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A B S T R A C T   

In ports and waterways, the impacts of external navigational factors may lead to serious incidents due to limited 
space for ship maneuvering. Using nautical traffic models, these incidents can be predicted in advance. In current 
studies of nautical traffic models, the impacts of wind and current on ship behavior are seldom considered when 
modeling the ship behavior in a port area. The numerical maneuvering models simulate the individual ship 
behavior under such impacts by calculating the hydrodynamic forces working on the ship’s hull. However, the 
input, maneuvering particulars of individual ships, are not available in ports. In order to fill the knowledge gap of 
estimating ship behavior under external impacts without detailed ship maneuvering information, the impacts of 
wind and current on the observed dynamic ship behavior (speed over ground and leeway and drift angle) in ports 
and waterways have been investigated by analyzing Automatic Identification System data (showing ship paths 
over time) and the meteorological and hydrological data collected from the port of Rotterdam. The relation 
between unhindered speed variation and ship size is revealed. The regression analysis results on ships with 
similar size indicate the differences between wind and current impacts. Especially for small ships, the current 
impact on speed over ground outweighs the wind, while the wind influences the leeway and drift angle more 
than the current. Based on the quantified impact variation over ship size, the proposed impact mechanism ex-
plains the variance of speed over ground and leeway and drift angle. Some conventional sailing habits based on 
good seamanship, such as a series of small-angle alterations rather than direct turning at waypoints, are also 
revealed by the statistical analyses. Considering the variation of wind and current conditions in the study area, 
the analysis result provides generic quantitative insights into the wind and current impacts on the individual 
behavior of ships of different sizes. These mathematical formulations can be adopted in a microscopic nautical 
traffic model to include the impacts of external conditions.   

1. Introduction 

Seaborne transport has been an important means of international 
freight transport, which accounted for over 80 percent of the global 
trade by volume and more than 70 percent by value until 2017 and grew 
by another 4 percent in 2018 (United Nations Conference on Trade and 
Development, 2018). According to this forecasting of UNCTAD, the 
maritime trade is projected to expand at an annual growth rate of 3.8 
percent between 2018 and 2023. Due to the large amount of cargo 
carried by individual ships and the high frequency of ships visiting the 
hub ports, nautical traffic safety in ports has been an important and 
sensitive issue for nautical traffic management and port authorities. 
Unlike the large space for ship maneuvering at sea, the maneuverability 

is restricted under different external conditions, such as strong wind and 
current, in ports and inland waterways. In such areas, the impacts of 
external navigational factors may lead to more serious consequences, 
such as grounding or collision with vast loss of life and property and 
damage to the environment and local infrastructure. Thus, the under-
standing of external navigational impacts on ship behavior in real-life 
situations will benefit the effective management of nautical traffic 
considering the external conditions in the seaports and inland 
waterways. 

To analyze and simulate the maritime traffic considering individual 
ship behavior in an area, various models have been developed, which 
are compared by Zhou et al. (2019a) from the ship behavior modeling 
perspective. However, external conditions, such as wind and current, 
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have seldom been considered in the models, even though it has been 
proven that the external factors do influence the ship behavior 
(Kepaptsoglou et al., 2015; Shu et al., 2017; Zhou et al., 2017). In the 
numerical models to simulate individual ship behavior considering the 
specific maneuverability, the effects of wind, tidal current and waves on 
moving ships are significant due to the hydrodynamic forces and mo-
ments working on the ship’s hull (Chen et al., 2015; Soda et al., 2012). 
Using the detailed data of individual ship maneuverability, the wind, 
wave and current forces are estimated, which provides an accurate 
prediction of the ship behavior under the external conditions. In the 
nautical traffic models considering external environmental factors, two 
methods have been adopted to indicate such impacts. The simplified 
method is to introduce random variables (Qi et al., 2017; Qu and Meng, 
2012) or generic rules (Almaz et al., 2006; Camci et al., 2009; Merrick 
et al., 2003). It shows a generic random variation of ship movement 
under external impacts, which is feasible when describing the traffic 
flows at an aggregated level. However, the corresponding mechanism of 
such impacts is not included when investigating the behavior of indi-
vidual ships. On the contrary, the other method is to consider the 
maneuverability of each individual ship under specific wind and current 
conditions to model the corresponding behavior (Beschnidt and Gilles, 
2005; Leguit, 1999; Sarı€oz et al., 2002). This method specifies the hy-
drodynamic processes and requires maneuvering particulars for specific 
ships for model calibration, which cannot be used for simulation of 
generic nautical traffic in an area. Therefore, in the field of nautical 
traffic modeling considering individual ship behavior, the research gap 
is that neither method can be applied to model the wind and current 
impacts for different ships in an area where the maneuverability par-
ticulars of individual ships are unavailable. 

In order to investigate ship behavior, Automatic Identification Sys-
tem (AIS) data have proven to be a valuable source (Yang et al., 2019). 
To analyze macroscopic navigation patterns or the nautical traffic 
characteristics in an area, AIS data are widely used due to its detailed 
record of behavior for almost all passing ships (Altan and Otay, 2017; 
Gao et al., 2017; Gunnar Aarsæther and Moan, 2009; Silveira et al., 
2013). To analyze the safety distance during collision avoidance 
considering ship drift, the external forces can be considered by the dif-
ference between heading and course in AIS data (Altan, 2018). Since AIS 
equipment has been mandatory for most of the ships, the data can be 
obtained by all port authorities, which can be utilized to analyze the 
behavior in a port or other area. In this research, AIS data is collected to 
describe the ship behavior under different external conditions (including 
wind, current and visibility). Thus, the meteorological and hydrological 
data are also collected. By comparing the average behavior in hindered 
and unhindered behavior, the impacts of external factors including 
wind, current, visibility and encounters are found (Shu et al., 2017). 
Combining AIS data with meteorological and hydrological data, the 
impacts of wind and current on ship behavior have been qualitatively 
analyzed and presented (Zhou et al., 2017). It shows that both ship speed 
and lateral position in a waterway are affected by wind and current, 
where the wind and current directions are categorized into four di-
rections, being from the bow, the stern, the port side and the starboard 
side. The impacts found are different for ships of different sizes. How-
ever, the qualitative analysis results cannot be used to estimate the 
behavior of different ships under different wind and current conditions 
in an area. 

The aim of this paper is to quantitatively analyze and estimate the 
impacts of external conditions (wind and current) on ship behavior in 
ports and waterways, where the actual hydrodynamic forces cannot be 
calculated due to the unavailability of individual ship particulars. To 
focus on the wind and current, the impacts of visibility and ship 
encounter are eliminated by filtering the external navigational condi-
tions. Based on the previous qualitative analysis results and the theory in 
dead reckoning to estimate ship position, a generic modeling paradigm 
of wind and current impacts on ship behavior is introduced. Using the 
AIS data and the meteorological and hydrological data in the same 

period, a regression analysis is performed to quantify the external 
navigational impacts on ship behavior (expressed by speed over ground, 
leeway and drift angle) as a function of the ship’s own size and the wind 
and current conditions. The originality of this research is to reveal the 
mathematical formulations of ship behavior under the wind and current 
impacts without detailed ship particulars. These mathematical formu-
lations can thus be used in a microscopic nautical traffic model to 
include the impacts of external conditions. It also provides the port 
authority with an insight into relations between ship behavior and 
external factors. 

Based on this aim, the following research questions are proposed:  

� Research question 1: What is the mathematical relation between the 
variation in speed over ground and ship size in unhindered situation?  
� Research question 2: What is the mathematical formulation of ship 

behavior under the wind and current impacts considering ship size 
differences without individual ship maneuvering particulars? 

In this paper, the research area and the collected data set are intro-
duced in Section 2. Section 3 explains the behavior variables and the 
proposed research approach. The analysis results for wind and current 
impacts are presented in Sections 4. Section 5 concludes the paper with 
discussion and recommendations for further research. 

2. Study area and data description 

In this section, the study area is introduced in section 2.1, followed 
by the description of the data, including AIS data in section 2.2 and 
meteorological and hydrological data in section 2.3. These data have 
been collected for the whole year of 2014 by the port authority of Rot-
terdam. The AIS data reveal the ship behavior in the study area. 
Regarding external conditions, the meteorological data describe the 
condition of visibility and wind, and the hydrological condition is rep-
resented by current velocity. 

2.1. Study area 

The study area is a nearly straight waterway, Nieuwe Waterweg, 
located at the entrance of the port of Rotterdam, the Netherlands, as 
shown in Fig. 1. The reason for choosing an almost straight waterway for 
external impacts analysis is to eliminate the impact of a specific 
waterway layout on ship behavior. In a curved waterway, besides the 
impact of more complex current conditions due to the curve, the bridge 
team on board also needs to hold the ship position to follow the direction 
of the waterway. It leads to a large variation of ship behavior due to the 
maneuvering habits of individual officers when passing a curve. Thus, 
the impacts of wind and current are hardly separated from the resulting 
trajectories in a curved waterway, and a straight waterway is preferable 
to focus on such impacts. However, the study area is not exactly straight 
with parallel banks on both sides. The impacts of such slight bending 
waterway layout may still exist in the analysis results, but are considered 
to be negligible. The total direction changes of the waterway stretch in 
the study area is about 2�. The length of the study area is 2300 m, and its 
width is about 650 m. The changes the bridge team has to make to follow 
the waterway layout are therefore assumed to be negligible, and all 
changes visible in the trajectory are attributed to the external condi-
tions. The traffic in the Maasgeul channel (see Fig. 1) splits into Nieuwe 
Waterweg and Calandkanaal, which are physically separated by a 
slightly bent mole, named the Splitsingsdam. 

2.2. AIS data 

In this research, AIS data is used to describe the ship behavior under 
different external conditions. The Automatic Identification System is an 
automated tracking system onboard ships to automatically transmit in-
formation about the ship to other ships and coastal authorities. In 2000, 
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the International Maritime Organization (IMO) issued an amendment 
adopting a new requirement regarding the introduction of AIS system in 
the International Convention for the Safety of Life at Sea (International 
Maritime Organization, 1974). By the end of 2004, the AIS system was 
mandatory for all ships of 300 Gross Tonnage (GT) and more engaged on 
international voyages, cargo ships of 500 GT and more not engaged in 
international voyages and all passenger ships irrespective of size. Inland 
ships, both commercial and recreational, and sailing vessels longer than 
20 m are mandatory to use AIS since December 1st, 2014 according to 
the resolution by Central Commission for the Navigation of the Rhine 
(2013). The resolution applies to most of the inland vessels in the 
Netherlands. In the study area, all seagoing ships including the ships 
below the GT limit of IMO regulation have installed AIS equipment and 
used it all the time as required by the local port authority. Since the year 
2014 is a transition period, the majority of the collected AIS data of 2014 
in the study area are seagoing ships. The collected AIS data in the study 
area contain 415,121 messages (inbound 4300 ship trajectories by 215, 
926 messages, outbound 4732 ship trajectories by 199,195 messages). 
However, the exact number of missed inland ship trajectories in AIS data 
can hardly be estimated. There could be some inland ships without AIS 
equipment sailing in the area without record in the data, which may 
affect the analyzed ship behavior. The focus of this analysis remains to 
be seagoing ships recorded in the collected AIS data. One of the possible 
reasons that the data set contains less AIS messages for outbound ships, 
while there are more outbound ships is the different reporting interval of 
ships at different speed. Part of the outbound ships will take a left turn 
directing to Calandkanaal, and the speed will be low with longer 
reporting intervals and thus less AIS messages compared to other ships. 

According to the guidelines by International Maritime Organization 
(2003), the AIS data contain three types of information: (1) static 

information (Maritime Mobile Service Identity number, IMO number, 
ship name, radio call sign, ship type, overall length, beam, etc.); (2) 
dynamic information (UTC time, ship position, speed over ground 
(SOG), course over ground (COG), heading, navigational status, etc.); 
and (3) voyage-related information (draught, destination, etc.). 

The collected data set in text file has been processed from the original 
messages by an institute authorized by the local port authority. The data 
processing includes the data formatting and the combination of AIS 
data, radar data and the ship information in the system of IVS (Infor-
mative Verwerkend System in Dutch, Information Processing System in 
English). The document of data processing between the institute and the 
port of Rotterdam is not released in public. Thus, no reference can be 
cited due to confidentiality agreement. The format of the collected data 
after the official processing are listed in Table 1. 

The static information is entered into the AIS system by the equip-
ment provider when the equipment is initially installed or after a major 
change of the ship structure. According to the study on AIS data reli-
ability by Harati-Mokhtari et al. (2007), MMSI number, ship name and 
call sign are fully correct for all ships. To ensure the reliability of the ship 
identity information, for the collected data set, the MMSI number and 
the IMO number of the ships have been checked with the identification 
in the system of IVS. Besides, when a ship enters the port, a temporary 
track number for the voyage is marked by the local authority. Together 
with this track number, the trajectories are uniquely identified in the 
data set. However, the information inconsistency problem of vessel type 
occurs in most of the ships, while the information of length and beam is 
mostly reliable. 

The dynamic information is automatically updated based on the 
sensor data. In the collected data set, the x-position, y-position and 
heading values from the sources of Radar and AIS are checked, while 

Fig. 1. (a) Location of the study area in the port of Rotterdam with the meteorological data measuring stations; (b) Zoom-in view of the study area with the sailing 
direction of the ships; (c) Zoom-in view of the hydrological data modeling grid map in the study area. 

Y. Zhou et al.                                                                                                                                                                                                                                    



Ocean Engineering 213 (2020) 107774

4

COG only derives from AIS data. According to the technical recom-
mendations by International Telecommunication Union (2014), the 
precision of COG is 0.1�, while 1� for heading. However, as can be seen 
from Table 1, the precision of both COG and heading is 1� in the data set. 
In this research, for each message, the value of heading is deemed reli-
able when the data are consistent from the two sources, while the value 
COG is adopted when the other dynamic information are all consistent. 
As indicated by the International Telecommunication Union (2014), the 
reporting interval depends on the ship speed and course alteration. For 
the ships in the study area with small course changes, the time interval is 
6 s when speed is larger than 14 knots (7.2 m/s), and 10 s for ships at 
speed lower than the value. The dynamic trajectories of inbound and 
outbound ships in the study area are illustrated in Fig. 2. Besides the 
layout sketch, the bouys in the area are also marked. It can be observed 
that all ships sail within the boundaries marked by the buoys. 

The voyage-related information should be manually updated to the 
real-time situation by the officers on board. The actual draught may 
indicate the loading condition of the ship, which affects the ship’s 
maneuverability. However, in the collected data set, errors are found in 
the draught information. The draught of most ships in the data set is not 
updated on each voyage. For some ships, the value of draught equals the 
molded draught in the registration. Other ships are recorded with a 
draught of 0 m or an unreasonable small value in the data set. Bailey 
et al. (2008) also show that 31% of the investigated messages have 
obvious errors in draught information. It implies that the data of ship 
draught are not reliable, thus these are not included in the analyses of 
this paper. Reliable ship draught data would have indicated the water 
depth that a ship is involved in. Since the current direction and speed 
can be different over the water depth in tidal waterway, the impact of 
current actually working on ship’s hull can be analyzed with the draught 
information. 

2.3. Meteorological and hydrological data 

To analyze the impacts of wind and current on ship behavior, the 
wind and current conditions during the sailing of the ships are needed, i. 
e. the velocity of both wind and current. Thus, the meteorological and 
hydrological data in the study area are collected. 

The meteorological condition refers to wind and visibility. Both are 
measured at different stations in the study area (see Fig. 1). The wind 
velocity is measured at an interval of 5 min, while the visibility is 
measured every minute. In non-extreme weather conditions, there is no 
sudden change of wind within 5 min. Thus, the measuring frequency of 
the data is sufficient in presenting the external conditions. The wind and 
visibility can be deemed to be homogeneous for the whole area. In the 
study area, there are some artificial dunes and the storage tanks for LNG 

Table 1 
Fields and format of the collected AIS data set processed by the authorized 
institute.  

Field Format/Unit Range Remarks 

UTC-time string with format 
‘dd-mm-yyyy hh: 
mm:ss’ 

–  

sensor 
type 

– Radar only, AIS only, 
Combined  

AIS IMO 
number 

string arbitrary number of digits Sensor type 
6¼ ‘R’ 

AIS MMSI 
number 

string with 9 digits 000000000–999999999 Sensor type 
6¼ ‘R’ 

AIS vessel 
type 

string arbitrary number of 
printable characters 

Sensor type 
6¼ ‘R’ 

AIS length decimeter 0–10000 Sensor type 
6¼ ‘R’ 

AIS beam decimeter 0–10000 Sensor type 
6¼ ‘R’ 

AIS x- 
position 

meter 
(Rijksdriehoek) 

� 14000–113999 Sensor type 
6¼ ‘R’ 

AIS y- 
position 

meter 
(Rijksdriehoek) 

381000–508999 Sensor type 
6¼ ‘R’ 

AIS COG degree 0–359 Sensor type 
6¼ ‘R’ 

AIS SOG centimeter/second � 2500–2500 Sensor type 
6¼ ‘R’ 

AIS 
heading 

degree 0–359 Sensor type 
6¼ ‘R’ 

AIS 
draught 

decimeter 0–1000 Sensor type 
6¼ ‘R’ 

AIS nav. 
status 

string arbitrary number of 
printable characters 

Sensor type 
6¼ ‘R’ 

track 
number 

– 1–10000 marked by 
local 
authority 

length in 
IVS 

decimeter 1–10000 fully 
identified in 
IVS 

beam in 
IVS 

decimeter 1–10000 fully 
identified in 
IVS 

draught in 
IVS 

decimeter 1–1000 fully 
identified in 
IVS 

x-position meter 
(Rijksdriehoek) 

� 14000–113999  

y-position meter 
(Rijksdriehoek) 

381000–508999  

speed centimeter/second � 2500–2500  
heading degree 0–359   

Fig. 2. (a) AIS trajectories of inbound ships; (b) AIS trajectories of outbound ships.  
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on the south side of the waterway, but without any high-rise buildings 
on land. Considering the scale and distance to the waterway, it is 
assumed that there is no impact on the wind and visibility in the area. 
Thus, the measuring data at a single station represents the wind and 
visibility conditions in the whole area. The wind direction probability in 
the study area is visualized by the wind rose diagram in Fig. 3. It can be 
observed that the wind direction is changing over the year, which is 
seldom parallel to the direction of the waterway (WNW/ESE). It means 
for ships sailing in the study area, besides the wind from the bow or stern 
direction, there is lateral forces on the ship hull by the crosswind for 
most of the time, which causes leeway in the observed ship behavior. 
The complexity of wind conditions is sufficient in the area to analyze the 
wind impact on ship behavior. 

According to the collected data, the time with visibility distance less 
than 1000 m holds 0.52% of the year, while the frequency of visibility 
less than 2000 m is 4.87%. When the visibility is less than 2000 m, 
specific restriction measures are applied by the local port authority (Port 
of Rotterdam, 2014), e.g. entry restriction, specific traffic guidance by 
Vessel Traffic Service center, etc. Thus, the number of ship trajectories in 
restricted visibility is limited, and the reflected ship behavior involves 
the effects of local restrictions. We have removed the trajectories of the 
ships sailing in restricted visibility, as this paper focuses on the impacts 
of wind and current. The data of visibility will be used to filter the sailing 
situation under restricted visibility, i.e. to exclude the impact of visi-
bility on ship behavior (speed) as revealed by other researchers (Shu 
et al., 2017). 

The hydrological condition is represented by the velocity of the 
current in the waterway. The ship behavior is influenced via the hy-
drodynamic forces and moments working on the ship’s hull under 
different current conditions. Unlike wind and visibility, the measured 
current velocity at a specific measuring station is not representative for 
the whole area, due to the propagation of flow and the velocity variation 
over the water-depth. Thus, the current velocity field is calculated by the 
port authority using the SIMONA model (Vollebregt et al., 2003) using 
the measured water level from eight stations around the port as input. 
The modeled velocity has been validated by comparing it to the 
measured velocity at one station in the area. The collected data describe 
the current velocity in 41 � 7 orthogonal curvilinear grids with a res-
olution of about 85 m (see Fig. 1). The current velocity in each grid cell is 
presented by 10 layers with the same depth averaged by the water depth 
of the grid at an interval of 15 min. For most of the ships, the length is 
larger than 85 m, so the grid resolution is sufficiently accurate. During 
each movement of the ships, the current velocity is instantly updated. 
The current velocity varies among grids and over water depth. The 
studied waterway links the inland waterway and the sea with natural 
physical boundaries on both sides (see Fig. 1), which is a tidal reach. 

Through the ebb and flood of the tides, the current directions in all grids 
at different water-depth do not always follow the sailing direction of the 
ships or the direction of the waterway. 

3. Research approach 

This research uses AIS data to statistically investigate the impact of 
wind and current on ship behavior via a regression analysis approach. In 
this section, the behavior variables in the AIS data and the wind and 
current directions are illustrated in the coordinate system. With an 
introduction of the underlying assumptions of the research, the data 
analysis method is explained in steps, including the data preparation and 
the approach to answer the two research questions proposed in Section 
1. 

3.1. Behavior variables and their coordinate system 

The coordinate system to present dynamic ship motion is shown in 
Fig. 4. It consists of the space-fixed coordinate system o0 � x0y0 and the 
moving ship-fixed coordinate system o � xy. Compared to the 
geographical coordinate system, the x direction points to the true North. 
The ship heading ψ is defined as the angle between x and x0 axes. 

The behavior variables discussed in this paper are the resulting 
behavior of all factors (see Fig. 4), rather than the ship maneuvering 
variables which are not known (e.g. rudder angle, and engine rate). 
Among the presented behavior variables, vSOG, ψ and ϕ are directly 
collected from AIS data. The difference between ψ and ϕ is defined as γ, 
which is the leeway and drift angle indicating the angular deviation due 
to the external impacts. When the ship moves into the heading direction 
(i.e. ϕ ¼ ψ), γ equals to zero, which can happen in two situations. One 
situation is that the external conditions do not affect the ship behavior at 

Fig. 3. Wind rose diagram of the study area.  

Fig. 4. Illustration of ship behavior variables and wind and current directions 
in the coordinate systems (vSOG: speed over ground; ϕ: course over ground; ψ: 
heading; γ: leeway and drift angle; u: longitudinal speed; v: lateral speed; θw: 
wind direction in degrees as indicated by the arrow; θc: current direction in 
degrees as indicated by the arrow). 
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all. The other situation is that the different external impacts on ship 
behavior compensate each other, so the sum of directional impacts is 
zero. This way, the combination of vSOG and γ can present the dynamic 
motion of a ship during sailing. Similarly, to directly represent the ship 
motion in longitudinal and lateral directions, the velocity components of 
vSOG in x and y directions, namely u and v, can be calculated. These two 
variables in the ship-fixed coordinate system o � xy directly describe the 
ship motion of surge and sway. During the data analysis, two sets of 
behavior variables (vSOG;  γ and u;  v ) have been tested. Both sets 
basically describe the same phenomenon of the ship motion, in which 
one is described in the space-fixed coordinate system, and the other in 
the ship-fixed coordinate system. The results are similar, and part of the 
corresponding results shown in Appendix. Thus, in this paper, only the 
results for vSOG and γ, which are derived directly from AIS data, are 
explained in detail. 

Besides the ship behavior variables, the directions of wind and cur-
rent are illustrated in the coordinate system. According to common 
practice, the direction of wind θw describes which direction the wind is 
from, while the direction of current θc indicates the direction into which 
the water flows. The visibility is indicated by the visibility distance 
without specific direction indicated. 

3.2. Assumptions and generic expression of the wind and current impact 

In this paper, the following assumptions are applied to simplify the 
process.  

� Besides the wind and current impacts analyzed in detail in this paper, 
the ship maneuvering in confined waterways and the human factors 
of the bridge team will affect the ship behavior variables described in 
Fig. 4. However, the impacts of human factors are not investigated in 
this research.  
� It is assumed that the waterway layout and sailing direction 

(approach to or departure from a port) affect the ship behavior. The 
ships slightly change course to follow the waterway, and the inbound 
ships decelerate when approaching to the terminal. Thus, the 
behavior of inbound and outbound ships is separately investigated. 
However, these two factors are not quantitatively analyzed in this 
paper due to a lack of data on individual terminals of departure and 
destination. 
� In unhindered situations, ships of similar size are assumed to main-

tain similar behavior considering the inertia of ships. The bridge 
teams onboard ships of similar size are assumed to take similar 
maneuvering decisions. Under the impacts of wind and current, the 
resulting behavior of such ships is assumed to be similar. Thus, ship 
size is the only internal factor to distinguish ships in this paper, 
irrespective of the maneuverability differences among individual 
ships.  
� Without an encounter with other ships, the behavior of a ship in good 

visibility is assumed to be affected by the external factors of wind, 
current. The bridge teams are expected to take action based on the 
information of ship size, wind, and current, in line with good 
seamanship. 

When considering the impacts of wind and current on ship speed, the 
linear combination form has been widely accepted for ship behavior 
modeling when considering ship as an integral rigid body and using the 
maneuvering particulars of individual ships (Beschnidt and Gilles, 2005; 
Yasukawa and Yoshimura, 2015). In their models considering such im-
pacts, the mass or the weights regarding the under- and above-water 
parts of the hull for individual ships are needed to estimate the wind 
and current forces on the hull. The method of dead reckoning to estimate 
ship position is used to calculate the difference between heading and 
COG as the addition of leeway angle caused by wind and drift angle 
caused by current (Ni et al., 2010). Combining the above assumptions, a 
generic expression of speed over ground and leeway and drift angle 

under the impacts of wind and current can be formed as follows, while 
the detailed elaboration of each impact is given in Section 3.3.3. 

vSOG¼ fSOG;  sizeðssÞþ fSOG;  windðvw; θw;ϕ; ssÞþ fSOG;  currentðvc; θc;ϕ; ssÞ þ εSOG

(1)  

γ¼ fα;  windðvw; θw; vSOG;ψ ; ssÞþ fβ;  currentðvc; θc; vSOG;ψ ; ssÞ þ εγ (2)  

where ss denotes the size of a ship, the functions fbehavior  variable;  factor 
explain the detailed impact mechanisms of each factor, γ is the sum of 
the leeway angle α and the drift angle β. εSOG and εγ are included in the 
equations to represent the behavior variation of individual ship due to 
the bridge team onboard. The bank effects on ship behavior or the 
proactive deceleration/acceleration when approaching/departing the 
terminals, are not considered either. 

3.3. Data analysis method 

The flow diagram in Fig. 5 illustrates the steps of the research 
approach, which are further explained in this section. The collected data 
are first processed to generate the data sets of ship behavior analyzed in 
this paper. Then, two phases of data analysis are developed to answer 
the research questions proposed in Section 1, respectively. The data set 
of unhindered behavior is used to explain the speed variation of ships 
due to the size differences. Based on this result, the impacts of wind and 
current are investigated using the whole data set of ship behavior. 

3.3.1. Data preparation 
Since the port authority of Rotterdam only stores the mandatory 

fields in AIS data, the ship size characterization is limited to length, 
beam, and draught. However, the information on draught is not reliable 
since too many errors are found. Thus, in this paper, only length and 
beam are adopted as the proxy for ship size. 

During the data processing (the first step of the data preparation), the 
raw AIS data are filtered. This so-called data cleaning is performed using 
two steps. Firstly, the messages with sensor type marked as radar only 
are filtered, since there are no AIS information for these ships. The 
second step is to filter the messages with inconsistent information from 
Radar and AIS. During this step, the values of dynamic information are 
checked. The clean AIS data are linked with the meteorological and 
hydrological data based on the time and ship position in each AIS 
message. The drift angle γ is calculated for each AIS message. the 
resulting data set contains ship behavior in all external conditions. 

As stated in Section 1, to focus on the impacts of wind and current, 
the impacts of visibility and ship encounter should be eliminated. In line 
with the preliminary analysis result, visibility �2000 m is defined as 
good visibility to avoid the impact of restricted visibility on ship 
behavior (Zhou et al., 2017). In order to exclude the impact of ship 
encounters, the processed data set has filtered the trajectories of ships 
with any encounter with another ship in the study area. The three types 
of encounters identified in the International Regulations for Preventing 
Collisions at Sea (COLREGs) are considered, namely head-on, over-
taking, and crossing situations. If more than two ships are involved, the 
situation is deemed as a combination of several two-ships encounters of 
the above-mentioned types. The crossing situation can be easily distin-
guished by the relative position between ships, while the overtaking 
situation is characterized by the speed differences and position changes 
in between over time. A head-on situation at sea is defined when one 
ship is coming towards the other one roughly within 6� on either side of 
the heading. Considering the length and width of the waterway in the 
study area, the head-on situation is identified and filtered, when one 
ship encountering the other from the opposite direction in the study 
area. So far, the resulting data set includes all ship behavior in good 
visibility and without any encounter of another ship. The wind and 
current conditions are not used to filter any ship behavior data. 

To further elaborate the behavior variation due to ship size, a data set 
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in the unhindered situation is prepared. The thresholds have been pre-
viously analyzed, which characterize the situation by visibility �2000 
m, wind speed <8 m/s (15.55 knots), and current speed < 0.37 m/s 
(0.72 knots) (Zhou et al., 2017). However, it should be noticed that the 
weak impacts of wind and current still exist in such a situation. Thus, 
when analyzing the impacts of wind and current, the whole data set 
including both hindered and unhindered situations will be used. 

Since the waterway is not exactly straight with parallel banks on both 
sides, the impacts of the slightly bending waterway layout may affect the 
ship behavior, as stated in the assumptions. Besides, the sailing direction 
may influence the speed of a ship in the unhindered situation. Thus, the 
data set of inbound and outbound ships in the study area is separated 
and analyzed independently. By comparing the analysis results of these 
two data sets, it can prove whether the impacts of these two factors can 
be qualitatively proved. 

3.3.2. Variation of unhindered speed due to ship size 
In respect of the unhindered ship behavior, the speed variations 

among ships of different sizes have been observed (Shu et al., 2013; 
Zhou et al., 2019b, 2015). However, the direct relationship between ship 
size and SOG is still not revealed, which is represented by fSOG;  sizeðssÞ in 
the generic expression of the impact mechanism. It is expected to find an 
isolate function to appropriately describe such a relationship using the 
data set of ship behavior in the unhindered situation. Thus, during the 
quantitative analysis of the wind and current impacts on ships of 
different sizes, the unhindered SOG of such different ships can be first 
estimated. The detailed steps to analyze speed variation due to ship size 
are present in Fig. 6. 

Firstly, a correlation analysis between unhindered SOG and ship size 
(length and beam) is performed. It is to indicate the strength of corre-
lation relationship in between and identify which size criterion better 
characterizes the ship behavior variation. 

Fig. 5. Flow diagram of data preparation and data analysis.  

Fig. 6. Steps to analyze speed variation due to ship size.  
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Using the selected ship size criterion, the function to estimate the 
relationship with ship behavior is tested with monotonic elementary 
function types, which is considering the findings of behavior variation 
over ship size by Shu et al. (2013). The function type yielding the highest 
estimate result is adopted to describe the variation of unhindered ship 
behavior due to ship size. In case of the speed variation that is not 
monotonic as found in the preliminary analysis (Zhou et al., 2017), a 
piecewise function will be adopted for ships divided by the size 
threshold where the variation pattern changes. 

The variation of SOG in the unhindered situation due to ship size can 
be described by fSOG;  sizeðssÞ in Equation (1) using the determined func-
tion form. In the following section analyzing the wind and current 
impact, the variation due to ship size will also be considered. 

3.3.3. Impacts of wind and current 
To quantify the impacts of wind and current on different ships, three 

steps, in general, will be taken as shown in Fig. 7. Firstly, the functions to 
describe the mechanism of wind and current impacts in Equations (1) 
and (2) need to be determined, which specifies the form of regression 
models. Secondly, the regression analysis will be performed using the 
subsets of ship behavior with a similar ship size. The estimated results of 
all subsets will indicate whether the wind and current impacts vary 
among different sizes of ships. Finally, the overall functions to describe 
the wind and current impacts considering the variation pattern over ship 
size will be specified with coefficients estimated directly using the whole 
data set of ship behavior. In the following, each step will be elaborated 
upon. 

Step 1. specifying the wind and current impact mechanism 
As explained in the generic expression of the impact mechanism, the 

impacts of wind and current are assumed to be linear. This assumption 
could be tested by the calculation of hydrodynamic forces and moments 
working on the ship’s hull. However, as the detailed ship particulars of 

each individual ship cannot be collected from AIS data, the wind and 
current impact mechanism are expressed using the generic ship size 
information and the wind and current velocity, as shown in Equations 
(3) and (4). Comparing to the estimate using specific information, such 
generic ship particulars may lead to a less accurate estimate result. But 
the method can be applied to estimate the ship behavior in a port, where 
the specific particulars for all visiting ships are unknown. 

vSOG¼ cSOG;  s ⋅ fSOG;  sðssÞþ cSOG;  w ⋅ fSOG;  wðssÞ ⋅ ð

� vw cosðϕ � θwÞÞþ cSOG;  c ⋅ fSOG;  cðssÞ ⋅ ðvc cosðθc � ϕÞÞ þ cSOG (3)  

γ¼cα;  w ⋅fα;  wðssÞ⋅
�

vw

vSOG

�2

sinðψ � θwÞþcβ;  c ⋅fβ;  cðssÞ⋅arcsin
�

vc

vSOG
sinðθc � ψÞ

�

þcγ

(4)  

where fSOG;  sðssÞ denotes the variation of unhindered speed due to ship 
size, vw, vc and θw, θc describe the speed and direction of wind and 
current, the functions fbehavior  variable;  factorðssÞ explain the variation of 
external impacts for different size of ships, the coefficients 
cbehavior  variable;  factor will be estimated by the regression analysis. Since 
not all factors affecting ship behavior have been analyzed in the model, a 
constant cSOG and cγ has been added to each model to represent the 
impacts due to other unexplained factors. 

The unhindered speed that a ship maintains when no effects of wind 
and current, is assumed to be affected by the ship size, which is analyzed 
in section 3.3.2. Regarding the external impact on ship’s SOG, it is 
represented by the projection of wind/current velocity on the direction 
of vSOG in Equation (3). The direction of velocity vector has been 
considered in the projection calculation. 

Based on the theory of dead reckoning to estimate the ship position, 
the drift angle γ is the sum of the leeway angle α due to the wind and the 

Fig. 7. Steps to estimate the wind and current impacts.  
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drift angle β for the current in Equation (4) (Bowditch, 2017). The 
leeway angle is calculated according to the empirical equation for water 
surface leeway analysis (Richardson, 1997). However, the coefficients 
are achieved by field experiments for specific physical objects, which 
can be only applied for specific circumstances. Thus, using AIS data 
combining the meteorological and hydrological data, the coefficients 
will be estimated by regression analysis. The obtained results can be 
applied to predict such impacts on the ship behavior in the area. The 
drift angle is calculated in the current triangle adopting the law of sines, 
using the angle between the current direction and heading, current 
speed, and SOG. 

Step 2. estimating the impacts on ship behavior with similar size 
In the previous analysis, the impacts on different sizes of ships are 

observed to be different as well (Zhou et al., 2017). But it is still un-
known whether the cause of such differences is occasional fluctuation or 
due to the relationship with ship size. To answer this question, a 
quantified analysis is performed for ships in bins, which groups the ships 
with the same or similar size. The analysis results are compared to 
identify whether the impacts vary along with the change of ship size. 

The whole data set is split into subsets of ship behavior according to 
the ship size. The variation of unhindered ship behavior due to ship size 
fSOG;  sðssÞ has been revealed in section 3.3.1. The regression analysis will 
be performed based on Equations (5) and (6) for each subset of ship 
behavior data. 

vSOG¼ cSOG;  s ⋅ fSOG;  sðssÞþ cSOG;  w ⋅ ð

� vw cosðϕ � θwÞÞþ cSOG;  c ⋅ ðvc cosðθc � ϕÞÞ þ cSOG (5)  

γ¼ cα;  w ⋅
�

vw

vSOG

�2

sinðψ � θwÞþ cβ;  c ⋅ arcsin
�

vc

vSOG
sinðθc � ψÞ

�

þ cγ (6) 

Compared to Equations (3) and (4), the functions to represent impact 
variation for different ships have been removed, since these models will 
be applied for ships with the same or similar size. F-test and t-test are 
used to determine the significance of the estimated models and the co-
efficients (a 0.05 significance level is adopted). The models are esti-
mated using standardized scores (Z-scores) to obtain the standardized 
coefficients. The results of standardized coefficients of wind and current 
impacts can be compared within each subset. The comparison results 
present the weights of wind and current impacts on ship behavior for 
this size of ships. 

Step 3. estimating the impacts on ship behavior for ships of different 
sizes 

To identify whether the external impacts change along with the ship 
size or not, the correlation analysis is performed using the estimated 
coefficients of wind/current impacts with the average ship size of each 
bin. If the correlation is significant at the level of 0.01 (p-value), the 
impact of the external factor on the behavior variable is deemed as 
related to the ship size. If the correlation is not significant, it implies that 
the wind/current impact is not strongly correlated to the ship size. It can 
also be because that the local wind/current speed are quite small, or the 
ship size range is limited, the correlation in between cannot be revealed 
based on the data set. The function to estimate the relationship between 
external impact and ship size should be removed in Equations (3) and 
(4). For the impacts significantly correlated to ship size, the function 
type to describe the variation is determined by selecting the function 
yielding the highest estimate result. 

With the estimated functions fSOG;  wðssÞ, fSOG;  cðssÞ, fα;  wðssÞ, fβ;  cðssÞ, 
the generic regression models of each behavior variable for all ships with 
different size are determined. The models will be estimated using the 
whole data set of ship behavior. The final estimated regression model 
explains the quantitative impacts of wind and current on ship behavior. 

4. Results and discussions 

Since the ship speed is influenced by the proactive maneuvering for 
approaching/departing a port (i.e. the inbound ships mostly decelerate, 
while the outbound ships accelerate) and the course is influenced by the 
waterway layout, the behavior of inbound and outbound ships is inde-
pendently analyzed. During the process to determine the form of the 
regression model, the results are similar for both inbound and outbound 
ships. Only the results for inbound ships are presented and explained in 
detail. For the estimation of the final regression model, both results will 
be shown and the reasons for the differences are discussed. 

4.1. Variation of speed due to ship size 

In order to intuitively estimate the relationship between ship size and 
speed, the speed over ground vSOG in the unhindered situation is visu-
alized as a function of ship size in Fig. 8. In the boxplot, the distribution 
of ship speed within each bin is shown. It can be found for the first 
several groups of small ships and the last couple of large ship groups, the 
difference between the 25 and 75 percentile is rather small or rather 
large. This is because the number of ships within such groups are small, 
which leads to a large variation of the observations due to individual 
behavior differences. However, by comparing the median value of the 
bins, the overall variation pattern can be observed. For small ships, the 
speed increases when the ship size grows to maintain the maneuver-
ability in the narrow waterway. For large ships, the value gradually 
decreases to a certain stable state when the size becomes larger, since the 
large ships cannot sail too fast in case of emergent maneuvering with big 
inertia. Thus, to use a single function describe the variation pattern is 
not feasible. In the previous sensitivity analysis for qualitative analysis, 
the threshold to distinguish small or large ships is 150 m for length and 
23 m for beam, which also holds for the pattern shown in Fig. 8 (Zhou 
et al., 2017). It means the length or beam from AIS data can be used to 
categorize the ships as small or large ones. To further identify which of 
the ship size (length or beam) best describes the speed over ground, the 
correlation analysis between unhindered speed and ship size has been 
performed, as shown in Table 2. 

In the data set, the ship length ranges between 24 m and 333 m, 
while the beam varies between 8 m and 60 m. According to the corre-
lation analysis results, the ship beam is expected to better describe the 
relationship between vSOG and ship size than ship length. Thus, in the 
remaining part of this paper, the beam is selected as the proxy for ship 
size during the quantitative analysis of wind and current impacts. To 
estimate the relationship between vSOG and ship beam, four types of 
monotonic elementary functions have been tested for small and large 
ships, respectively. The estimated results are presented in Table 3. It 
should be noticed that the low R2 value of the estimate result is due to 
ignoring other factors affecting ship behavior. Even in unhindered sit-
uations, there is still wind and current influencing ship behavior, and 
other unexplained factors as well. 

Ideally, the function fSOG;  sðssÞ to explain the relation between SOG 
and beam adopts the function type yielding the highest estimate result. 
However, it leads to different types of functions for small and large ships 
(logarithmic function for small ships and exponential function for large 
ships), which will result in different forms of the regression model for 
different ship sizes. The aim of this paper is to find a generic model form 
for all ships. Comparing the overall performance of four function types 
to different ships, the result of logarithmic function ranks the best for 
small ships and the second-best for large ships. When estimating the 
behavior for large ships, the difference of R2 to the best function type 
(exponential function) is 0.003, which is acceptable. Thus, the loga-
rithmic function is adopted to describe the relationship between vSOG 
and the ship beam. The function fSOG;  sðssÞ is included as logðBÞ in 
Equation (3). 
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4.2. Quantification of wind and current impacts on ship behavior 

In this section, the regression analysis results of wind and current 
impacts on subsets of ships with similar size are firstly explained. The 
results quantitatively compare the wind and current impacts on similar 
ships and prove whether the impacts vary with ship size. Then the 
analysis results considering the external impact variation among the 
different sizes of ships are presented. 

4.2.1. Wind and current impacts on similar-sized ships 
The whole data set of ship behavior is split into subsets with the same 

or similar ship beam. The bin size is mostly set as 1 m, while for beams 
smaller than 10 m or larger than 32 m, the bin size is set as 5 m to include 
sufficient data (more than 30 ships) in each subset. 

The regression models in Equations (5) and (6) for vSOG and γ are 
estimated for each subset of ship behavior with similar beams. Since the 
speed of wind is much larger than current in measured values, the 
estimated unstandardized coefficients are not directly comparable. 
However, the standardized coefficients are estimated from the 

standardized regression analysis where the variances of variables are 1. 
They explain which of wind and current impacts have a greater influ-
ence on ship behavior in this multiple regression model. These co-
efficients of wind and current for the two behavior variables in each 
subset are presented in Fig. 9 and Fig. 10. As an example, similar results 
for surge and sway speed (u and v) are shown in Appendix. 

Two comparisons are taken to interpret the estimated standardized 
coefficients. When looking at the standardized coefficients for similar 
size within the same subset, the weights of wind and current impacts can 
be compared. For small ships, the impact of current on vSOG is dominant, 
compared to the impact of wind. But for large ships, the impact differ-
ences are becoming smaller. The speed of a ship is mainly provided by 
the propeller, which is underwater and affected by the current. For large 
ships with high superstructures, the wind area is also large. The wind 
impact may outweigh the current, while the difference is small. How-
ever, for the impact on leeway and drift angle α and β, the impact of 
wind is mostly larger than current. It means, in the port area, when the 
officers onboard change heading to prepare leeway and drift angle, the 
wind direction would be the primary factor for their decision. For large 
ships, the wind and current impacts are comparable, probably due to the 
large draught underwater. 

The other comparison is between the coefficients for different groups 
of ships, which indicates the variation of the external impacts among 
ships of different sizes. It can be observed that for small ships, both 
impacts of wind and current on SOG decrease when the ships get larger. 
For small ships, the smaller size usually comes with smaller inertia to 
maneuver in emergent circumstances. Thus, those ships do not consume 
extra fuel to compensate the influences of wind and current. But the 
larger ships in this group need to keep their speed either for basic 
maneuvering requirements or for emergent maneuvering. However, 
both impacts on the drift angle slightly increase with the increase of ship 
size, which is due to the larger wind and current forces on ship hull and 
propeller. For large ships, the variation of wind and current impacts are 
not always the same. When the ships get larger, the impact of wind on 
SOG gradually increases, but the impact on the leeway angle fluctuates 
with a decrease. Because for very large ships, the wind forces on su-
perstructures are large. Once the maneuvering requirement can be ful-
filled, the ships will not spend extra effort (consumption of more fuel) to 
compensate such impact on speed. But for leeway angle, such large ships 
need to avoid collision with banks under the wind forces. Thus, the 
resulting impact on behavior seems smaller. Meanwhile, for the impact 
of current, the opposite relationship is presented. The impact of current 
on SOG for larger ships is smaller, and the impact on the drift angle is 
larger. The reasons are the same as for the impact of current on the group 

Fig. 8. Boxplot of speed over ground vSOG in the unhindered situation as a function of ship length (a) and beam (b). (The line in the middle of each bin indicates the 
median value. The 25 and 75 percentiles of the values form the lower and upper boundaries of the box. The crosses outside the bin represent the statistical outliers.) 

Table 2 
Correlation analysis between unhindered speed over ground and ship size.  

Behavior 
variable 

Small ships Large ships 

Length (<150 
m) 

Beam (<23 
m) 

Length (�150 
m) 

Beam (�23 
m) 

vSOG  0.580 0.660 � 0.234 � 0.404 

** All correlations are significant at the 0.01 level of p-value (2-tailed). 

Table 3 
Comparison of estimated results through R2 between unhindered speed over 
ground (vSOG) and ship beam.  

Type of function Small ships (Beam <
23 m) 

Large ships (Beam �
23 m) 

Linear: vSOG ¼ cSOG;  B⋅ Bþ cSOG  0.435 0.163 
Logarithmic: vSOG ¼ cSOG;  B⋅ 

logðBÞþ cSOG  

0.437 0.167 

Inverse: vSOG ¼ cSOG;  B⋅ B� 1 þ

cSOG  

0.427 0.165 

Exponential: vSOG ¼ cSOG;  B⋅ 
expðBÞ þ cSOG  

0.423 0.170 

* All results are significant at the 0.01 level of p-value. 
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of small ships. 
The regression analysis test on ship behavior with similar size proves 

the external impact variation, which is in line with the preliminary 
qualitative analysis result and follows our expectation (Zhou et al., 
2017). The detailed quantification of such variation along with the size 
change will be determined by statistical analysis in the following 
section. 

4.2.2. Wind and current impacts considering ship size variation 
To figure out the impact factors significantly varied among different 

sizes of ships, the relationship between the unstandardized coefficients 
for wind/current impact and ship beam are statistically tested by 

correlation analysis. The correlation coefficients are listed in Table 4. 
The p-value of 0.01 is taken as the threshold of significant correlation. 
The positive values indicate positive correlations in between, while the 
negative coefficient refers to the negative correlation. 

From the statistical test perspective, for all behavior variables of both 
small and large ships, the impact of wind varies without a strong cor-
relation with ship size. Such variation can be caused by behavior dif-
ferences among individual officers on board or other unexplained 
factors. This way, the corresponding functions in the regression model to 
indicate such correlation are removed from models in Equations (3) and 
(4), including fSOG;  wðssÞ, fα;  wðssÞ. However, for the impacts of current, 
the coefficients are significantly correlated to the ship’s size, except for 
the impact on the drift angle for large ships. Therefore, the functions 
presenting the relationship fSOG;  cðssÞ, fβ;  cðssÞ need to be elaborated to 
quantify such impact differences. For the three significant correlations, 
the same four types of monotonic elementary functions have been tested 
for each coefficient, as presented in Table 5. 

The ideal situation is to adopt a generic function form for all ships, 
the same as the function to describe the variation of speed due to ship 
size. However, the correlation between the current impact on drift angle 
and the size of large ships is not significant, while the one for small ships 

Fig. 9. Standardized coefficients of wind and current impact on speed over ground cSOG;  w (in black) and cSOG;  c (in blue) as a function of ship beam (The subsets 
containing less than 30 trajectories are marked as crosses in the right figure). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

Fig. 10. Standardized coefficients of wind and current impact on leeway angle α and drift angle β, cα;  w (in black) and cβ;  c (in blue) as a function of ship beam (The 
subsets containing less than 30 trajectories are marked as crosses in the right figure). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 4 
Correlation analysis between unstandardized wind/current impact coefficients 
for vSOG, α, β and ship beam for inbound ships.   

cSOG;  w  cSOG;  c  cα;  w  cβ;  c  

Small ships � 0.529 � 0.934** 0.326 0.729** 
Large ships 0.317 � 0.819** � 0.184 0.377 

**: Correlation is significant at the 0.01 level of p-value. 
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is significant (see Table 4). It leads to different forms of functions for 
small and large ships. Thus, the functions best describing the relation-
ship are adopted in the regression models to consider the impact vari-
ation due to ship size. The corresponding functions in Equations (3) and 
(4) are elaborated for small ships and large ships, respectively, as fol-
lows. In the linear functions, two coefficients need to be estimated. 

For small ships (ship beam <23 m), 

fSOG;  c;  sðssÞ¼ cSOG;  c;  s1 ⋅ Bþ cSOG;  c;  s2 (7)  

fβ;  c;  sðssÞ¼ cβ;  c;  s1 ⋅ Bþ cβ;  c;  s2 (8) 

For large ships (ship beam � 23 m), 

fSOG;  c;  lðssÞ¼ cSOG;  c;  l⋅B� 1 (9) 

So far, the regression models for vSOG and γ to quantitatively analyze 
the wind and current impacts are generated for small and large ships. 
The impact variation among the different sizes of ships is also included. 
In this paper, the models are estimated based on the data set of inbound 
and outbound ship behavior separately. The estimation results of the 
regression analysis are shown in Table 6 and Table 7. 

According to the regression analysis results, about 70% of the vari-

ance in SOG of small ships can be explained by the ship size, wind and 
current (R2 is 0.743 for inbound ships and 0.696 for outbound ships). 
Comparing the standardized coefficients, the choice of SOG in unhin-
dered situation accounts for the major weight of the final sailing speed, 
which is mostly determined due to the size of a ship. It means the ships 
only adjust their speed in unhindered situation when there are the im-
pacts of wind and current. Looking at the unstandardized coefficients of 
unhindered SOG, the estimation results for inbound and outbound ships 
are different, which indicates the sailing direction also affects the speed 
choice. The impact of current on SOG of small ships (both inbound and 
outbound ships) outweighs the wind impact, which is the same when 
performing the regression analysis for ships in bins with similar size (see 
Fig. 9). However, for large ships, the explained variance drops to around 
40% (R2 is 0.395 for inbound ships and 0.440 for outbound ships). Two 
reasons may explain this result. Firstly, there is a large variation of SOG 
for large ships in the unhindered situation, even between the ships with 
similar size (see Fig. 8). The variance of speed by individual ships cannot 
be precisely predicted by the generic model. It also holds when 
comparing the results of inbound and outbound ships, in which the 
model performs better for outbound ships than inbound ships. When 
sailing in the study area, most of the outbound ships try to reach their 
desired speed at sea. However, the inbound ships need to decelerate or 
keep their speed depending on the distance to their destination terminal, 
which is different for individual ships. Thus, there is more variation in 
the choice of speed for inbound ships. The other reason is that the 
detailed impacts of wind and current on the speed of large ships need to 
consider the specific above- and under-water ship hull, which is hard to 
achieve for ships in an area. 

Compared to the explanation of SOG, the wind and current impacts 
only account for 25% of the variance in leeway and drift angle, which 
seems that the relationship between external factors and the drift angle 
is not very strong. The standardized coefficients also indicate similar 
results. According to the ordinary practice of seamen, the set of leeway 
and drift angle is based on the surrounding sailing situation, including 
wind, current and waterway layout. However, the instant decision 

Table 5 
Comparison of estimate results R2 for different functions between unstandard-
ized wind/current coefficients and beam for inbound ships.  

Type of function Beam <23 m Beam �23 m 

cSOG;  c  cβ;  c  cSOG;  c  

Linear 0.873** 0.531** 0.672** 
Logarithmic 0.858** 0.491** 0.684** 
Inverse 0.792** 0.432* 0.688** 
Exponential 0.845** 0.363* 0.685** 

**: The result is significant at the 0.01 level of p-value. The function yielding the 
highest estimate result is marked as grey. 
*: The result is significant at the 0.05 level of p-value. 

Table 6 
Estimation results of the regression model in final forms for the whole data set of inbound ship behavior.   

R2  F-stat Estimate Std. error t-stat Std. estimate 

Inbound Beam<23 m vSOG;  s ¼ cSOG;  B;  s⋅logðBÞþ cSOG;  w;  s⋅ð � vw cosðϕ � θwÞÞþ ðcSOG;  c;  s1 ⋅B þ cSOG;  c;  s2Þ⋅ðvc cosðθc � ϕÞÞþ cSOG;  s  

Model 0.743 48099.002     
cSOG;  B;  s    3.383 0.009 368.112 0.625 
cSOG;  w;  s    0.025 4.58e-04 54.063 0.092 
cSOG;  c;  s1    � 0.051 0.001 � 42.471 � 0.315 
cSOG;  c;  s2    1.833 0.020 92.090 0.683 
cSOG;  s    � 3.825 0.025 � 151.407  

γs ¼ cα;  w;  s⋅
�

vw

vSOG

�2
sinðψ � θwÞþ ðcβ;  c;  s1 ⋅B þ cβ;  c;  s2Þ⋅arcsin

�
vc

vSOG
sinðθc � ψÞ

�

þ cγ;  s  

Model 0.288 2860.903     
cα;  w;  s    0.121 0.003 44.686 0.110 
cβ;  c;  s1    0.013 0.003 4.817 0.049 
cβ;  c;  s2    0.631 0.042 15.181 0.153 
cγ;  s    � 0.136 0.007 � 18.826  

Inbound Beam�23 m vSOG;  l ¼ cSOG;  B;  l⋅logðBÞþ cSOG;  w;  l⋅ð � vw cosðϕ � θwÞÞþ
cSOG;  c;  l

B
⋅ðvc cosðθc � ϕÞÞþ cSOG;  l  

Model 0.395 3667.836     
cSOG;  B;  l    � 2.832 0.031 � 92.419 � 0.349 
cSOG;  w;  l    0.012 0.001 10.916 0.041 
cSOG;  c;  l    14.861 0.271 57.742 0.207 
cSOG;  l    15.393 0.102 150.399  

γl ¼ cα;  w;  l⋅
�

vw

vSOG

�2
sinðψ � θwÞþ cβ;  c;  l⋅arcsin

�
vc

vSOG
sinðθc � ψÞ

�

þ cγ;  l  

Model 0.254 2358.404     
cα;  w;  l    0.121 0.003 37.017 0.149 
cβ;  c;  l    0.412 0.013 30.914 0.124 
cγ;  l    � 0.561 0.008 � 69.248  

* The estimated coefficients with different signs compared to outbound ships are marked as grey. 
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differs among individual officers onboard, considering their sailing habit 
and experience. In the same situation, some officers may take several 
degrees of drift angle, but the other officers may keep sailing without 
heading change. Even with the same wheel order, the observed results of 
leeway and drift angle (the difference between heading and COG) still 
depend on the rate of turn of individual ships. Besides, the precision of 
both heading and COG are the same as 1� in the collected data after the 
official data processing. It can happen that the values are the same while 
there exist a small difference in actual situation. Or the leeway and drift 
angle is calculated where the actual difference is quite small at a pre-
cision of 0.1�. Therefore, the explanation of the variance in γ is not as 
good as SOG. 

The signs of the coefficients together with the functions in the 
regression model explain the relationship between behavior variables 
and the impact of ship size, wind and current. The results prove that the 
theoretical expression of the impact mechanism and the revealed impact 
variation over ship size by analyzing the subsets of data are correct, 
when analyzing the whole data set consisting of ships with different 
sizes. 

Comparing the weights of wind and current impacts by standardized 
coefficients in Tables 6 and 7, the result for the whole data set is similar 
to the regression analysis using the subsets of inbound ship behavior 
with the same size (see Figs. 9 and 10), which follows our expectation. 
Regarding the impacts on SOG, the current impact outweighs the wind. 
However, the impact of current on drift angle is slightly larger than the 
wind on leeway angle. For the current impact on small ships, cSOG;  c2 and 
cβ;  c2 represents the generic impacts, while cSOG;  c1 and cβ;  c1 indicates 
the variation due to the size differences. Comparing their standardized 
estimates, the weight of the direct impact of the current itself is larger 
than the correction regressor for ship size. 

The constant in the model of SOG plays a dual role. On the one hand, 
it corrects the unhindered speed due to ship size. Besides, it includes the 
other impacts of unexplained external factors. Regarding the constant 
for γ, it is expected to be zero in an ideal sailing situation without wind 
and current when sailing in the straight waterway. However, the 

estimated results are with different signs for inbound and outbound 
ships, which are marked as grey in Tables 6 and 7. The main reason is 
that the study area is not exactly straight with parallel banks (see Fig. 1). 
For inbound ships, the waterway slightly bends to the starboard side. 
The negative sign of cγ indicates that the heading of a ship directs to the 
starboard side comparing to the o � x direction of the ship-fixed coor-
dinate system. It follows good seamanship that a ship will take a series of 
small-angle alteration to follow the designed route, rather than a sharp 
turning at the waypoint considering the ship maneuverability. For 
outbound ships, the positive sign represents the turning direction to the 
port side to follow the layout of the waterway. It also proves that the 
leeway and drift angle of a ship in inland waterways is affected by the 
bank besides the wind and current impacts. The bending direction of the 
waterway indicates the sign of the coefficient. 

The estimated regression model provides a quantification of the wind 
and current impacts. Some behavior following good seamanship is also 
statistically revealed by the estimated regression model. 

5. Conclusions 

This paper proposes a regression model to quantitatively analyze the 
impact of wind and current on ship behavior (speed over ground and 
drift angle) derived from AIS data. The variations of ship behavior and 
the external impacts due to the size differences are also included during 
the analysis. 

The variation of speed over ground in the unhindered situation due 
to ship size can be observed. The correlation analysis shows that the ship 
beam is better to indicate the relationship with vSOG than length, which 
can be described through a logarithmic function. 

The wind and current impact on ship behavior also vary for ships of 
different sizes. For small ships, both wind and current impacts on vSOG 
decrease when the ships get larger. However, for large ships, the impact 
of wind on vSOG gradually increases along with growing ship size, but the 
impact on the leeway angle fluctuates with a decrease. The current 
impact on vSOG of larger ships is smaller, but the impact on the drift angle 

Table 7 
Estimation results of the regression model in final forms for the whole data set of outbound ship behavior.   

R2  F-stat Estimate Std. error t-stat Std. estimate 

Outbound Beam<23 m vSOG;  s ¼ cSOG;  B;  s⋅logðBÞþ cSOG;  w;  s⋅ð � vw cosðϕ � θwÞÞþ ðcSOG;  c;  s1 ⋅B þ cSOG;  c;  s2Þ⋅ðvc cosðθc � ϕÞÞþ cSOG;  s  

Model 0.696 33215.208     
cSOG;  B;  s    2.549 0.009 288.901 0.554 
cSOG;  w;  s    0.033 4.46e-04 74.203 0.142 
cSOG;  c;  s1    � 0.032 0.001 � 27.083 � 0.233 
cSOG;  c;  s2    1.502 0.020 75.423 0.649 
cSOG;  s    � 0.525 0.024 � 21.501  

γs ¼ cα;  w;  s⋅
�

vw

vSOG

�2
sinðψ � θwÞþ ðcβ;  c;  s1 ⋅B þ cβ;  c;  s2Þ⋅arcsin

�
vc

vSOG
sinðθc � ψÞ

�

þ cγ;  s  

Model 0.216 1761.709     
cα;  w;  s    0.173 0.014 12.093 0.132 
cβ;  c;  s1    0.017 0.008 1.291 0.034 
cβ;  c;  s2    0.610 0.072 3.017 0.133 
cγ;  s    0.109 0.017 3.989  

Outbound Beam�23 m vSOG;  l ¼ cSOG;  B;  l⋅logðBÞþ cSOG;  w;  l⋅ð � vw cosðϕ � θwÞÞþ
cSOG;  c;  l

B
⋅ðvc cosðθc � ϕÞÞþ cSOG;  l  

Model 0.440 4629.630     
cSOG;  B;  l    � 2.617 0.027 � 95.268 0.207 
cSOG;  w;  l    0.014 0.001 15.166 0.031 
cSOG;  c;  l    16.228 0.247 65.666 0.247 
cSOG;  l    15.391 0.091 168.242  

γl ¼ cα;  w;  l⋅
�

vw

vSOG

�2
sinðψ � θwÞþ cβ;  c;  l⋅arcsin

�
vc

vSOG
sinðθc � ψÞ

�

þ cγ;  l  

Model 0.236 2071.510     
cα;  w;  l    0.379 0.016 22.953 0.125 
cβ;  c;  l    0.241 0.050 4.765 0.110 
cγ;  l    0.259 0.026 10.145  

* The estimated coefficients with different signs compared to inbound ships are marked as grey. 
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is larger. For the coefficients that are significantly correlated to the 
ship’s size by correlation analysis, the functions best estimate the rela-
tionship are adopted in the regression models. 

According to the regression analysis results using the whole data set 
of ship behavior consisting of different sizes, about 70% of the variance 
in vSOG of small ships can be explained by the factors of ship size, wind, 
and current. The choice of vSOG in unhindered situation accounts for the 
major weight of the final sailing speed, which is mainly due to the ship 
size. However, for large ships, the explained variance drops to around 
40%, possibly due to the large variation in the unhindered situation and 
the complex interaction of wind and current forces on ship hull. 
Compared to vSOG, the wind and current impacts only account for 25% of 
the variance in leeway and drift angle, which is due to the instant de-
cision differences between individual officers onboard and the maneu-
verability of individual ships. The results prove that the proposed 
theoretical expression of the impact mechanism and the revealed impact 
variation over ship size by analyzing the subsets of data are correct. 

The estimated regression model provides the quantitative relation-
ship of wind and current impacts on ship behavior considering ship size 
variation. Some conventional sailing habits of course alteration to follow 
the designed route in line with good seamanship are also statistically 
revealed by the estimate results. The analysis result could benefit both 
researchers and the port authority. For the researcher, a quantification 
of the impact mechanism of wind and current helps to further simulate 
ship behavior in such external conditions. For the port authority, the 
revealed insight into the relations between ship behavior and external 
factors will help the ship traffic management under different wind and 
current conditions and the corresponding risk control in port. 

Within this paper, a nearly straight waterway is studied, which 
eliminates the impact of the waterway layout on ship behavior. As 
indicated by the estimated result, a port area with the more complex 
layout should be analyzed to identify such impact. According to the 
comparison of inbound and outbound ships, the distance to destination 
or the sailing direction of approaching or departing from a terminal also 

affects the speed choice, which can be further investigated. Based on a 
series of quantitative analyses looking into the relationship between the 
observed ship behavior and the external factors, a new nautical traffic 
model can be expected to predict the ship behavior under different 
conditions. 
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Appendix 

As stated in Section 3.1, the two sets of behavior variables (vSOG;  γ and u;  v ) basically describe the same phenomenon of the ship motion. To show 
similar results as an example, the standardized coefficients of wind and current impact on surge and sway speed (u and v) are shown in Fig. 11 and 
Fig. 12. The corresponding results for speed over ground and leeway and drift angle are presented in Figs. 9 and 10 in Section 4.2.1. It can be observed 
that the estimated results for these two sets of behavior variables are the same in trend and close in value. Thus, in this paper, only the results for the 
variables directly derived from AIS data are explained in detail. 
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Fig. 11. Standardized coefficients of wind and current impact on surge speed u (wind in black and current in blue) as a function of ship beam (The subsets containing 
less than 30 trajectories are marked as crosses in the right figure) 

Fig. 12. Standardized coefficients of wind and current impact on sway speed v(wind in black and current in blue) as a function of ship beam (The subsets containing 
less than 30 trajectories are marked as crosses in the right figure). 
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