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Analyses of Ship A avoiding the
influence caused by
typhoon “Doksuri”
Zenghai Zhang1, Chengbao Zhang1*, Hao Zhang1, Yiying Guo1,
Yuenan Cao1, Guosheng Wu2, Yiwen Dong2 and Tao Liu1*

1National Meteorological Centre, Beijing, China, 2Beijing Global Metroute Technology Co., Ltd.,
Beijing, China
Maritime transport accounts for approximately 80% of international cargo

volume; however, it confronts significant threats from typhoons or hurricanes.

Existing typhoon-avoidance strategies are often challenged by uncertainties in

the forecast of typhoon intensity and trajectory. This study analyzes the case of a

bulk carrier navigating from Australia to China during Typhoon “Doksuri” in 2023.

Automatic Identification System (AIS) data and high-resolution meteorological

datasets were ultilized, along with an improved Dijkstra algorithm, to construct a

navigable typhoon-avoidance route map. A time-minimization objective

function incorporating a penalty mechanism for violating typhoon safety

distances was established. The bulk carrier adopted four sequential avoidance

strategies to evade Typhoon “Doksuri”: reducing speed, front-crossing

avoidance, stopping and drifting, and resuming sailing under safe conditions.

As a result of these adjustments, the Distance of Closest Point of Approach

(DCPA) increased from 101 nautical miles to 183 nautical miles. The maximum

encountered wind force was reduced from Beaufort scale 11 to 8, and the

significant wave height decreased from 9 meters to 6.5 meters. The research

indicates that timely and accurate typhoon forecasts, refined weather and ocean

condition forecasts, and precise shore-based meteorological routing services

are critical factors for ships to avoid typhoons effectively.
KEYWORDS

tropical cyclone, weather routing, typhoon avoidance, Doksuri, bulk carrier
1 Introduction

Maritime transportation constitutes a vital component of global trade, responsible for

approximately 80% of international cargo movement by volume (2023) (United Nations

Conference on Trade and Development (UNCTAD), 2023). Ships navigating on the sea are

constantly exposed to threats from various natural disasters, among which typhoons rank

as some of the most severe ones (Wang et al., 2023; Liu et al., 2005). The strong winds and

large waves associated with typhoons can inflict structural damage on ships, leading to
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incidents such as loss of control, collisions, groundings, and even

capsizings, thereby posing a substantial threat to property and the

lives of crew members.

When ships encounter typhoons in open seas, they typically

implement a series of typhoon-avoidance measures to mitigate

potential disasters caused by typhoons. Scholars both domestically

and internationally have conducted extensive research on the issue of

ship typhoon avoidance. Methods such as the fan-shaped avoidance

method, the probability forecast circlemethod, themulti-level decision-

making method, the safety distance avoidance and resistance method

based on the forecast map, and the dynamic programmingmethod [4-9]

have played significant roles in ship typhoon-avoidance operations

(Wu et al., 2013; Huang et al., 2022; Zhang et al., 2010; Mannarini et al.,

2019; Wu et al., 2014; Zhang et al., 2016). With the development of big

data and computer technology, remarkable progress has been made in

data-driven ship typhoon-avoidance strategies. Algorithms, including

the improved A* algorithm (Wang et al., 2021), the greedy random

adaptive search algorithm (Zhang et al., 2023), and the graph search

algorithm (Huang et al., 2022), provide effective guarantees for ship

route planning and typhoon avoidance under the condition of

uncertain typhoon forecasts.

Ship typhoon avoidance at sea is a complex engineering problem

that requires the consideration of both safety and economic efficiency.

This necessitates a comprehensive consideration of factors such as the

ship’s type, draft, stability, wave-resistance capacity, loading condition,

and wind and wave forecast information. Typhoon-avoidance

strategies include accelerating straight ahead, decelerating straight

ahead, course alteration, front-crossing typhoon avoidance

(acceleration strategy), rear-crossing typhoon avoidance (deceleration

strategy), and parking and drifting (Huang et al., 2022; Zhang et al.,

2016; Wang et al., 2021).

This paper takes Bulk Carrier A under the operational service of

the Meteorological Routeing Centre of the China Meteorological

Administration as a case study. From the perspective of

meteorological routing institutions guiding ships to avoid and

bypass severe marine weather, it analyzes the typhoon-avoidance

measures taken by the ship when affected by Typhoon “Doksuri.” It

also compares the changes in wind and wave forecasts and the ship–

typhoon distance before and after the route modification. All the

times referred to in this paper are Coordinated Universal Time

(UTC). Nautical miles (n mile) are used as the unit of distance, and

knots (kn) are used as the unit of speed, which are commonly

adopted in the routing business.
2 Data and methods

2.1 Ship AIS data

In the field of meteorological routing, the position and

navigation information of ships are continuously monitored.

These data are sourced from the Automatic Identification System

(AIS) installed on ships (Anggani et al., 2023). Through the AIS

system, ships can transmit information such as their identity,

position, course, and speed to nearby vessels and shore-based AIS
Frontiers in Marine Science 02
stations. Meteorological routing institutions use AIS information,

combined with meteorological and hydrological forecast data, to

provide meteorological routing services. This approach can

significantly enhance the safety and efficiency of maritime routing.
2.2 Meteorological data

In the ship navigation domain, it is essential to estimate the

ship’s routing position and provide corresponding forecast

information at that location. This information encompasses wind

direction, wind speed, the direction and height of wind waves and

swells, significant wave height, and the speed and direction of ocean

currents, among others. Such forecast data are employed to assess

the potential environmental impacts on the ship, and based on this

assessment, decisions regarding whether to adjust the routing plan

can be made. The services provided by the Meteorological Routeing

Centre of the China Meteorological Administration for ships

include customized marine meteorological forecasts, gridded

forecast data of marine meteorological elements, and graphic and

text forecast products. The positioning, intensity determination,

and forecast data of typhoons are derived from the real-time

typhoon forecast operations of the Central Meteorological

Observatory of the China Meteorological Administration. The

classification of tropical cyclone grades in the northwestern

Pacific Ocean adheres to the Chinese national standard “Tropical

Cyclone Grade” GB/T 19201–2006 (General Administration of

Quality Supervision, Inspection and Quarantine of the People’s

Republic of China and Standardization Administration of

China, 2006).

The time resolution of the meteorological data used in this

paper is 3h (forecasts are updated every 12h), and the spatial

resolution is 0.1° × 0.1° (approximately 10 km × 10 km). The

gridded forecast data covers elements such as wind speed, wind

direction, significant wave height, wave direction, and ocean

current. The data is sourced from the operational numerical

forecasting system of the Meteorological Routeing Centre of the

China Meteorological Administration.
2.3 Ship typhoon avoidance method

This paper employs the Dijkstra algorithm to address the

typhoon avoidance problem by refining the search strategy and

planning the shortest-time avoidance route on a discrete route

graph network (Huang et al., 2022).

2.3.1 Modeling the typhoon avoidance problem
A complete ship route consists of waypoint locations (including

departure and destination ports) and the speed for each leg. Certain

waypoints, such as ports, straits, and oceanic routing points, are

mandatory passage points. The geographical coordinates of these

waypoints are determined during the initial route planning phase

and remain unchanged during the weather routing optimization

process. A complete ship route is composed of K waypoints,
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denoted as P =  ½p1, p2,…, pK�, pk = ½latk,lonk� and K − 1 route legs,

denoted as L =  ½v(w)1,d1,v(w)2,d2,… ,v(w)K−1,dK−1�. Here, latk and

lonk represent the latitude and longitude of the k-th waypoint,

respectively, v(w)  denotes the ship’s speed through water, and d

represents the distance of the route leg.

2.3.2 Objective function for minimum sailing time
on avoidance route

In this paper, the optimization objectives are minimizing sailing

time. A single-objective optimization function is constructed as

follows:
Frontiers in Marine Science 03
minT =oK−1
i=1

di
v(w)i

� f (Dists,t)

� �
(1)

In (Equation 1):
• T represents the total sailing time.

• di is the distance of the i-th route leg.

• v(w)i is the ship’s speed through water for the i-th leg.

• f (Dists,t) is the penalty function for the safe distance

between the ship and the typhoon, designed to enforce

avoidance. It is defined as Equation 3:
FIGURE 1

Illustration of the route graph network. (A) Great-circle route with candidate waypoints; (B) Navigable typhoon avoidance route graph network after
removing non-navigable segments and isolated waypoints.
FIGURE 2

Intensity change and track forecast of Typhoon “Doksuri”.
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f (Dists,t) =
(Distth−Dists,t )

Distth
� L, Dists,t ≦̸ Distth

1, Dists,t > Distth

(
(2)

In (Equation 2):
Fron
• Dists,t is the distance between the ship and the

typhoon center.

• Distth is the safe distance threshold between the typhoon

and the ship.

• L is a large penalty coefficient.
1.3.3 Solving for the avoidance route
A discretized search area is constructed based on the great-circle

route, which represents the shortest path between two points on the

Earth’s surface and is commonly followed by ships. Fixed waypoints

on the planned route are connected using great-circle arcs. A route

graph is built upon these great-circle segments. The shortest arc

length between waypoints A and B is given by Equation 3:

cosQAB = sinlatAsinlatB + coslatAcoslatBcos(lonB − lonA) (3)

The initial course angle as and the arrival course angle af of the

great-circle route are:
tiers in Marine Science 04
cosas =
sinlatB − sinlatAcosQAB

coslatAsinQAB
(4)

cosaf =
sinlatBcosQAB − sinlatA

coslatBsinQAB
  (5)

For any point X on the great-circle route, its coordinates and

course angle are:

sinlatX = sinlatA + cos (QABx) + cosjAsin(QABx)cosas (6)

cos (lonX − lonA) =
cos(QABx)

coslatAcoslatX
− tanlatAtanlatX (7)

cosaX =
sinlatXcos(QABx) − sinlatA

cosjXsin(QABx)
(8)

Where x = QAX
QAB

represents the ratio of the angular distance of X

along the great circle. For a point Y located d n miles from X, with

XY perpendicular to the great-circle route, the latitude and

longitude of Y are:

latY = latX − d sinaX (9)

lonY = lonX + sdcosaX (10)
FIGURE 3

Designed route of ship A from Australia to Fujian, China.
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Wh e r e s = 1 i n d i c a t e s e a s t w a r d , a n d s = −1

indicates westward.

Based on (Equations 4–10), waypoints are calculated at intervals

of d2 n miles along the great-circle route and of d1 n miles within a

range of h  n miles perpendicular to the great-circle route. Each

waypoint along the great-circle route thus has N candidate

waypoints pi,j,i = 1, 2, 3,…, K,  j = 1, 2, 3,…, N, as indicated by the

red dots in Figure 1A.

Connecting these candidate waypoints forms a complete route

graph. Traditional graph connection methods, such as the eight-

direction strategy, often fail to meet the requirements of route

navigability. Therefore, this study utilizes a regional direction graph

connection method. Based on the great-circle route, connections are

made within a region aligned with the great-circle sailing direction.

Non-navigable segments (e.g., those crossing land) and isolated

candidate waypoints resulting from these connections are removed.

This process ultimately constructs a navigable typhoon avoidance

route graph network (as shown in Figure 1B). Finally, the Dijkstra
Frontiers in Marine Science 05
algorithm is applied to solve for the optimal typhoon

avoidance route.
3 Overview of typhoon “Doksuri”

The uncertainty of typhoon forecast position and intensity

poses significant difficulties for ship meteorological routing

services. Typhoon “Doksuri” (2305) formed over the ocean east

of the Philippines at 00:00 on 21 July 2023 (as shown in Figure 2). It

strengthened into a severe tropical storm at 21:00 on the 22nd,

rapidly developed into a severe typhoon after 00:00 on the 24th, and

was upgraded to a super typhoon at 12:00 on the 24th. From the

24th to the 28th, “Doksuri” remained at the level of a severe

typhoon or a super typhoon. The forecast for “Doksuri” not only

had uncertain intensity predictions, but its trajectory was also

shrouded in significant uncertainty. On the 21st, when the

typhoon was first numbered, it was forecast that the typhoon
FIGURE 4

Forecast position of Ship A and wind field forecast. (A) 12UTC on 21st (B) 00UTC on 22th (C) 12UTC on 22th (D) 00UTC on 23th.
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would move northwestward, pass by the north of Taiwan, and enter

the East China Sea. On the 22nd, it was forecast that the typhoon

would deflect southward and make landfall on Taiwan. The forecast

on the 23rd showed that the typhoon continued to adjust southward

and would travel westward through the Bashi Channel.
4 Designed ship route

Ship A is a bulk carrier with a length of 230 m, a width of 38 m,

and a draft of 17.8 m. It was in ballast condition for this voyage. The

starting port was Gladstone in Australia, and the destination port

was Putian Port in Fujian Province, China. The planned route

started from Gladstone, sailed northward along the Great Barrier

Reef waters, passed through the Coral Sea, the Solomon Sea, and the

Bismarck Sea, then sailed northwestward, passed through the

eastern waters of the Philippines, entered the Taiwan Strait after

passing through the Bashi Channel, and finally arrived at Putian

Port (as shown by the blue line in Figure 3). During the actual
Frontiers in Marine Science 06
voyage, around July 23, the ship sailed to the eastern waters of the

Philippines. Affected by Typhoon “Doksuri,” the route was adjusted

to sail near the coast, and the ship stopped sailing. It resumed sailing

after the typhoon passed. The black line in Figure 3 is the

actual route.
5 Analysis of ship typhoon—avoidance
strategies

5.1 Decelerated and sailed straight

Around the 17th, the ship had passed through the Great Barrier

Reef and entered the Bismarck Sea. According to the 12h interval

wind field forecast results starting from the 21st (Figure 4), a

tropical cyclone might form in the waters ahead of the ship’s

route in the later period. The route would pass through the

southwestern part of the cyclonic wind field convergence area. If

the ship sailed into the high-wind and high-wave range of the
FIGURE 5

Forecast positions of the ship and typhoon track forecast before and after the route change. (A) 00UTC on 22th (B) 00UTC on 23th (C) 00UTC on
24th (D) 00UTC on 25th.
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typhoon, it would be severely affected by crosswinds and

crosswaves. Based on the prediction results and combined with

the impact time of the severe weather, the Meteorological Routeing

Centre of the China Meteorological Administration suggested that

the ship decelerate and sail straight to reduce the possible

navigation risks caused by the later typhoon formation and to

obtain more time and space conditions for route adjustment.

Starting from the daytime of the 18th, Ship A accepted the

suggestion of the Meteorological Routeing Centre and began to

decelerate, reducing the speed to about 8.5 kn.
5.2 Front-crossing typhoon avoidance

On July 21, after Typhoon “Doksuri” was numbered, it was

predicted that it would move northwestward in 72h and then turn

northwestward and might pass by the north of Taiwan after 120h.
Frontiers in Marine Science 07
In the forecast at 00:00 on the 22nd, the typhoon’s track was

adjusted southward, and it was predicted that it would make

landfall on Taiwan Island and enter the Taiwan Strait. As the

ship sailed, the typhoon track forecast continued to adjust

southward, and the position of the ship gradually approached the

typhoon later (Figure 5).

Facing the continuous changes in the typhoon track, the

Meteorological Routeing Centre used the typhoon-avoidance

algorithm in real-time operations, constructed a navigable route

network, and combined it with the ship’s wave-resistance ability to

calculate the typhoon-avoidance route. It was suggested that Ship A

adopt a typhoon-avoidance strategy by departing early starting on

the 22nd, adjusting its route to sail northward along the east coast of

the Philippines, and then turning westward after passing through

the southern part of the Balintang Channel. This adjustment

significantly increased the Distance of Closest Point of Approach

(DCPA) between the ship and the typhoon from 101 to 183 n mile.
FIGURE 6

Comparison of wind and wave forecasts (A) and ship-typhoon distance before and after the ship route change (B).
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There were also obvious changes in the wind and waves the ship

encountered before and after the route adjustment. In the original

route, Ship A would encounter winds of up to level 11 and a

maximum significant wave height close to 9 m from the 23rd. After

the route adjustment, the maximum wind speed decreased to level

8, and the maximum wave height was about 6.5 m (Figure 6). Front-

crossing typhoon avoidance reduced the impact of wind and waves

on the ship and significantly improved navigating safety.
5.3 Parked and drifted

As of 06:00 UTC on the 23rd, the center of Typhoon “Doksuri”

was located about 460 n miles east of Manila, the Philippines, with

maximum sustained winds of Beaufort Force 10 near its center. The

seven-level wind radius extended 160–180 n miles. It was forecast

that the typhoon would move west-northwest at a speed of about 6

knots, approach the southeast coast of Taiwan, gradually strengthen

in intensity, and reach the super typhoon level (levels 15–16) at

peak intensity.

The further southward adjustment of the typhoon forecast track

posed greater challenges to the ship’s typhoon avoidance. At this

time, Ship A was located in the seven-level wind circle in the

southwest direction of “Doksuri.” According to the analysis of the
Frontiers in Marine Science 08
ship’s movement, typhoon track, and wind and wave forecast

(Figures 7A–D), it was predicted that the ship would gradually

approach the typhoon. At 00:00 on the 25th, the ship would be

located about 100 n miles southwest of the severe typhoon

(Figure 7C), with an average wind force of level 9–10 and a wave

height of 7–9 m (Figure 8). This ship–typhoon distance and wind–

wave conditions would have a serious impact on the ship’s

navigation and might even pose a fatal threat. The Meteorological

Routeing Centre adjusted the navigation strategy of Ship A again

and suggested that the ship sail westward from its current position

and stop and drift at an appropriate position near the coast of the

Philippines. Ship A stopped sailing at 20:00 UTC on 23 July 2023, at

coordinates (12°0.4’N, 125°50.0’E) in the eastern waters of

the Philippines.
5.4 Resumed sailing

The general conditions for a ship affected by a typhoon to

resume sailing are that the typhoon and the ship maintain a

sufficient distance, and the impact of wind and waves has

weakened to a level that the ship can bear.

On the morning of July 25, the super typhoon was located over

the ocean northeast of Luzon Island in the Philippines, with a
FIGURE 7

Typhoon wind and wave forecast and ship forecast position map. (A) 00UTC on 24th (B) 12UTC on 24th (C) 00UTC on 25th (D) 12UTC on 25th.
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maximum wind force of level 17 near the center. The forecast

showed that the typhoon would move northwestward at a speed of

about 11 knots, pass through the Luzon Strait, and enter the South

China Sea. At this time, Ship A was anchored on the sea about 340 n

miles southeast of the typhoon center. After comprehensive

calculations by the Meteorological Routeing Centre, if the ship

resumed sailing at this time, the ship–typhoon distance would

gradually increase to more than 400 n miles, which was a

relatively safe risk distance. The wind and wave forecasts showed

that the wind force on the route from the 25th to the 26th would be

level 6–7, and the wave height would be 3–4 m. The wind and waves

showed a gradual decreasing trend over time, which met the
Frontiers in Marine Science 09
conditions for the ship to resume sailing. Ship A resumed sailing

at 12:00 UTC on 25 July 2023, at coordinates (12°4.3’N, 126°5.6’E)

after the typhoon passed.
6 Discussions and conclusions

In the case of this paper, the originally planned voyage of Ship A

was about 3,800 n miles, and the estimated sailing time was 15 days.

Affected by Typhoon “Doksuri” (the fifth typhoon in 2023) during

the actual voyage, Ship A took typhoon-avoidance measures. The

route adjustment led to an increase of about 100 n miles in the
FIGURE 8

Comparison of wind and wave forecasts and ship–typhoon distance. (A) wind and wave forecasts (B) Ship - typhoon distance.
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actual voyage. From 20:00 on July 23 to 12:00 on the 25th, the ship

stopped sailing for nearly 40h in the waters east of the Philippines,

which extended the entire sailing time to nearly 18 days. With the

professional support of the Meteorological Routeing Centre of the

China Meteorological Administration, Ship A adopted a series of

strategies such as decelerating straight ahead, front-crossing

typhoon avoidance, parking and drifting, and resuming sailing in

time, which effectively reduced the potential threat of the typhoon

to navigation safety and ensured the safe arrival of the ship at

the port.

Ships navigating typhoon-prone regions must prioritize

mitigating wind–wave hazards. Through Ship A’s typhoon-

avoidance case study, this research demonstrates the effectiveness

of the typhoon-avoidance strategies in ensuring vessel and cargo

safety, underscoring the critical importance of meteorological

routing services. While route adjustments increased voyage

distance and duration, these compromises remain justifiable given

the severe consequences of typhoon exposure.

Two primary limitations constrain the effectiveness of the

proposed typhoon avoidance strategy. First, it has heavy reliance

on the accuracy of short-term typhoon track and intensity forecasts,

as path prediction errors exceeding 20% may substantially

compromise route optimization outcomes. Additionally, the

current model inadequately addresses dynamic operational

parameters, particularly ignoring the impact of ship loading

variations (e.g., draft adjustments) on wave resistance and

navigational safety.

Future research should prioritize four interconnected

directions: (1) Enhancing typhoon forecast accuracy through

multi-model ensemble techniques and assimilation of real-time

satellite/sea-surface data; (2) Integrating higher-resolution (igher-

× 0.05°) meteorological-oceanographic coupled datasets to improve

typhoon avoidance models’ responsiveness to mesoscale typhoon

systems; (3) Developing a dual-objective optimization framework

balancing safety and energy efficiency by incorporating real-time

ship loading dynamics and wave resistance parameters; (4)

Strengthening the cross-disciplinary cooperation to provide more

comprehensive and efficient ship routing services.
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