
Citation: Xiao, H.; Zhao, Y.; Zhang,

H. Predict Vessel Traffic with Weather

Conditions Based on Multimodal

Deep Learning. J. Mar. Sci. Eng. 2023,

11, 39. https://doi.org/10.3390/

jmse11010039

Academic Editor: Mihalis Golias

Received: 15 November 2022

Revised: 15 December 2022

Accepted: 16 December 2022

Published: 28 December 2022

Copyright: © 2022 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/).

Journal of

Marine Science 
and Engineering

Article

Predict Vessel Traffic with Weather Conditions Based on
Multimodal Deep Learning
Hu Xiao 1,2 , Yan Zhao 1,* and Hao Zhang 2,*

1 China Transport Telecommunications and Information Center, Beijing 100011, China
2 Faculty of Information Science and Engineering, Ocean University of China, Qingdao 266100, China
* Correspondence: zhaoyan_susan@163.com (Y.Z.); zhanghao@ouc.edu.cn (H.Z.)

Abstract: Vessel management calls for real-time traffic flow prediction, which is difficult under
complex circumstances (incidents, weather, etc.). In this paper, a multimodal learning method named
Prophet-and-GRU (P&G) considering weather conditions is proposed. This model can learn both
features of the long-term and interdependence of multiple inputs. There are three parts of our model:
first, the Decomposing Layer uses an improved Seasonal and Trend Decomposition Using Loess (STL)
based on Prophet to decompose flow data; second, the Processing Layer uses a Sequence2Sequence
(S2S) module based on Gated Recurrent Units (GRU) and attention mechanism with a special mask to
extract nonlinear correlation features; third, the Joint Predicting Layer produces the final prediction
result. The experimental results show that the proposed model predicts traffic with an accuracy of
over 90%, which outperforms advanced models. In addition, this model can trace real-time traffic
flow when there is a sudden drop.

Keywords: vessel traffic prediction; STL; Prophet; attention; multimodal learning

1. Introduction

Recently, the expansion of maritime traffic has driven ships and vessels towards the
trend of being large-scale and specialized, which has brought pressure to the fairways and
results in difficulty in vessel traffic management. Although measures such custom lanes
and bidirectional lanes have been implemented, limited devices and delayed cooperation
still do not satisfy the needs. As a result, vessel traffic prediction has been introduced to
improve maritime traffic management. Vessel traffic prediction provides highly reliable
decision support for ship navigation [1] and traffic control services [2,3].

Traffic flow is a typical case of a time series. In this field, there are a great number of
studies, mainly divided into three aspects: traditional methods, shallow networks, and
deep learning methods. Traditional models are also called parametric models. The most
representative ones are the autoregressive integrated moving average model (ARIMA)
and the Kalman filter (KF). Research has shown that the ARIMA model performed bet-
ter when the dataset is small [4]. Kumur et al. [5] verified this with a seasonal-ARIMA
model, achieving an accuracy of 90–96% in long-term traffic prediction. Previously, re-
searchers did a lot of research on the Kalman filter to predict spatiotemporal sequences [6].
Abidin et al. [7] used the Kalman filter model to predict the arrival time of vehicles using
Twitter information. However, these parametric models require time-to-time adjustment,
which is inconvenient. To avoid this, data-driven models, also known as intelligent algo-
rithms, have been proposed. For example, support vector machine (SVM), random forest
(RF), and wavelet neural networks (WNN) are feasible for automatically modifying the
parameters and creating nonlinear mapping among all dimensions of inputs. Feng et al. [8]
improved SVM using multi-kernel, thereby reducing the influence of noise on the predic-
tion results. Li et al. [9] brought SVM into spatiotemporal sequence fields by predicting
the arrival time of buses based on GPS location. Other intelligent models also work well,
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such as support vector regression (SVR) [10], back propagation (BP) [11,12], fuzzy neural
network (FNN) [13], and radial basis function network (RBFNN) [14]. However, when
input dimensions are large or under uncertain influences such as a rainstorm or frigid
temperatures, these methods are less likely to extract complex spatiotemporal features.
Deep learning methods appear to overcome this. Krizhevsky [15] first demonstrated that
a convolutional neural network (CNN) has a good effect on spatial association learning.
Yu et al. [16] proposed a improved CNN using data aggregation techniques and achieved
higher accuracy. The recurrent neural network (RNN) network has shown strong temporal
correlation. Shi et al. [17] proposed a deep RNN model to predict household load, which
is affected by some time-invariant factors. On the basis of RNN, some scholars have con-
sidered the impact of historical stream data on future prediction results, and successively
proposed long short term memory networks (LSTM) [18–20] and GRU [21] methods, which
greatly improved the prediction accuracy and lowered computational complexity. However,
deep networks still show limitations in making predictions when data are complex. Some
researchers then seek hybrid methods to avoid this. For example, RNN can extract the
long-term feature in the sequence, whereas CNN extracts the spatial one. If combined, the
hybrid model may capture both features and perform better. Shi et al. [22] took the lead in
adopting the ConvLSTM model in the precipitation prediction problem, which achieved an
end-to-end accurate prediction. Wang et al. [23] used a ARIMA-SVM decomposed model to
predict the linear and nonlinear parts separately. Meng et al. [24] adopted a hybrid model
of balanced binary tree (AVL) and k-nearest neighbor (KNN). Xie et al. [25] proposed a
combined model of Bayesian network and artificial neural network. Zhang et al. [26]
proposed an adaptive particle swarm optimization (PSO) method. Hu et al. [27] adopted a
hybrid model of LSTM-ELM-DEA on the wind prediction problem, achieving significant
performance. Zhang et al. [28] integrated four models of variational mode decomposition
(VMD), self-adaptive particle swarm optimization (SAPSO), seasonal autoregressive inte-
grated moving average (SARIMA), and deep belief network (DBN) to predict the volatility
of the Spanish electricity price market.

Although vessel traffic shares many similarities with urban traffic, limited research
has been conducted due to the emergence of intelligent vessel traffic (IVT). Recently both
traditional and deep learning methods have been proposed. Wang [29] and Li et al. [30]
realized the prediction of long-term ship flow from residual analysis and by low-rank
decomposition, respectively. He et al. [31] applied an improved Kalman filter algorithm to
predicting hourly traffic flow, which outperformed the regression models. It was proved
that traffic flow were was not chaotic but random, and the non-parametric models may
have excellent prospects [32]. Zheng et al. [33] proposed a spatiotemporal model based on
deep meta-learning for the urban traffic forecasting problem, and the accuracy exceeded
state-of-the-art (SOTA) methods. Wang et al. [34] adopted a hybrid model of the Prophet
and WNN for prediction, which outperformed the single LSTM model. Nevertheless, the
deep or hybrid methods are less than satisfactory in non-free conditions. For example,
traffic flow fluctuates because of stochastic factors such as weather [35].

Most existing models use merely vessel flow data for prediction but rarely consider
weather conditions such as wind, visibility, water level, and other related factors. It has
been shown that extreme weather mainly poses threats to local small ships [36]. Some
methods perform poorly in extreme weather conditions such as heavy rain or storms. This
paper proposed a hybrid multimodal prediction model based on Prophet and GRU to tackle
this problem. Weather conditions were regularized and set as inputs of this model. The
Prophet framework helped decompose traffic flow sequence into components of different
periods. Then Sequence2Sequence (S2S) structure was adopted to make accurate forecasts.
The main contributions of this paper are listed as follows:

(1) Vessel traffic flow has some features such as long-term dependency, spatial corre-
lation, temporal similarity, etc. One particular model may learn only one or two of them.
As the core of our proposed model is a hybrid module based on Prophet and GRUs, it can
learn both long-term and temporal features.
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(2) Vessel traffic is often non-stationary and variable under non-free conditions due
to unexpected events (accidents, collisions, weather, etc.). Weather information such as
precipitation and temperature were taken as regressors to make the proposed model
interpretable and robust. We verify this with experimental results based on real vessel
traffic data, which indicate this model still does a good job on rainy days.

(3) The core encoder–decoder module (with attention mechanism) of the proposed
model presents a stronger prediction ability in tracing real-time flow than traditional
methods and other deep learning networks.

The rest of this paper is organized as follows: Section 2 presents the problem, our
modeling process, and related methodologies; Section 3 illustrates the source of the dataset
and the simulation results with analysis; Section 4 gives conclusions and future work.

2. Methods
2.1. Problem Definition

Vessel traffic flow prediction, especially short-term prediction, plays a key role in
vessel traffic control services. Vessel traffic service (VTS) now call for digitalization and
automatization [37–39]. For VTS operators with large areas to monitor, it is valuable to
know where a traffic jam is likely to occur, which is characterized by traffic density and
traffic flow volumes.

The time interval of short-term prediction is usually within an hour. Vessel traffic flow
Yi is defined as mean of ships passing the observation line in the given period i; Y(t) =
[Y0, Y1, Y2, . . . , Yn] denotes history vessel traffic sequence, and C(t) = [C0, C1, C2, . . . , Cn]
represents the weather sequence, including precipitation and temperature. Our task is to
predict the future vessel traffic volume Yn+τ at one or more steps τ based on weather data
and vessel traffic data, as shown in Figure 1.

Figure 1. Diagram of the predicting task. Multimodal inputs including vessel traffic sequence and
weather sequence are processed through three layers to attain the predicting vessel value at future
time n + τ.

2.2. Overview of Proposed Model

A hybrid vessel traffic prediction model on the basis of Prophet and multimodal deep
learning is proposed in this paper, as shown in Figure 2. It is hierarchically composed of
three layers: Decomposing Layer, Processing Layer, and Joint Prediction Layer.

Vessel traffic data and weather data are regularized and preprocessed before entering
the Decomposing Layer, which divides a traffic sequence Yt into a regular component ft
(contains weather features) and a residual component rt. It is achieved by STL. In this
process, both long-term and short-term dependency features (mainly from weather data)
are considered so each component is affected mutually. Next, the two components are
sent to the Prophet-S2S architecture. The Prophet part takes in the regular component
only, whereas the S2S part receives both. For the S2S, GRU layers serve as the encoder, the
attention mechanism as variable vector encoding, and the GRU layers again as the decoder.
The next step is model fitting: we train the S2S deep learning model to extract nonlinear
related features and train Prophet by multi-regression. For convenience, we adopt the
Prophet module for both decomposition and processing work. The Prophet-S2S structure
can handle inputs of varied dimensions and length, showing a great ability in adapting to
different circumstances. Finally, the learned features are combined by the Joint Prediction
Layer and densified into the final prediction results Ŷt+τ .
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Figure 2. Flow diagram of the P&G model. Vessel flow and weather data are received as inputs and
pass through three layers: Decomposing Layer, Processing Layer, and Joint Prediction Layer to make
final predictions.

2.3. Prophet Framework

Prophet is an additive model for forecasting time series that was open sourced by
Facebook in 2017. This model also provides a sequence decomposition method based on
STL. The Prophet Framework [40] gives a decomposition formula as follows:

y(t) = g(t) + s(t) + h(t) + εt (1)

In Formula (1), time series y(t) is decomposed into four parts: g(t), h(t), s(t), and
εt, where g(t) represents for the non-periodic growth term called Trend, s(t) are cyclical
changes named Seasonality, h(t) is the impact term of non-periodic emergencies designated
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as Events, and εt is the singular term that cannot be captured. In this system, εt is considered
as Gaussian white noise.

2.3.1. Trend

For Trend, the Prophet algorithm provides two fitting models: saturating growth and
piecewise linear. The former assumes that the growth has a bearing tolerance, thus it is
impossible to increase or decrease infinitely. The fitting pattern is logistic regression. The
latter assumes that the model has no upper or lower volume limits. Vessel traffic flow is
limited by the channel capacity and other facilities, and there seems be a theoretical ceiling.
However, practice and experiments show that logistic regression fits poorly in vessel flow
data due to highly nonlinear and periodic oscillations. Therefore, in this paper, piecewise
linear is applied instead. The trend term for piecewise linear is calculated as follows:

g(t) = −k(t)(t−m(t)) (2)

where k(t) and m(t) in Formula (2) stand for rate and offset function, respectively. Assume
that rate k adjusts at times sj, j ∈ {1, 2, . . . , n} with the initial value k. Change rate at time sj
is calculated by adding all the previous change rates together, as is shown in Formula (3):

k(t) = k + ∑t>sj
δj (3)

where δj denotes the rate at point j. Let a(t) = [a1(t), . . . , an(t)]T s.t. aj ∈ {0, 1}, k(t) is
rewritten as:

k(t) = −(k + a(t)Tδ), s.t. aj =

{
1 t ≥ sj
0 else

(4)

To ensure the continuity of g(t), namely lim
t−>sj−

g(t) = g(t)|t=sj+, the offset function is:

m(t) = m + a(t)Tγ (5)

Similarly, here γ = [γ1, γ2, ..., γn] and γj = −sjδj.

2.3.2. Seasonality

Vessel traffic flow presents multi-period seasonality as a result of regular human
activities. The vessel flow curve may present periods of yearly, monthly, or weekly intervals.
To find out how traffic data are influenced, we must first specify the implicit periodicity.
The term Seasonality s(t) in Formula (1) provides an extensible model based on Fourier
transform [41]. For a certain cycle P, s(t) in Fourier series is expressed as:

s(t) =
N

∑
i=1

[ai cos(
2πi
P

t) + bi sin(
2πi
P

t)] (6)

Let X(t) = [cos(2πt/P), sin(2πt/P), . . . , sin(2πN · t/P)], and β = [a1, b1, . . . , bn]T ;
s(t) is updated as follows:

s(t) = X(t)β (7)

where β∼N(0, σ2).

2.3.3. Events

Events represent the impact of non-periodic factors on traffic flow, which is usually
unpredictable and gradual (such as heavy rain, high temperature, etc.). These events
empirically carry an impact on traffic flow, but the level stays uncertain. We assume that
there are N events in the time period T, each corresponding to the period Ti(1 ≤ i ≤ N);
h(t) in Formula (1) is as follows:

h(t) = Z(t)κ (8)
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where
Z(t) = [1(t ∈ T1), 0, . . . , 1(t ∈ T2), . . . , 1(t ∈ TN)]

κ ∼ N(0, ν2)
(9)

In this paper, events such as precipitation and temperature are regarded as multiplica-
tive rather than additive; thereby Formula (1) is rewritten as:

y(t) = g(t) ∗ (1 + h(t)) + s(t) + εt (10)

Note that in Figure 2, Yt = ft + rt, where Yt denotes flow data. Some revisions for (10)
are made:

y(t) = f (t) + r(t)
= exp(g′(t) + h′(t)) + s(t) + εt

(11)

where 
f (t) = exp(g′(t) + h′(t))

g′(t) = ln(g(t)) s.t. h(t) > −1
h′(t) = ln(h(t) + 1)

(12)

In Formula (12), a log-and-exp operation is applied to f (t) because we expect that f (t)
is covered within a restrained range, which is helpful for normalizing later. At the same
time, multiplicative regressors are manipulated in an additive way, which enhances the
calculation precision.

The revised Prophet module does not need to repeatedly estimate parameters to make
adjustments and has a high tolerance for missing values, which in turn eliminates the
impact of errors caused by interpolation. There are two merits of our revised version:

(1) Long-term memory capacity: The module fits quickly even for long sequences,
overcoming the problem of long time learning in deep learning methods.

(2) Considering impacts of events: It is difficult for deep learning models to foresee
sudden changes, whereas, to some extent, this module does.

2.4. Sequence2Sequence Architecture
2.4.1. LSTM and GRU

LSTM is a typical RNN. LSTM has a special memory cell that establishes long-term
dependencies through three gates: input gate, output gate, and forget gate. In this way, the
problems of gradients exploding and vanishing are significantly improved. In this paper, a
variant of LSTM named GRU is adopted. GRU has almost the same performance as LSTM,
but gets fewer parameters to update in back propagation, resulting in a faster convergence.
The structures of the RNN network and GRU memory cell are shown in Figure 3:

Figure 3. Naive RNN structure and a typical GRU.
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The right side of Figure 3 shows the structure of a GRU unit. Each unit receives Xt
at time t and the previous unit’s state ht−1 as inputs, where ht is the output of the current
unit and will be passed to the next unit. The iteration of parameters is then completed
by the reset gate and update gate, respectively. The reset gate determines the degree to
which past information should be forgotten; the input gate controls the contribution of new
information. All parameters are computed as:

rt = σ(W1 · ht−1 + V1 · Xt + b1)
∼
ht = tanh(W3 · (rt ∗ ht−1) + V3 · Xt + b3)

zt = σ(W2 · ht−1 + V2 · Xt + b2)

ht = (1− zt) · ht−1 + zt ∗
∼
ht)

yt = σ(W0 · ht)

, (13)

where · denotes the Hadamard product and σ the sigmoid function; W, V are the weight
matrices, and b are the bias parameters.

2.4.2. Sequence to Sequence

Sequence to Sequence (S2S) was developed by Google and is now one of the primary
methods in the field of natural language processing (NLP). Different from other encoder–
decoder methods, S2S emphasizes sequence order by position encoding. In this paper, our
S2S model uses GRU-Attention-GRU structure, as shown in Figure 4.

Figure 4. GRU-Attention-GRU as S2S structure. The GRUs serve as the encoder and the decoder, and
the attention mechanism serves as the variable context vector.

It is perplexing how short, long, or other features decide the following output. There-
fore, the attention mechanism is applied to help the decoder learn weights of different units:

eij = a(si−1, hj)

aij =
exp(eij)

∑Tx
k=1 exp(eik)

ci = ∑Tx
j=1 aijhj

, (14)
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where eij represents the impact of previous outputs hj on present state si. A softmax-
normalization is applied to get the distribution of aij, which indicates the degree of signifi-
cance of time j to i. The weighted sum of hj produces context vector ci.

To construct the feature matrix, f (t) from Formula (11) is cut off by a sliding window.
Then, the truncated f (t) and r(t) form the input of S2S. As Prophet receives a long sequence
while the S2S gets a relatively shorter one, this may lead to a problem called information
leakage (the inputs “know” information of outputs ahead of time). In this paper, a special
mask is applied to avoid this. Taking one-step prediction as an example, Figure 5 shows
how it works, where y, r, f − cut, and ŷ are the input sequence, truncated f (t), r(t), and
future prediction, respectively.

Figure 5. Mask mechanism to avoid information leakage. The black units are the masked ones.

3. Experiments
3.1. Dataset

In this paper, the cross-sectional vessel traffic flow every 30 min in Xiazhimen channel,
Ningbo-Zhoushan Port was selected. Vessel flow was attained from automatic identification
system (AIS) data. AIS contains both static and dynamic information of ships, such as
position, speed, rate of turn, etc. In our study, AIS data were provided by ZhouShan
Maritime Administration of China. The observation rectangle is shown in Figure 6, with a
length of 3.19 nautical miles and width of 1.04 nautical miles. The time period is from 1
March 2020 to 31 March 2020. The observation line AB is near to the L1 Report Line, where
ships passing by are required to send AIS data. This guarantees AIS data of high precision.
All AIS raw data we need include the ship’s Maritime Mobile Service Identity (MMSI),
latitude, longitude, speed, length, type, and heading. Table 1 lists the detailed information
of the raw data.

From previous research, traffic flow is related to the local traffic, and international
maritime transport is less affected by weather [36]. For this reason, some statistical analyses
are made based on this dataset. The results show that domestic ships account for 68% of
the records (19,309 in total) and small ships (length less than 50 m) for 80% of the records
(22,716), which means the dataset is representative.
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Figure 6. Observation zone in Ningbo-Zhoushan Port.

Table 1. AIS raw data description.

Parameters Description

Observation Point A (122°17′41.07′′ E, 29°47′12.64′′ N)
Observation Point B (122°16′49.31′′ E, 29°45′05.96′′ N)

Time Span 1 March 2020–31 March 2020
Attributes MMSI, type, speed, length, longitude, latitude, heading
Records 28,369

After data cleaning (dropping abnormal records), reliable AIS records were obtained.
Set the points A(ax, ay), B(bx, by), and ship position C(cx, cy). Let S = (ax − cx)(by −
cy)− (ay− cy)(bx− cx). If S < 0, we consider C to be on the left of line AB, else it is on the
right. A change of the sign of S indicates the very ship passing by. We sampled every three
minutes to record the exact number of ships passing the line. The 30-min interval flow data
are acquired by adding the values of 10 points together. Then, we denoise the sequence by
wavelet to get the smooth flow data [42]. AIS data are then transformed into the flow data.
Figure 7 presents the hourly vessel flow in a week at the 95% confidence level.

Figure 7. Hourly vessel traffic flow every week at the 95% confidence level.
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The weather data, including precipitation and temperature, were accessed from the
National Oceanic and Atmospheric Administration (NOAA) website. After processing,
there were 1488 sets of data in total. The time span for training is from 1 March 2020 to
25 March 2020, and for testing the span is from 26 March 2020 to 31 March 2020. Table 2
shows details of our dataset.

Table 2. Dataset description.

Dataset Xiazhimen Channel

Type 3D time series
Observation Point A (122°17′41.07′′ E, 29°47′12.64′′ N)
Observation Point B (122°16′49.31′′ E, 29°45′05.96′′ N)

Interval 30-min
Time Span 1 March 2020–31 March 2020
Attributes Flow, precipitation, temperature
Records 1488

3.2. Details and Evaluation Metrics

In this paper, our P&G model was built on Python libraries Keras and Tensorflow. We
chose six advanced models from traditional methods (Prophet), shallow networks (SVR
and BPNN), and deep learning networks (LSTM, GRU, and S2S). Six hours of historical
data (12 points in total) were fed to the model to make one-point prediction in the 30-min
future. All experiments were conducted under the same conditions. We set the initial
learning rate uniformly to 0.001, batch size 64, and the optimizer Adam. Four metrics were
used to measure the bias between true data and the predicting value.

(1) Mean absolute percentage error:

MAPE =
1
n

n

∑
i=1
|yi −

∧
yi

yi
|, (15)

(2) Mean absolute error:

MAE =
1
n

n

∑
i=1
|yi −

∧
yi|, (16)

(3) Mean square error:

MSE =
1
n

n

∑
i=1

(yi −
∧
yi)

2
, (17)

(4) Root mean square error:

RMSE =

√
1
n

n

∑
i=1

(yi −
∧
yi)

2
. (18)

3.3. Analysis of Results

Figure 8 shows components obtained through the Decomposition Layer. From top to
bottom are the Trend and Seasonality, including weekly, daily, and hourly terms. Figure 9
draws a connection between Events (precipitation and temperature) and flow in rainy
and non-rainy days. Obviously, on occasions of torrential rain (low temperature and high
precipitation), traffic flow drops anomalously with an attenuation of 25% to 30%, which
demonstrates that our P&G model fits the training set well.
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Figure 8. Components Trend and Seasonality (weekly and daily terms).

Figure 9. Influences of Events (torrential rain) on real traffic flow. On days of heavy rain, the total
flow decreases by approximately 25% to 30%.
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Figure 10 illustrates the performance of the test set, in which the same proposed
P&G model with and without weather data are compared. History data records show
that it rained from 02:30 to 14:00 on 28 March 2020. In the no-rain zone, the two models
differ slightly, but in the rain zone, the proposed model considering weather influence
(the line “with_weather”) tends to be lower than the model not considering it (the line
“no_weather”), and closer to true data most of the time. The effects are more clear when the
rain is heavy.

In Figure 11, comparison results are shown on the test set of the proposed P&G model,
Prophet, BPNN, SVR, LSTM, GRU, and S2S. Intuitively, all these models can predict well,
but deep learning models (LSTM, GRU, S2S, and P&G) work best.

Figure 10. Comparison of real observed data, P&G model (with weather data) and P&G model
(without weather data) of the test set on 28 March 2020, when there was a heavy rain according to the
local history records.

Figure 11. Comparison of real observed data, P&G model, Prophet, BP, SVR, LSTM, GRU, and S2S
during one day (26 March 2020) for the test set. Deep networks appear to be closer to the real value.

For further comparative analysis, we then examined the tracing ability, as shown in
Figure 12. There is a sudden drop when daily flow climbs to the peak. All models except
our P&G display lags at the peak. It would be erroneous if we assumed heavy traffic when
the flow decreases in reality. However, our P&G model can often capture the sudden drop
of the true value one or more steps ahead of other models, thus predicting the sudden
change and tracing the real flow simultaneously.

The quantitative indicators are listed in Table 3. Errors of Prophet, BPNN, SVR, LSTM,
GRU, S2S, and our proposed model are illustrated for the single-step prediction task.
A smaller value reveals a closer prediction to true data. Prophet has almost the same MAE
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as BPNN but gets 5% less in MAPE, which indicates that Prophet has a stronger long-term
memory: predicting small values with smaller errors. GRU, LSTM, and S2S outperformed
Prophet slightly (MAPE less than 2%) but get a decrease in MAE of nearly 20%. The
proposed model combines merits of both Prophet and deep networks and is superior
to other models in all indicators, which means that nonlinear changes and long-term
characteristics are actually gained.

Figure 12. Comparision of tracing ability in P&G, S2S, GRU, LSTM, BP, SVR, and Prophet on 29
March 2020–30 March 2020. Only the proposed model traces the falling tendency at the peak of real
flow curve, whereas other methods lag one or two steps.

Table 3. Evaluation metrics.

Models MAPE MAE MSE RMSE

Prophet 14.457% 0.546 0.537 0.732
BPNN 19.511% 0.553 0.510 0.714
SVR 22.712% 0.605 0.674 0.821

LSTM 13.978% 0.470 0.353 0.594
GRU 13.755% 0.468 0.347 0.588

s2s(GRU-GRU) 12.833% 0.463 0.336 0.580
P&G 9.573% 0.411 0.282 0.531

4. Conclusions

Short-term vessel traffic flow prediction is vital for areas where incidents can happen
due to traffic density. For a more realistic prediction, influencing factors such as weather
and tides should be considered. However, limited research has been conducted on the
impact how weather affects vessel traffic. To achieve short-term ship traffic flow prediction
with higher precision, this paper proposes a multimodal learning model combining weather
conditions. First, the basic framework of Sequence2Sequence can better express short-term
nonlinear correlation features. Second, by adopting Prophet, long-term features of the
sequence are also learned. Finally, weather conditions such as precipitation and temperature
are taken as regressors to make the model robust.

A number of experiments are conducted in this paper to test the proposed model
compared to other advanced models. The results show that this model outperforms all
other models, with an error of 9.573%. Moreover, this model shows a great ability in tracing
real-time traffic at the peak of daily flow. In cases of heavy rain, our model is more resilient,
providing reliable decision-making and management basis for ships and institutions.

Although this data-driven model performs well in most conditions, it processes related
features roughly. Weather data (precipitation and temperature) are treated as dipolar: over
a certain threshold (marked as 1) or not (marked as 0). In this way, a gradual change in
weather is neglected, which may result in exaggerated predicting results under conditions
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such as light rain. For future research, we may give attention to how deep weather
conditions can affect traffic flow with quantization measures. From the maritime safety
point of view, we may consider how local traffic affects the general vessel traffic to get
better prediction results.
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