
ter adjustments. In scenarios involving few-shot training, ordinary models are prone to
overfit the noise, resulting in diminished accuracy and difficulties in achieving the desired
task outcomes.

To address the overfitting challenge in few-shot learning, various methods have
been proposed [55]. In particular, transfer learning has emerged as an effective solution,
garnering widespread attention. Transfer learning mitigates the issue of data scarcity in
target tasks by transferring knowledge and experience from a source domain. It should be
noted that the key to this approach lies in ensuring that different tasks or datasets follow
the same distribution, referred to as task similarity. In transfer learning methods, we begin
by defining a “base model” and extensively training it with a large amount of data closely
resembling the target task. Subsequently, we transfer it to a “task model” which inherits
the parameters and primary features learned during the pre-training phase of the base
model. Finally, we fine-tune the task model using a few-shot dataset from the target task,
effectively addressing the overfitting problem associated with training on limited data.

To more clearly compare traditional machine learning with transfer learning, we
present a simplified flowchart of machine learning and transfer learning in Figure 1. Ma-
chine learning is an independent training process in which a model corresponds to only
one specific task. Transfer learning, on the other hand, utilizes a large amount of data to
pre-train on a base model and then transfers the learned knowledge to a task model with
fine-tuning or further training on the target task.

In order to quickly obtain the real-time sound speed distributions and the future
sound speed distributions in the case of sample scarcity, we propose a transfer learning
framework for SSP prediction, as shown in Figure 2. Our goal is mainly to acquire the main
features of a large amount of SSP data in global public datasets through transfer learning,
that is, to adequately train the base model with a large amount of data, so that the base
model has a certain amount of prior information. Then, the base model is transferred to the
task model, and a few training iterations of the task model with few-shot data can enable
the task model to reach a converged state and make accurate predictions of future SSPs. In
the transfer learning framework, internal models can be selected according to the actual
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task, such as deep neural network models [35], Gaussian process regression models [56],
and Transformer models [57].

Dataset A

(With massive data)

Dataset B
(With few-shot data)

Dataset A

(With massive data)

Machine Learning Transfer Learning

Figure 1. A simplified flowchart comparison between machine learning and transfer learning.

Massive Data Few-shot Data

Data Peprocessing

Data Peprocessing Transfer

Leal rL“» Task Model

Predicted SSP
e —
\ Base Model Training / \ Task Model Fine-tuning /

TL Framework

Pretraining Base Model

Figure 2. Transfer learning framework for SSP prediction.

3.2. H-LSTM Model

To ensure favorable prediction performance, we propose a hierarchical long short-
term memory neural network as the base model and task model of the transfer learning
framework. The core idea of the model is to first process the sound speed data in layers by
depth and define the corresponding LSTM model for different depth layers. Then, the time
series data of each depth layer are trained and predicted. The structure of the J-th layer of
H-LSTM is shown in Figure 3, which mainly consists of an input layer, an H-LSTM layer, a
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fully connected layer, and an output layer. The whole computational flow of the H-LSTM
unit can be defined by a series of equations.

Input Layer H-LSTM Layer Fully Connected Layer Output Layer

EEEE-
EEEE-

Ct

| H-LSTM,
. HE . m

fir = (Wg-[St, 5] + by), 1)
it = o(Wi - [St, St] + by), 2)
Cr = tanh(W, - [St, Se] + be), ®G)
Ci=fi-C1+i-Cp, 4)
or = (W, - [S1, 4] + by), ®)
§t+1 = 0¢ - tanh(Ct), (6)

where fi, i, Ct, and o; are the outputs of the forgetting, input, control, and output gates in
the LSTM cell, Wf, Wi, W, and W, are the weight matrices corresponding to the various
gates, by, b;, be, and b, are the corresponding biases, and Si11 is the predicted SSP for the
next moment of time as output from the hidden layer.

3.3. H-LSTM-TL Model

To enhance the predictive accuracy of future full-depth SSPs under few-shot conditions,
we propose an H-LSTM-TL model. Through pre-training on tasks from other regions or
other datasets within the same region, the model utilizes acquired knowledge to guide
the training of new tasks. The aim is to address the overfitting issue on few-shot target
tasks and improve the predictive accuracy of limited data. Firstly, the base model learns
from other tasks, comprehensively capturing the primary features of the basic task data.
Subsequently, the base model is transferred to the task model. The task model utilizes
pre-learned experiences to rapidly adapt to the few-shot data with minimal fine-tuning to
achieve the function of the target task. In the context of sound speed prediction, distinct
base models can be established for different spatial and temporal regions of the ocean.
These base models undergo pre-training using abundant remote sensing sound speed data
or Argo sound speed data for the respective regions and they store the converged base
models. When presented with a new task, the offline-trained base model is transferred to
the task model by assessing the similarity between the study area or data of the new task
and the basic task. Then, fine-tuning is performed to accomplish sound speed prediction
for the new task.

The H-LSTM-TL model is mainly divided into the base model and the task model,
and the working process is divided into the base model training phase, the task model
fine-tuning phase, and the SSP prediction phase. Before the prediction task is assigned, the
pending base models for multiple sea areas are prepared in advance, and the base model
training phase is completed offline with a large amount of SSP data for the corresponding
sea areas so that the trained base model can be directly used for the task model transfer
when the actual sound speed prediction task is assigned. In the base model training phase,
firstly, the sound speed data from the selected sea area are layered according to different
depths and sorted according to the time dimension. Then, they are normalized into a
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hierarchical normalized time series dataset. Secondly, the normalized dataset is input into
the base model as a training set, and the hierarchical SSP data at the current moment S;
are inputted. The current time-step S; is computed in the H-LSTM layer and will obtain
the cell state C; and the hidden layer output H;, and the obtained C; and H; will also be
involved in the computation of the next time-step S;;1 when it is used as training input.
Finally, all weights are updated by calculating and back propagating the error between
the predicted sound speed value and the actual sound speed value, and the training is
repeated several times until the base model converges. In the task model fine-tuning phase,
firstly, the important information learned during the pre-training of the base model is
transferred to the task model. Second, the task model is fine-tuned with the target task
few-shot data and it observes the convergence status of the task model. Finally, the task
model is trained to a state of convergence after several fine-tunings. In the SSP prediction
phase, the hierarchical SSP data S 4; of the target task at the current moment (where dj
represents the data of the j-th depth layer, j = 1,2,...,], and ] is the maximum depth
layer) are taken as the input to the task model, and the hierarchical SSP data SAtH,dj of the
future moment can be predicted by performing forward propagation once. Finally, the
predicted sound speed data of different depth layers are combined and plugged into the
SSP prediction phase. Finally, the predicted sound speed data in different depth layers are
combined and interpolated to obtain the future full-ocean depth SSP.

To facilitate the intuitive understanding of the core idea of the H-LSTM-TL model, the
basic structure of the model is shown in Figure 4. The figure shows the structure of the J-th
layer, and the remaining depth layers are similar.

| Predicting
|Future SSP =

| —)

Task Model

Task model fine-tuning ph:qlse SSP prediction phase

Figure 4. The basic structure of H-LSTM-TL (the J-th layer).

3.4. Workflow of H-LSTM-TL for SSP Prediction

The specific workflow of the H-LSTM-TL-based SSP prediction method is shown in
Figure 5, including data preprocessing, H-LSTM neural network construction, base model
pre-training, model transfer, model matching, task model fine-tuning, and SSP prediction.
We will give the specific implementation steps of the method in the following.
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Basic | Dataset 1 Dataset 2 . Dataset N Target Dataset T
tasks | (Massive data) (Massive data) (Massive data) tasks (Few-shot data)

Step 1:
Data preprocessing
Step 2:

H-LSTM neural network
construction

Step 3:

Base model pretraining

Step 4:

1
!
Matching model

Step 5 Model transfer

Step 5:

Model matching

Step 6:

Task model fine-tuning

................... #
Predicting

ingl |-
(i
- ||
StcpSl l l T
P Future SSP
H Step 7
1] -
N
I

Step 7:

v
1

! SSP prediction
1

i

|
|
P Hodelt . - :
/

Figure 5. The workflow of the H-LSTM-TL.

Step 1. Data preprocessing:

We need to prepare a large amount of historical SSP data from multiple sea areas.
These data are intended for the pre-training of the base model, so that the trained base
model can be directly used for the transfer of the task model for SSP prediction in the
relevant sea areas when given the actual sound speed prediction task. Since the H-LSTM-TL
model is trained by hierarchical SSP data, we need to perform hierarchical processing on
the SSP data of the different selected sea areas. The hierarchical prediction approach can
effectively solve the problem that ordinary LSTM models lose the feature information of
historical data when trained at different depths.

Taking the historical SSP data of one of the selected sea areas as an example, firstly, the
I historical SSPs are sequentially standardized and linearly stratified in the depth direction,
and a total of | layers are divided. Then, the historical data are processed to be sorted in
the time dimension to form the [-layer SSP time series. The hierarchical standardized time
series dataset of this sea domain is given in the form of a matrix in Equation (7).

Sl,d1 SZ,dl e SI,d1
S S ... S

S — Ldy  °2,dp Ld, , ?)
Sl,d] SZ,d] e SI,d]

where s 45 is the sound speed value at the J-th depth layer for the I-th SSP sorted by time,
with I being the time index and | being the depth layer index. Data preprocessing for
the target task’s few-shot SSPs is performed in a similar way, differing only in a smaller
number of SSPs.

Step 2. H-LSTM neural network construction:

According to the hierarchical normalized time series data in Step 1, an H-LSTM
network is constructed for each depth layer of the time series, the number of nodes in the
input layer is 1, an H-LSTM layer is taken as the hidden layer, the number of hidden units is
taken as N, and a fully connected layer with a linear activation function is added between
the hidden layer and the output layer.



J. Mar. Sci. Eng. 2024, 12, 1041

10 of 22

Step 3. Base model pre-training:

The H-LSTM models for each depth layer are fully pre-trained with hierarchical
standardized time series datasets from different sea areas, which enables the base model to
capture the relationship between the training inputs and outputs and to learn the changing
patterns of multiple types of time series SSPs. After the model reaches convergence,
the base models corresponding to the different oceanic data are saved for further use in
transfer learning.

Step 4. Model transfer:

The base model saved in Step 3 is transferred to different task models that have prior
knowledge related to the base task data. The purpose of transfer learning is to utilize
the knowledge and experience of the base task to accelerate the learning process of the
target task. Since these task models are not trained from scratch, they can quickly learn the
distribution pattern of the new SSPs’ data with less training on the few-shot data of the
new task, maintain sensitivity to the changes in the sound speed distribution, and are less
prone to the degradation of the prediction accuracy due to overfitting.

Step 5. Model matching:

When the target task is assigned, the data of the target task are compared with the base
task data. Regional correlation or data similarity is considered to match the appropriate
task model. The data similarity is measured by the mean square error MSE, with smaller
values representing higher similarity.

1L r B 2
MSE = 7 Z(Smeun,dj _Smean,dj) J=12,...,], 8)
j=1
where T ndj and sB ndj are the sound speed averages of the target task data and the base

task data in the j-th layer, respectively, and | is the maximum co-depth layer.

Step 6. Task model fine-tuning:

In the task model fine-tuning phase, the matched task model is further trained and
optimized using the target task few-shot data. The training in this phase is based on the
pre-trained model, and then the parameters and structure of the model are fine-tuned to
better adapt to the target task to achieve more accurate SSP prediction in the future.

Step 7. SSP prediction:

In the SSP prediction phase, firstly, the hierarchical SSP data at the current moment
of the target task are taken as input, and the future SSP data in this depth layer can be
predicted by performing one-time forward propagation. Secondly, the predicted sound
speed data from different depth layers are combined in ascending order of depth layers,
and the combined hierarchical SSPs are interpolated at full-ocean depth. Finally, the
interpolated future full-ocean depth SSP is obtained. To verify the accuracy of the model
for SSP prediction, we calculate the root mean square error (RMSE) between the predicted
SSP and the actual SSP, and a smaller RMSE represents a higher prediction accuracy.

g —g )2
RMSE - w/]: 1/2//]/ (9)

where §, ;; and s, 4; are the sound speed values of the predicted SSP and the actual SSP in
the j-th layer, respectively, and | is the maximum co-depth layer.
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4. Results and Discussion
4.1. Data Preprocessing
4.1.1. Data Sources

To verify the performance of the proposed H-LSTM-TL in this paper for predicting
the SSP, we conducted a deep-sea experiment in the South China Sea in mid-April 2023,
with an area of 10 km x 10 km and a depth of more than 3500 m, and the collected SSP
data lasted for three days. Since the 14 SSP data collected were at different moments of the
3 days, covering almost a whole day in time, we approximated the 14 SSP data as the 24 h
SSP changes in the area, with time intervals of approximately every two hours.

Due to the long time taken to collect sound speed data by SSP measurement devices
such as CTDs and XCTDs, we collected relatively small numbers of SSPs in our ocean
experiments. Training a model with a small amount of data may lead to overfitting
problems because neural network models can easily memorize few-shot data, thus failing
to learn the basic features and patterns of the data. When a model relies too greatly on
a small amount of data, its generalization ability is also weakened and it is unable to
accurately make predictions when faced with new task data.

To solve the overfitting, we selected historical South China Sea sound speed data
from the global Argo dataset [58], which is strongly correlated with the Ocean Experiment
collection. We also selected historical sound speed data from the Pacific, Atlantic, and
Indian Oceans. The base model in H-LSTM-TL is pre-trained using Argo data, and the
converged base model is transferred to a new task (Ocean Experiment data).

The specific spatial locations of the ARGO SSP data (base model) and the Ocean
Experiment SSP data (task model) as well as how the data are divided for the task model
are given in Figure 6, and detailed data information is shown in Table 1.

00
480 149 1500 1510 1520 1530 1540 B0 149 1500 1510 1520 1530 1540 {5

Argo SSP Dataset

&3, Ocean Experiments SSP Dataset II]]]] Test Dataset < —

Sitel: South China Sea (113.5°E,17.5°N) D e ——— > 0 314
Site2: Pacific Ocean (149.5°E,17.5°N) - t [T sses
Site3: Indian Ocean (77.5°E,10.5°S) v } 1 } . .' :
Sited:  Atlantic Ocean (47.5°W,27.5°N) =i | [l rraining Dataset ,

1 w |

a | |

Site5: South China Sea (116°E,20°N) T I

-

Figure 6. Data source.
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Table 1. Detailed data information.
Argo Dataset (For Base Model)
. . . Temporal Layered
Study Area Time Dimension . Number of SSPs Full Depth .
Resolution Processing
South China Sea
(113.5° E, 17.5° N)
Pacific Ocean
57 E, 17.5° — nequal interva
(149.5° E, 17.5° N) 2017-2021 Month mean 60 Unequal 1
Indian Ocean (60 months) 0-1975m (58 layers)
(77.5° E, 10.5° S)
Atlantic Ocean
(47.5° W, 27.5° N)
Ocean Experiments Dataset (For Task Model)
. . . Temporal Layered
Study Area Time Dimension . Number of SSPs Full Depth .
Resolution Processing
South China Sea 27 March 2023 Approximately 14 0-1975 m Unequal interval
(116° E, 20° N) (24 h) two hours mean (58 layers)

4.1.2. Hierarchical Processing of Data

The depth of the SSP data acquired by the Ocean Experiment exceeded 3500 m, but
the maximum depth of the Argo data for model pre-training was only 1975 m. To maintain
consistency between the base model and the task model, the Ocean Experiment SSP data
were interpreted as 0-1975 m. Although the maximum depth of the data is only 1975 m,
the change in SSP in the deep-sea part is relatively small (a linear trend with depth), and
1975 m already contains the typical SSP structure including the surface layer, seasonal ther-
mocline, main thermocline, and deep-sea isothermal layer of the ocean SSP. Thus, 0-1975 m
can already approximately represent the main characteristics of the whole-ocean depth
SSP data.

Due to the H-LSTM-TL needing to predict the SSPs in layers, if the number of SSP
data layers is too large, it will seriously intensify the time consumption of model training.
The full-ocean depth SSP is divided into 58 depth layers at unequal intervals in the depth
direction, and the standardized layering is as follows: from 0 to 10 m, one layer is divided
every 5 m; from 10 to 180 m, one layer is divided every 10 m; from 180 to 460 m, one layer
is divided every 20 m; from 500 to 1250 m, one layer is divided every 50 m; from 1300 to
1900 m, one layer is divided every 100 m; the depth over 1900 m is divided into one layer,
making a total of 58 layers. This method of layering can fully represent the main features
of the full-ocean depth SSP. After the layering process, the SSP data are then sorted in the
time dimension.

Taking the Ocean Experiment SSP data (14 SSPs) as an example, the hierarchical nor-
malized dataset S after depth stratification and time-ordering processing can be represented
as a matrix of sound speed values in 58 rows and 14 columns, and the Argo data are
layered similarly.

S1,d,  S2,d;  ---  Sl4,d,
S S . S

S — 1,d, 2,d» 14,d, . (10)
Sldss S2dsg -+ Slddsg

4.2. Parameter Settings of H-LSTM-TL

The experiments involved in this paper were implemented in MATLAB R2023b. To
ensure that the base and task models in the hybrid model H-LSTM-TL can be trained to
convergence, we performed several parameter adjustments and finally determined the
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appropriate model parameters. The main parameter settings of H-LSTM-TL are shown
in Table 2.

Table 2. Key parameter setting of H-LSTM-TL.

Settings
Key Parameters
Base Model Task Model

Layers 4 4
Hidden size 150 150
Learning rate 0.01 0.01

Epoch 300 30
Loss function MSE MSE

4.3. Prediction Accuracy

In order to solve the problem of model overfitting or underfitting caused by too few
Ocean Experiment data, we pre-trained the base model 300 times with the historical South
China Sea Argo SSP data, which is strongly correlated with the Ocean Experiment data,
then transferred the converged base model to the task model, then fine-tuned the task
model with the Ocean Experiment data 30 times, and finally predicted the SSPs in future
moments. Additionally, we performed accuracy comparison experiments by directly testing
the H-LSTM model, back propagation (BP) neural network model [38], and polynomial
fitting (PF) method [59] using Ocean Experiment data.

The base model in H-LSTM-TL is pre-trained with five years of South China Sea Argo
data from 2017 to 2021. The task model and other models are trained with the first 13 SSP
data of the measured approximate 24-hour South China Sea Ocean Experiment data, and
they predict the SSP for the next two hours, respectively. A comparison of the predicted
hierarchical SSP with the original hierarchical SSP for the H-LSTM-TL and other models is
shown in Figure 7.

0 T T T
—oS— Original 58-layer SSP

= Polynomial Fitting
-10 [ BP

¢  H-LSTM

* H-LSTM-TL

-50 | g ]

60 % | 1482 14831484 1485 1486 1487
1480 1490 1500 1510 1520 1530 1540

Sound speed (m/s)

Figure 7. Comparison of predicted hierarchical SSP with original hierarchical SSP.

Figure 7 reveals that the hierarchical SSP predicted by H-LSTM-TL closely resembles
the original profile, with minimal errors at each depth layer. In scenarios with limited data,
the result of polynomial fitting methods provides predictions close to the original data,
but its accuracy still falls short compared to H-LSTM-TL. However, both the BP model
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and H-LSTM model exhibit certain shortcomings in handling few-shot data, as is evident
from their poorer performance across most depth layers. It is evident that H-LSTM-TL
outperforms other models in predicting layered SSP at each depth layer, demonstrating
superior performance compared to other state-of-the-art methods.

To more clearly compare the accuracy performance of several models when performing
layered prediction, the errors of some randomly selected depth layers from the 58 predicted
layers of SSP are given in Table 3.

Table 3. RMSE of different depth layers.

Depth Layer RMSE (m/s) Depth Layer RMSE (m/s)
H-LSTM-TL H-LSTM PF BP H-LSTM-TL H-LSTM PF BP
8 0.4030 1.3641 0.7925 0.4753 15 0.1063 0.6856 0.3661  3.0507
9 0.3707 1.3053 0.7895 0.2721 16 0.1336 0.7599 0.5481 1.5823
10 0.4578 2.1526 0.6754 0.8159 17 0.2615 1.2522 0.6993 0.4375
11 0.4308 2.7047 0.5897 0.4375 18 0.2163 0.7768 0.8578  4.4335
12 0.4242 2.1136 0.4372  2.6509 19 0.2534 0.8888 0.8827 1.9334
13 0.2746 0.4040 0.3230  2.6500 20 0.2606 0.9427 0.9290 1.5949
14 0.0704 0.0426 0.1983  4.0691 21 0.5941 1.0218 0.9545 5.3949

From the RMSE of different depth layers, it can be seen that the prediction performance
of our proposed H-LSTM-TL model is much superior to other models without transfer
learning with training on the few-shot data. In the errors given for the 14 depth layers, the
prediction errors of the H-LSTM-TL model are much smaller than those of other models in
most of the depth layers, and the error in the 14th layer is only slightly larger than that of
H-LSTM, but there is only a difference of less than 0.03 m/s, which is negligible. The results
of the layered prediction fully show that the H-LSTM-TL model can accurately predict SSPs
in future moments and the predicted SSP data can accurately represent the main features
of the actual SSP.

Due to the fact that the training data for several models are not full-ocean depth
data, but rather data from 58 unequally spaced depth layers divided over the range of
0-1975 m ocean depth, the predictions are also stratified. In order to test the prediction
performance of H-LSTM-TL for future full-ocean depth SSPs, the predicted stratified sound
speed distributions are interpolated at full-ocean depth by linear interpolation, and the
full-ocean depth range is taken as 0-1975 m. A comparison of the full-ocean depth SSPs
predicted by several models with the actual full-ocean depth SSP is shown in Figure 8.

It can be seen from the comparison between the full-ocean depth SSPs predicted by
several models and the actual full-ocean depth SSP that the full-ocean depth SSPs predicted
by the H-LSTM-TL model almost fit perfectly with the actual full-ocean depth SSP, with
very high similarity. Under the condition of the same number of training times, the full-
ocean depth SSP predicted by the H-LSTM model only fits better below 1200 m depth, and
the prediction effect is generally poor in the range of 0-1200 m depth, although it can also
roughly represent the main features of the actual full-ocean depth SSP. In the comparison
of the prediction effects of both models, the H-LSTM model without transfer learning is
much less effective in prediction than H-LSTM-TL. For the polynomial fitting method, the
overall errors in predicting the full-ocean depth SSP are relatively uniform, providing a
rough representation of the future SSP across the entire ocean depth. However, the BP
model exhibits poor capability in handling small sample data to the extent that the SSP
predicted by the BP model is not suitable for representing the future full-ocean depth SSP.
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Figure 8. Comparison of predicted SSP with original SSP.

The sound speed disturbances of several models predicting the SSP with the actual
SSP as the reference are given in Figure 9. The red line is the sound speed disturbance of
the SSP predicted by H-LSTM-TL, and it can be seen that below the 400 m ocean depth,
the sound speed disturbances are all within 0.5 m/s, and the sound speed disturbances
in the shallow portion of the ocean, where the marine environment is complex, do not
exceed 1 m/s, which is far more effective than that of other models. The full-ocean depth
prediction errors of training the task model and the H-LSTM model 30 times, respectively,
are given in Table 4, and the full-ocean depth prediction error of the H-LSTM-TL model
is 0.2736 m/s, while that of the H-LSTM model is 0.5788 m /s, which is more than twice
as large as that of the H-LSTM-TL. Because training H-LSTM only 30 times is far from
convergence, we trained the H-LSTM model alone 150 times with Ocean Experiment data,
and the model reached convergence with a full-ocean depth prediction error of 0.3858 m/s,
which is still not as accurate as that of H-LSTM-TL. Additionally, Table 4 presents the
overall prediction errors for other models. The RMSE of the polynomial fitting method and
BP model are 0.4013 m/s and 1.1328 m/s, respectively. The experimental results show that
our proposed H-LSTM-TL can accurately capture the internal features within few-shot data
and make accurate predictions of the full-ocean depth SSP at future moments.

0
-200 - 1
-400 1
-600 N
— Polynomial Fitting
€ -s00f BP 1
N
< -1000 H-LSTM 1
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6 -4 2 0 2 4 6

Sound speed disturbance(m/s)

Figure 9. Sound speed disturbance of several models.
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Moreover, we also tested the number of fine-tunings of the H-LSTM-TL model on the
few-shot ocean SSP data. The amount of base model pre-training was fixed at 300 times to
ensure that the base model could be trained to convergence. The fine-tuning times of the
task model after transfer learning were taken as 30 times, 20 times, 15 times, 10 times, and
5 times to test the H-LSTM-TL. The corresponding full-ocean depth prediction errors are
given in Table 4.

Table 4. RMSE for different numbers of training times.

H-LSTM-TL H-LSTM PF BP
Dataset Dataset Dataset
Base' Model Task Moc'lel Ocean Experiments Ocean Experiments
(South China Sea Argo) (Ocean Experiments)
Epochs (Task Model) Epochs
30 25 20 15 10 5 30 150 RMSE (m/s)
RMSE (m/s) RMSE (m/s)
0.2736 0.2353 0.2133 0.1624 0.1416 0.1057 0.5788 0.3858 0.4013 1.1328

It can be seen from the full-ocean depth prediction errors with different numbers of
fine-tuning times given in the table that the RMSE between the SSP predicted by the H-
LSTM-TL model and the actual SSP also decreases gradually as the number of fine-tuning
times of the task model decreases from 30 times to 5 times. Under the condition of training
with few-shot data, this may have occurred because the task model with transfer learning
had already reached a fit with only a few fine-tuning training times. If the task model is
trained several times with few-shot data, the features captured by the model will become
closer and closer to the case when the H-LSTM model is trained directly with the few-shot
data, so that the transferred task model also reaches overfitting, and the accuracy becomes
more and more worse as the number of training times increases. In general, it is only
necessary to fine-tune the task model in our proposed H-LSTM-TL model 5 times to achieve
accurate prediction accuracy. To enhance comparability with the non-transfer learning
model, the task model underwent 30 fine-tuning iterations in the comparative experiments.
This is because, for the ordinary model without transfer learning, no meaningful features
can be learned in just 5 iterations.

4.4. Generalization Ability

Generalization ability, within the context of machine learning, refers to the capacity
of an algorithm to effectively accommodate new samples. Its primary objective lies in
discerning the underlying patterns within the data, such that the trained network can also
accurately predict data outside the learning set with the same law. However, conventional
neural network models often encounter overfitting issues, particularly when confronted
with limited training data, consequently diminishing their generalization prowess.

In previous experiments, we selected data for the pre-training of the base model with
a strong correlation with the new tasks, and both datasets were derived from the relevant
regions of the South China Sea. In order to verify that our proposed H-LSTM-TL has good
generalization ability, we selected Argo SSP data from the Pacific, Indian, and Atlantic
Oceans, which are quite different from the sound speed distribution characteristics of the
South China Sea, as the pre-training data for multiple base models. After pre-training on
data from various marine regions, the base model was transferred to the task model. The
training and testing of the task model use limited samples, preventing excessive learning of
sample features. This approach preserves sensitivity to input data, ensuring the reliability
of H-LSTM-TL for accurate prediction of few-shot ocean SSPs. The prediction results of the
three regional models are shown in Figure 10.
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Figure 10. Prediction results of three regional models.

As shown in Figure 10, when the Argo data of the three regions are used as the pre-
training data for the base model, the full-ocean depth SSPs predicted by H-LSTM-TL at
future moments all perform well, and the predicted full-ocean depth SSPs can accurately
represent the main features of the actual SSPs. For base model 1 (Pacific Ocean), the RMSE
of task model 1 after transfer learning is 0.2978 m/s; for task model 2 (Indian Ocean), the
RMSE is 0.2918 m/s; and for task model 3 (Atlantic Ocean), the RMSE is 0.1929 m/s. The
RMSE values of all three models are less than 0.3 m/s, which can well represent the future
full-ocean depth SSP.

Meanwhile, we can also notice that the prediction effect of the Atlantic Ocean Argo
data is superior to that of other models when it is used as the pre-training data for the base
model. This is because the original Argo data in the Atlantic Ocean have a great correlation
with the distribution of the target task data, and the sound fixing and ranging (SOFAR)
channel of the Atlantic Ocean SSP and the South China Sea experiments’ SSP are both near
1000 m depth, while the SOFAR channel of the SSPs of the other two sea areas are near
600 m depth.

The experimental results fully showed that our proposed H-LSTM-TL is good at
learning the generic features of the few-shot task data and capturing the general patterns
in the data, to better and accurately predict future full-ocean depth SSPs. Meanwhile, the
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model also has good generalization ability and general applicability for predicting SSP
distribution in different regions with different features.

4.5. Convergence Comparison

To observe more intuitively the convergence of our proposed H-LSTM-TL model with
the H-LSTM model without transfer learning under the training of few-shot data, the
convergence of both models is shown in Figure 11, where the two lines in the lower half
correspond to the trend of the Loss value during the training process and the two lines in
the upper half correspond to the trend of the RMSE during the training process. It can be
noticed that with H-LSTM-TL, the model only needs to be trained 25 times for the Loss
value to drop below 0.05, reaching a converged state. When the model is trained up to
50 times, the Loss value tends to 0, reaching a state of complete convergence. When using
H-LSTM, the model has to be trained at least 150 times if it is to reach the fully converged
situation. It can also be noticed that after 50 iterations of training, the RMSE of the H-LSTM-
TL model drops below 0.2 m/s, while the RMSE of the H-LSTM model only drops to about
0.4 m/s. The experimental results show that the H-LSTM-TL model converges much faster
than the H-LSTM before improvement when learning with few-shot data. This means that
the H-LSTM-TL model can learn internal dependencies in data more quickly, enabling
it to enter a stable prediction phase earlier and thereby improving the time efficiency of
predicting future SSP.

1.4 T T T T T
—e—Loss:H-LSTM

12+ —+—Loss:H-LSTM-TL
RMSE:H-LSTM

1 —+—RMSE:H-LSTM-TL

Loss

0 5 10 15 20 25 30 35 40 .4'5. 50
Training episode

Figure 11. Convergence comparison of both models.

4.6. Time Efficiency Comparison

The time efficiency of future sound speed prediction is crucial for our further expansion
of work on large-scale ocean SSP prediction. In this paper, our proposed H-LSTM-TL model
is divided into a base model and a task model. Due to the fact that the pre-training process
of the base model can be accomplished offline before transfer learning, the corresponding
base model can be used for multiple transfers for different prediction tasks by simply
saving it after pre-training. Therefore, for the H-LSTM-TL model, the only time overhead
that needs to be considered is the task model fine-tuning phase.

In previous experiments, we analyzed the convergence performance of both models.
The task model of H-LSTM-TL can reach a converged state after 25 iterations of training and
can reach a fully converged state after 50 iterations of training, whereas it takes 150 iterations
of training for the H-LSTM model to reach a converged state similar to that of H-LSTM-
TL. The comparison of the time efficiency of both models for training to convergence
is shown in Figure 12, where the H-LSTM takes longer to reach convergence, requiring
160 s, while the H-LSTM-TL takes only 58 s to reach full convergence, which is much more
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time-efficient. The shorter training time not only enhances the efficiency of SSP prediction
but also signifies reduced computational resources consumed during the training process.
This is particularly crucial for large-scale applications of SSP prediction.
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Figure 12. Time overhead of SSP predictions.

5. Conclusions

To realize the accurate prediction of future full-ocean depth ocean SSPs and to improve
the real-time availability of ocean engineering sound speed data, it is particularly important
to reasonably utilize historical underwater sound speed data to predict SSPs. In this paper,
we proposed an H-LSTM-TL method for full-ocean depth SSP prediction. The method
established the transfer learning framework H-LSTM-TL based on the deep learning LSTM
neural network combined with the improved H-LSTM model with the idea of layering,
which successfully reduced the number of training times for the model to reach convergence
with few-shot data and improved the prediction efficiency of SSP.

To verify the feasibility and validity of the model, we performed deep-sea experiments
to obtain few-shot SSP data. Through the verification of the measured few-shot SSP data,
it was shown that the proposed H-LSTM-TL model can obtain better prediction accuracy,
faster convergence speed, and better time efficiency. Moreover, we also tested the model
on three typical sea areas and verified that the model has excellent generalization ability.
The experimental results showed that the proposed H-LSTM-TL model in this paper is
suitable for underwater sound speed prediction in the case of few-shot data, which can
balance the accuracy and time efficiency of prediction and also has a strong generalization
ability. Given the notable performance of H-LSTM-TL in few-shot time series modeling,
it is widely applicable to various time series forecasting tasks. Particularly in marine-
related fields, the potential application value of H-LSTM-TL is significant. For instance, it
can be extended to achieve precise predictions in areas such as sea temperature, salinity,
and turbulence.

The accurate prediction of SSP is crucial for underwater acoustic communication as
it effectively aids in beam forming design, ensuring the rationality of signal transmission
angles and thereby enhancing energy utilization efficiency. Furthermore, in the field of
localization, precise SSP prediction combined with ray tracing techniques can significantly
improve positioning accuracy, providing robust support for performance optimization and
precise localization in underwater communication systems.

In future research, we will focus on integrating real-time satellite remote sensing data
of ocean surface conditions with Argo data to achieve precise SSP predictions in various
specific marine regions, such as areas with mixed currents like the Gulf Stream and regions
with frequent internal solitary waves like the South China Sea. Additionally, we plan to
combine the H-LSTM-TL model with advanced machine learning architectures, such as
convolutional neural networks (CNNs) and attention mechanisms. This integration aims to
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overcome the limitations of H-LSTM-TL in handling spatial data and to further enhance
the model’s ability to capture complex dependencies within spatiotemporal data.
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