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Abstract

In heavy sea conditions related to tropical cyclones (TCs), losses to shipping caused
by capsizing are greater than other kinds of accidents. Therefore, it is important to
consider capsizing risk in the algorithms used to generate safe-economic routes that
avoid tropical cyclones (RATC). A safe-economic routing and assessment model for5

RATC, based on a dynamic forecasting environment, is presented in this paper. In
the proposed model, a ship’s risk is quantified using its capsizing probability caused
by heavy wave conditions. Forecasting errors in the numerical models are considered
according to their distribution characteristics. A case study shows that: the economic
cost of RATCs is associated not only to the ship’s speed and the acceptable risk level,10

but also to the ship’s wind and wave resistance. Case study results demonstrate that
the optimal routes obtained from the model proposed in this paper are significantly
superior to those produced by traditional methods.

1 Introduction

Weather hazards are the main threat to shipping. The goal of weather routing is to plan15

routes that avoid weather hazards safely and economically. Tropical Cyclones (TCs),
as a kind of hazardous weather, cause extensive damage to the ship and crew. The
total loss caused by ship capsizing is very serious to the ship company and cargo
owner. Compared to the other accidents, the loss of cargo and ship damage caused
by other accidents is much less in TCs. Ships can avoid TCs safely with routes based20

on the methods applied in navigation practice – Sector diagram typhoon avoidance
method (Chen, 2004); 34KT rule (Holweg, 2000); and the Diagram of the 1-2-3 rule
(Wisniewski et al., 2009) – but routes generated by these methods ignore costs and
increase shipping expenses. Furthermore, in these models the ship’s performance in
resisting wind and waves is not considered.25
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The resolution precision of ocean and atmospheric models are increasing in tandem
with the rapid development of computational power, thus allowing more possibilities
for guiding ship routing with precise and less uncertain forecast results (Delitala et al.,
2010). Many researchers have done weather routing work using ocean and weather
numerical models, but the forecast errors are not considered in their work (Padhy et al.,5

2008; Maki et al., 2011). Nowadays, it is feasible to find routes to avoid TCs (RATC)
using dynamic wind and wave fields as forecasted by numerical models. A minimum
economic cost route was designed to avoid TCs from the following aspects: (1) the
forecast errors of models are considered in the route design; (2) the ship’s characteris-
tics are considered in assessing the risk in the heavy weather conditions; (3) the ship’s10

risk is quantified; (4) the ship’s speed loss is considered.

2 Literature review

The relevant literature includes research on weather routing, numerical forecast error,
RATC, and vessel risk analysis.

There are several widely used methods for weather routing. These methods15

are based on the isochrone method and have been refined since its introduction.
James (1957) proposed an isochrone method, which was widely used for decades.
Based on the work of James, improvements have been made to update the method
(Hagiwara, 1989). Chen (1978) developed a dynamic programming algorithm to solve
the minimum voyage cost problem under uncertainty constraints. In the algorithm, the20

sea-keeping features of the ship are a function of weather. McCord et al. (1999) inves-
tigated the potential for strategic ship routing through dynamic currents to determine
3 day routes. The results showed that this kind of strategic ship routing can reduce
fuel consumption by 25 % on average. Delitala showed that weather routing improves
ship performance by 37 % thus supporting ship captains throughout an entire voyage25

(Delitala et al., 2010). Panigrahi et al. (2008) and Padhy et al. (2008) optimized the
ship’s route based on WAM (Wave Modelling model). Maki et al. (2011) designed
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a real-coded genetic algorithm weather routing method to calculate the safety ratio
and fuel efficiency based on the probability of accidents caused by parametric rolling.
Soda et al(2011) gathered and used high-resolution wind and wave data forecasted
using SWAN (Simulating Waves Nearshore model) and WRF (Weather Research and
Forecasting Model) to study wave and wind effects on ship’s manoeuvring.5

The weather routing problem is complicated since weather conditions are uncertain.
The forecast error in numerical models must be considered when designing weather
routing (Magirou and Psaraftis, 1992). Hopkins examined the offshore forecast statis-
tical errors derived from the numerical forecasting models. RMS (root mean square)
errors in wind speed and wave height forecasts have a seasonal variation (Hopkins,10

1997). The RMS errors of the WaveWatchIII model against altimeter and buoy data are
15 % of the mean observed wave heights for most of the global domain (Tolman, 2002).
Bedard (2008) evaluated the forecast technology of WaveWatchIII based on the com-
parison with buoy-measured wave data in deep water of Washington and Oregon, USA
Chu et al. compared the model result of WaveWatchIII with the T/P (Topex/Poseidon)15

significant wave height (SWH) data over the satellite crossover points in the South
China Sea (SCS). The results showed that the model errors of SWH had Gaussian-
type distribution (2004). The research of Guo and Hou (2010) coincides with Chu’s
(Chu et al., 2004) research results in that the WaveWatchIII forecast error of SWH
follows a Gaussian distribution.20

Although the literature on weather routing is rich, little work focuses on RATC. The
sector diagram typhoon avoidance method (Chen, 2004), and the 34KT rule (Holweg,
2000) are widely used in navigation. Wisniewski discussed the application of the 1-2-3
rule for calculations for routing vessels using evolutionary algorithms (2009). Liu(2006)
built a safety-economic decision-making model of RATC using risk theory and fuzzy in-25

formation optimization. Zhang (2010) proposed a multilevel decision method for RATC
using multi-source track forecasting. Wu (2010) built a model to evaluate the benefit for
RATC. Wisniewski and Kaczmarek (2012) analysed reactions, such as reducing speed
and changing course, when a ship is avoiding a TC. At present, these RATC methods
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are mainly based on TC forecast tracking, experience, and fuzzy analysis. All these
methods, in the final instance rely on qualitative judgement. These methods also do
not consider the performance or reactions of different vessels under the same wave or
wind conditions. Therefore, different vessels might require different routing strategies
to safely and economically avoid TC.5

The quantification of risk to ships under heavy weather conditions is an important
problem for weather routing. Most researchers assess a ship’s risk using fuzzy anal-
ysis, the risk cannot be quantified (Zhang et al., 2010; Liu et al., 2006). In heavy sea
conditions related to tropical cyclones (TCs), losses to shipping caused by capsizing
are the total losses of ship and cargo, which are much greater than other kinds of ac-10

cidents. So, it is reasonable to considered the capsizing probability as the risk level
in RATC. In recent years, capsizing probability has received attention as an empirical
measure to quantify the ship’s risk. Shen and Huang(2000) studied the length of time
before capsizing and the capsizing probability of ship based on Markov chain theory.
Huang (2001) studied the capsizing probability of a ship under the combined action of15

beam wind and beam sea. In this method, the capsizing probability of every random
heeling in an unstable domain is calculated according to the density of heeling extreme
value. Thompson (Thompson, 1990; Thompson et al., 1992) used the theory of safe
basis erosion to study the ship capsizing probability. Shi et al. (2011) studied the cal-
culation method of ship’s movement and capsizing probability in random waves and20

winds using formula of Gauss-Legendre based on the path integration techniques. Gu
(2006) calculated the ship’s rolling probability using a new path integration method,
which avoided the problem of solving the equations of Fokker–Planck–Kolmogorov
(FPK). The method of Melnikov is also used to calculate the ship’s capsizing proba-
bility (Falzarano et al., 1992; Bikdashi et al., 1994; Tang et al., 2004).25

1861

http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/1/1857/2013/nhessd-1-1857-2013-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/1/1857/2013/nhessd-1-1857-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


NHESSD
1, 1857–1893, 2013

Safe-economical
route and its

assessment model

L. C. Wu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

3 Mathematic model

The movement of ships sailing on the ocean can be described as the change of ship’s
position over time. The ship’s position (x(lon,lat)) and time (t) form the ship’s track.
The ship’s dynamic response to varying environmental conditions can be described by
a control vector U and restraint vector M. U describes the ship’s heading direction and5

speed. M are restraint conditions. E describes the external environment which varies
with time. The dynamic process of a ship can be expressed as:

(x,t) = f (x′,t′,E ,U,M) (1)

In which, t′ = t−∆t, E is the external environment at location x′ at time t′. The ship is
controlled by U during time ∆t. The ship will arrive at location x at time t. The economic10

cost C of the whole voyage can be expressed as:

C(xD,t) =

T∫
T0

Coil(D,V ,Qa)+Ct (2)

In which, Coil is the fuel consumption per unit time, and related to ship’s speed, dis-
placement and the oil price; Ct is ship’s profitability per unit time, and related to type of
ship and the production plan.15

How to improve the economic benefit of a ship based on safety criteria is the con-
cept behind of RATC. An economical and safe RATC based on a dynamic forecasting
environment increases ship safety and reduces costs using the wave and wind condi-
tion forecasted by numerical models. Costs may be very different given the same risk
because of the difference between the ship and cargo’s value. To assess the economic20

benefit of RATC, a benefit-cost ratio for a route is built. A ship’s safety can be valued
as the safety probability multiplied by the ship’s fixed assets including the value of both
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ship and cargo. Then, the benefit-cost ratio (Ra) of RATC can be expressed as:

Ra =
Ccost

Mall · Psafe
(3)

Where, Ccost is the economic cost of the whole voyage, including the time cost and
fuel consumption. Psafe is the safety probability of ship, considered as the probability
that ship will not capsize. Mall is the value of the ship and the cargo. Ra is the total5

cost of ensuring a ship’s economic safety in economic cost units when avoiding TCs.
Therefore, the smaller the Ra is, the less it takes to ensure a ship’s safety when avoiding
TCs.

The mathematical model for RATC can be considered as a ship’s avoidance of an
obstruction that changes shape and position over time. The accident probability of ship10

must not exceed a acceptable risk level for the operator. Assuming that a ship begins to
take an action to avoid TC at time t0, and will pass through the TC after time T . Then,
during time T , the ship’s speed and course will change predetermined route. The points
at which the ship’s speed or course is changed are considered to be waypoints. The
avoidance process is regarded as complete when the ship arrives at the next waypoint15

of the original predetermined route. The whole process of avoiding TCs therefore, can
be regarded as an optimal path problem.

Make x0 as the starting point for ships to avoid TC. xn (n = 1,2, . . .) are the alternative
waypoints of the route; li ,i+1 is a segment of the route between two adjacent alternative
waypoints; di ,i+1 is the distance between any two adjacent alternative waypoints; pi ,i+120

is the accidental probability of a ship in a unit time between any two adjacent alternative
waypoints; vi ,i+1 is the average speed-to-ground when ship is sailing on segment li ,i+1.
Then, the ship’s safety probability Psafe in the whole process is:

Psafe =
n∏

i=1

[
(1−pi−1,i )

]
(4)
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The economic cost in the whole process is:

Ccost =
n∑

i=1

di−1,i

vi−1,i
· (Ct +Coil) (5)

The benefit-cost ratio (Ra) of the route is :

Ra =

∑n
i=1

di−1,i
vi−1,i

· (Ct +Coil)

Mall ·
∏n

i=1

[
(1−pi−1,i )

] (6)

The acceptable risk level restriction is: pi−1,i < pa.5

In which, pa is the acceptable accident probability of ship capsizing;
i is an alternative waypoint of the route;
n is the amount of the alternative waypoints;

Qoil ∝ D2/3 · V ·Qa is oil cost in per unit time;
D is displacement of the ship, and Qa is the oil price.10

The most economical route (the minimum economical cost route) based on the safety
is min{Ccost}.

4 The RATC algorithm

4.1 Relevant parameters

4.1.1 Ship capsizing probability15

Waves are stimulated by the wind during TCs. Wind and waves are strongly correlated.
In this paper, the risk factor is simplified using the risk of capsizing in random waves.

The differential equation of ship’s nonlinear rolling motion in random wave conditions
is:

(I + I1(ω))φ̈+B1(ω)φ̇+B2(ω)φ̇3 +∆GZ = Fsea(τ) (7)20
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Where, I is the rotational moment of inertia around an assumed rolling centre; I1(ω) is
the added moment of inertia due to the ambient fluid; B1 and B2 are linear and cubic
damping coefficients respectively; ∆ is the ship displacement; GZ is the righting arm of
a rolling ship; Fsea(τ) is the external excitation resulting from random beam seas, the
over-dots denote differentiation with respect to time τ; ω is the wave frequency.5

The righting arm is approximated by the following odd cubic polynomial of φ,

GZ(φ) = C1φ−C3φ
3 (8)

The excitation moment resulting from the random seas is expressed as:

Fsea = I0α0ω
2
0

√
2$
g

N∑
n=1

(n$)2
√
S cos(ωnt+ ξn) (9)

In which, I0 = I+I1(ω); ω0 is the natural frequency of ship’s roll; $ is the interval of wave10

frequency; S is the excitation intensity of white noise; ξn is the random phase angle in
(0,2π).

When a ship is at sea, the wave encounter angle (χ ) is the angle of wave encounter
between the heading direction and wave direction as illustrated in Fig. 1. Also shown
in Fig. 1 are the ship’s breadth, B; the ship’s speed, U ; the wave’s length, λ; and the15

frequency of wave encounter, ωe.
The encounter frequency between wave and ship is:

ωe =ω− ω2

g
µcosχ (10)

The encounter spectrum’s relationship with the wave spectrum:

Se(ω) =
S(ω)

1−
(
2ω/g

)
µcosχ

(11)20
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The wave spectrum, with single parameter, as specified by the ITTC was used:

S(ω) =
A
ω5

exp
{
− B
ω4

}
(12)

Where g is gravitational acceleration; A = 8.10×10−3g2; B = 3.11/H2
1/3

; H1/3 is the
SWH.

Therefore, the wave excitation torque for random waves is calculated using the fol-5

lowing formula:

Fsea = I0α0ω
2
0πsinχ

N∑
n=1

hn

λn
cos(ωent+ ξn) (13)

in which wave height hn = 2
√

2$S (n$) and wave length λn =
2πg

(n$)2 .

After dimensionless treatment, the differential equation for a ship’s rolling motion in
random seas, in which the white noise is considered, is as following,10

ẍ(t)+εδ1ẋ(t)+εδ2ẋ
3(t)+x(t)−αx3(t) = εf (t) (14)

In which, x =φ; t =ω0τ; εδ1 =
B1(ω)
∆C1

ω0; εδ2 =
B2(ω)
I+I1(ω)ω0; α = C3

C1
; Ω= ω

ω0
; ω0 =

√
∆C1

I+I1(ω) ;

f (t) = Fsea
∆C1

; ε is a very small value; the time t is controlled by the natural frequency; εδ1

and εδ2 are linear and nonlinear dimensionless dampers, respectively.
The joint probability density of φ and φ̇ can be solved by solving the correspond-15

ing Fokker–Planck–Kolmogorov (FPK) equation for Eq. (14). In this paper the method
proposed by Gu (2006) is used to solve the FPK equation. The joint probability is:

PF
(
x1,x2|φ

)
= aexp

{
−φ
D

(
x2

1

2
−α

x4
1

4

)}
exp

{
− 1
D

(
δ1

x2
2

2
+δ2

x4
2

4

)}
(15)
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in which,

φ =

∫∞
0 x2

(
δ1x2 +δ2x

3
2

)
exp
{
− 1

D

(
δ1

x2
2

2 +δ2
x4

2
4

)}
dx2

∫∞
0 x2

2 exp
{
− 1

D

(
δ1

x2
2

2 +δ2
x4

2
4

)}
dx2

(16)

α is normalized parameter which can be calculated using the following formula:

+∞∫
−∞

+∞∫
−∞

PF
(
x1,x2|φ

)
dx1dx2 = 1 (17)

D is the amplitude of excitation.5

Then, marginal probability density of φ can be calculated based on the joint probabil-
ity density. Thus, the ship capsizing probability P can be calculated using the following
formula:

P = max


+∞∫
φv1

P (x1,t)dx1,

φv2∫
−∞

P (x1,t)dx1

 (18)

In which, φv1 is the angle of disappearing positive stability; φv2 is the angle of disap-10

pearing negative stability; P (x1,t) marginal probability density.

4.1.2 Ship speed loss in waves

Ship speed loss in waves has an important effect on the estimate of the ship’s location
in the design of RATC. If the ship’s speed loss is not considered, it will cause error
when calculating the ship’s position over time. At present, there are many empirical15

formulas to estimate the ship speed loss due to waves (Aertssen, 1969; James, 1957;
1867
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Li et al., 2011). In this paper, however, the formula proposed by He and Dong (2009) is
used to estimate the ship speed loss in the heavy conditions. The formulas described
as follow:

∆V
V

=
12 · BT ·Cw[

0.45 ·
( L

100

)2
+0.35 · L

100

]
·L

·% (19)

In which,5

∆V is ship’s speed loss in waves, unit: kn;
V is ship’s designing speed, unit: kn;
L is length of two makefasts, unit: m;
B is the ship’s breadth, unit: m;
T is the ship’s draft, unit: m;10

Cw is the index of wave grade, which can be calculated using Cw = K · T1 ·H
2
1/3

K is the correction factor, which can be calculated using the following formula.

K =


−0.05 ·H1/3 +0.9 L ≤ 150

1.3 150 < L < 200

0.0125 ·H2
1/3

+0.05 ·H1/3 +0.7375 L ≥ 200

(20)

H1/3 is the SWH, unit: m;15

T1 is the wave feature period, unit: s.

4.1.3 Forecast error of numerical model

Although model forecasting accuracy is increasing, the forecast results from numerical
models still have errors caused by inaccurate initial and boundary conditions. If fore-
casting errors are not considered in designing RATC, the calculation of ship’s risk will20

have significant errors. Dealing appropriately with the forecasting errors in numerical
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models is important for weather routing. The SWH errors are important when calculat-
ing a ship capsizing probability.

In the research of Chu (Chu et al., 2004), the SWH errors from WaveWatchIII have
a Gaussian-type distribution with a small mean (µ) value of 0.02 m, as compared with
the T/P altimeter data in the SCS. The RMS error (σ) and correlation coefficient be-5

tween the modelled (Hm) and observed (Ho) SWH are 0.48 m and 0.90, respectively. In
this research, 1330 samples were used for statistical analysis. The distribution of the
errors is shown in Fig. 2, where ∆H = Hm −Ho.

Taking the error range into consideration, a ship capsizing probability for the forecast
wave height is calculated based on the distribution of the wave model forecast errors.10

In this paper, the error range was processed using the truncation method. Because the
probability of errors bigger than 2 m or less than −2 m is only 0.019, this paper only
considers the error range in [−2,2]. The division of the error range ∆Ei is shown in
Table 1, and the probability for each error range is ∆ri . According to the forecast value
of the wave height and the error range, the ship capsizing probability ∆pi in each error15

range can be calculated. If the value that the forecast value adds to the error range is
less than 0, then the probability in this error range will be 0, because the wave height
is greater than or equal to 0. Then, the ship capsizing probability p in the forecast
condition C can be calculated using the following formula:

p =
8∑

i=1

∆ri ·∆pi∑8
i=1∆ri

(21)20

4.1.4 Alternative waypoints

The positioning of the alternative waypoints is important to RATC design. Finding an-
alytic solutions for the minimum economic cost of RATC, however, is intractable since
the alternative waypoints can be at any point in the sea. To reduce the computational
budget, the alternative waypoints must be artificially restricted by the area of heavy25

seas and rough weather caused by TCs. In turn, if the interval of adjacent alternative
1869
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waypoints is smaller, the route will be more economical but the computing budget will
increase dramatically. Alternative waypoints can be based on the range of the practical
need and therefore, this extent is a second restrictive condition in the proposed model
for minimum economical cost for RATC. A sketch of alternative waypoints is shown in
Fig. 3.5

Practically, in the northern (Southern) Hemisphere, it is much safer to avoid a TC
from the left (right) semicircular side. Therefore in the proposed RATC algorithm, only
waypoints on the safer, left (right) semicircular side of a TC are considered.

4.2 Algorithm design

The algorithm of the minimum cost route for RATC is as follows:10

1. Assume that the start time of a ship’s RATC is t0; the ship’s position is x0 at t0, the
next waypoint of ship’s original planned route is xend. Dividing the segment x0xend
of the route into n parts of equal length, each point is xi (i = 1,2, . . . ,n), and draw-
ing lines perpendicular to the segment x0xend through points xi (i = 1,2, . . . ,n).
According to the range of the heavy weather area of a TC, m points are cho-15

sen on the left semicircular side of the TC for xi (i = 1,2, . . . ,n). These points
xi ,j , (i = 1,2, . . . ,n; j = 1,2, . . . ,m) are the alternative waypoints for a ship’s RATC
(as shown in Fig. 3).

2. Beginning from point xi−1,j (when i = 1, xi−1,j = x0), separately calculate the time
and the cost to sail from xi−1,j to xi ,k , (k = 1,2, . . . ,m). The time ti ,j ,k and cost Ci ,j ,k20

sailing from xi−1,j to alternative waypoints can be calculated using the following
formula:

1870

http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/1/1857/2013/nhessd-1-1857-2013-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/1/1857/2013/nhessd-1-1857-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


NHESSD
1, 1857–1893, 2013

Safe-economical
route and its

assessment model

L. C. Wu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

ti ,j ,k =

xi ,k∫
xi−1,j

1
vship(t,x)

dx (i = 1,2, . . . ,n; j ,k = 1,2, . . . ,m) (22)

Ci ,j ,k =

ti ,k∫
ti−1,j

Coil(D,V ,Qa)+Ct (23)

Taking the ship speed-loss from waves into account, vship(t,x) changes over
time, external environment, and ship course. The real-time change data for wind,5

waves, and current can be obtained from the numerical model forecasting results.

3. Ascertaining if there is an un-navigable area in a segment of the route xi−1,jxi ,k .
According to the environmental conditions of the ship’s current position, the risk
probability can be assessed in relation to the acceptable risk level. If the risk
probability is acceptable, go to (4). Otherwise, Ci ,j ,k = +∞10

4. Calculating the minimum cost CCi ,k = minj (Ci ,j ,k) and time tti ,k to reach the point
xi ,k . If CCi ,k = +∞, xi ,k is a broken point that all segments cannot reach, it will
not be used to select the next segment.

5. Making i = i +1, and carrying out step two (2) to step five (5) cyclically until i = n.
All the minimum cost segments that connect to the xend (which is xn1) make the15

shortest time route to avoid TC, which is X0X1X2 . . .Xend. The times that a ship
will arrive at each waypoint are T0,T1,T2, . . . ,Tn.

In practice, the fewer the waypoints, the better the route. Fewer waypoints means fewer
changes in direction and subsequent speed loss, resulting in more efficient operation.
Thus, RATC is optimized to reduce the waypoints with no additional cost. The optimiza-20

tion algorithm is illustrated as follows:
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1. The positions of the waypoints, which are the result of the shortest time RATC as
discussed in the last section, are assigned to xxi , (i = 0,1, . . . ,n). The time that
a ship arrives at waypoint xxi is assigned to tti and the cost to arrive at this point
is CCi . Make i = 0, and continue to the next step;

2. Starting from xxi , calculate the cost ccj occurring when the ship is sailing along5

the segment xxixxj from the xxi to xxj (j = i +1, i +2, . . . .). At the same time,
check for un-navigable areas in segment xxixxj in relation to changing wind and
wave conditions. Let z = j −1 if there is an un-navigable area.

3. Let dc = ccz −cci , and DC = CCz −CCi . If dc ≤ DC, then i = z. Assign xxi and
CCi to set x ok and c ok, respectively. Continue to the next step. If dc ≥ DC, let10

z = z−1 and do step three (3) cyclically.

4. Let i = z, do step two (2) to step four (4) cyclically until z = n. x ok are the way-
points, and c ok is the cost for the ship as it arrives at waypoints in the optimized
shortest RATC.

5 Case study and results15

The TC Nockten was chosen to test the algorithm. Nockten’s track for every six hours
is shown in Fig. 6. Nockten made landfall at Wenchang, Hainan province in China. The
centre of the greatest wind speed is up to 25 ms−1 when landing. The direct economic
loss caused by Nockten is estimated at about 0.6 billion dollars and two people were
killed. Nockten also exerted serious influence on ships at sea.20

Assume that a ship was in 19◦ N, 111.5◦ E at 00:00 UTC, 28 July 2011, and that
the ship took action to avoid the TC as soon as it received the TC warning. The next
waypoint of the original route was at 20.5◦ N,120◦ E. In this study, this scenario was
used to design the RATC. The ship’s value was 23.8 million dollars while the value of
the cargo was 34.9 million dollars. The price of oil was $871.00 per ton. The ship’s25
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profitability was 11.1 thousand dollars per day. The fuel consumption was 24 tday−1, at
a speed of 10 knots (kn). It is assumed that the change of the ship’s displacement was
ignored in the RATC and that the ship’s speed through water was unchanged.

5.1 Numerical TC simulation

The WRF model was used to simulate the TC. In the model, the 1◦×1◦ NCEP (National5

Center for Environmental Prediction) data for 281 000 was used as the initial data for
the simulation, and six hour time interval daily NCEP data was used as boundary data.
The model simulation area was 99◦ E–130◦ E, 0◦–30◦ N. The resolution was 0.1◦×0.1◦,
time step was 300 s. The wind field as forecasted by WRF was used to drive the Wave-
WatchIII. The resolution of the wave model was 0.1◦ ×0.1◦, time step was 900 s. The10

resolution of wave direction was 15◦. The results of the two models are shown in Fig. 7.

5.2 The ship’s capsizing probability

To calculate the ship’s capsizing probability, the integration time was set to 0–300 s;
time step was set to 0.0125 s; N was set to 180; The upper limit of the wave power
spectrum was set to 4.5 rads−1; The frequency interval $ was set to 0.025 rads−1; α015

was set to 0.729. The change in the ship’s capsizing probability with changes in the
ship’s heading and wave direction are shown in Fig. 8a. Given the same wave height,
the ship’s capsizing probability reaches a maximum when the beam wave is close.
The ship’s capsizing probability is higher with increasing wave heights (Fig. 8b). The
change in a ship’s capsizing probability with the wave height and the angle between20

the heading and wave direction is show in Fig. 8c.
The ship capsizing probability under different wave and heading conditions at 10:00,

28 July is shown in Fig. 9. The figure shows that ship capsizing probability is very
different when the angle between ship’s heading direction and wave direction is differ-
ent. So, the RATC must consider the angle between ship’s heading direction and wave25
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direction. The ship’s capsizing probability is small with stern waves or when the vessel
is sailing head to sea.

5.3 Economy and safety experiments

The ship’s capsizing probability at different heading directions and times were calcu-
lated based on the forecast results from the numerical models. The alternative way-5

points are shown in Fig. 3, where the interval in the vertical direction of the original
route is 0.35◦. The ship speed through water is unchangeable. The experiment of dif-
ferent acceptable capsizing probability and ship speed are shown in Table 3.

To compare the model’s superiority to the sector diagram typhoon avoidance method,
the same experiment is done using sector diagram typhoon avoidance method. In10

Fig. 10, A, B, and C separately represent the location of the tropical cyclone centre
at 00:00, 06:00, 12:00 (UTC), on 28 July. H1, H2 and H3 represent the ship’s location at
00:00, 06:00, 12:00 (UTC), on 28 July. The result of sector diagram typhoon avoidance
method is Exp6. The ship’s experimental RATCs are shown in Fig. 11a. In Fig. 11b, the
ship’s speed is 17 kn and the acceptable capsizing probability of ship is 7×10−4. The15

blue line is the RATC before optimization while the red line is the route after optimiza-
tion. Figure 11b shows that the optimal route can reduce more waypoints. Figure 12
indicates the ship’s position at different times, colours as shown in the capsizing prob-
ability scale bar at the bottom of the figure, represent the ship’s capsizing probability at
several heading angles at different times. Because the ship’s speed loss with different20

wave directions varies, the shortest route may not be the minimum cost route, which
can be learnt from the experiment results.

Experimental results show that: the higher the acceptable capsizing probability level,
the lower the cost of the RATC. Meanwhile, the higher risk to the ship must be consid-
ered. The higher the ship’s speed is, the lower the time cost. However, lower costs do25

not mean that the route’s benefit-cost ratio is higher. The case study shows that the cost
of a ship’s RATC is related not only to the ship’s speed and the acceptable risk level,
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but also to the ship’s performance when resisting wind and waves. Compared to the
Sector diagram typhoon avoidance method, this model is more safe and economical.

6 Conclusions

A safe-economical RATC was designed based on the dynamic forecast environment.
In this proposed route design method, the limitations of the traditional methods to find5

RATC are cancelled or reduced. Numerical forecast errors and the ship’s speed loss
are considered. The ship’s risk under heavy seas is quantified using the ship’s cap-
sizing probability where the ship’s capability to resist wind and waves is considered.
In the proposed model, qualitative judgements inherent to the traditional methods are
avoided. An acceptable risk level should be set according to the ship’s characteristics10

and the company’s risk tolerance. This model to avoid TCs not only ensures a ship’s
safety but also reduces shipping costs. The RATC based on the model proposed in this
paper is significantly superior to those produced by traditional methods. Future work
will consider (1) The joint effect of wind and wave will be included when calculating
the ship’s capsizing probability. (2) The geometric growth of computing costs when in-15

creasing the precision of alternative waypoints will be addressed (3) The comfort level
of crew.
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Table 1. The forecast error range division.

Forecast error range (in meters) [−2,−1.5] [−1.5,−1] [−1,−0.5] [−0.5,0] [0,0.5] [0.5,1] [1,1.5] [1.5,2]
Probability in this error range 7.59×10−4 1.6×10−2 0.12 0.34 0.36 0.14 0.02 0.001
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Table 2. Parameter values of the ship.

L 171.7 m I0 1.070×107 kgm2

B 16.8 m C1 0.871 m
∆ 8000 t C3 0.013 m
B1 1.070×107 kgm2 s−1 φv1 −1.39 rad
B2 1.070×107 kgm2 φv2 1.39 rad
ω0 0.807 rads−1 T 8 m
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Table 3. Experimental results.

No. Ship
speed
(kn)

Acceptable
capsizing
probability
Pa

Maximum
wind in
the sailing
(ms−1)

Maximum
wave in the
sailing (m)

Shipping
time (hour)

Safety
probability

Cost
(thousand
dollar)

Benefit-cost
ratio
− lg(Ra)

Exp1 15 0.001 18.1 5.2 46.6 0.9991 81.37 2.858
Exp2 16 0.001 17.8 5.3 41.6 0.9992 76.60 2.884
Exp3 17 0.001 20.1 4.4 41.5 0.9991 79.71 2.867
Exp4 17 0.002 20.1 4.4 40.7 0.9980 78.17 2.875
Exp5 17 0.0007 20.1 4.4 41.5 0.9993 79.71 2.867
Exp6 17 – 20.7 4.2 40.9 0.9959 78.56 2.866
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Where, I is the rotational moment of inertia around an assumed rolling centre; 1( )I ω is the 1 

added moment of inertia due to the ambient fluid; 1B  and 2B are linear and cubic damping 2 

coefficients respectively; ∆ is the ship displacement; GZ is the righting arm of a rolling 3 

ship; ( )seaF τ  is the external excitation resulting from random beam seas, the over-dots denote 4 

differentiation with respect to timeτ ;ω  is the wave frequency. 5 

The righting arm is approximated by the following odd cubic polynomial of φ , 6 

3
1 3( )GZ C Cφ φ φ= −  (8) 

The excitation moment resulting from the random seas is expressed as: 7 

2 2
0 0 0

1

2 ( ) cos( )
N

sea n n
n

F I n S t
g
ϖ

α ω ϖ ω ξ
=

= +∑  (9) 

In which, 0 1( )I I I ω= + ; 0ω  is the natural frequency of ship’s roll; ϖ is the interval of 8 

wave frequency; S is the excitation intensity of white noise; nξ  is the random phase angle in 9 

(0, 2 )π . 10 

When a ship is at sea, the wave encounter angle ( χ ) is the angle of wave encounter between 11 

the heading direction and wave direction as illustrated in Figure 1. Also shown in Figure 1 are 12 

the ship’s breadth, B;  the ship’s speed, U; the wave’s length, λ  ; and the frequency of 13 

wave encounter, eω . 14 

 15 

Figure 1 The wave encounter angle  16 

Fig. 1. The wave encounter angle.
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important for weather routing. The SWH errors are important when calculating a ship 1 

capsizing probability. 2 

In the research of Chu (Chu et al., 2004), the SWH errors from WaveWatchⅢ have a 3 

Gaussian-type distribution with a small mean ( µ ) value of 0.02m, as compared with the T/P 4 

altimeter data in the SCS. The RMS error (σ ) and correlation coefficient between the 5 

modelled ( mH ) and observed ( oH ) SWH are 0.48 m and 0.90 respectively. In this research, 6 

1330 samples were used for statistical analysis. The distribution of the errors is shown in 7 

Figure 2, where m oH H H∆ = − . 8 

 9 

Figure 2 Model accuracy statistics: (a) histogram of model error and (b) scatter diagram of 10 

modelled and observed SWH for all the sample points (Chu et al., 2004) 11 

Taking the error range into consideration, a ship capsizing probability for the forecast wave 12 

height is calculated based on the distribution of the wave model forecast errors. In this paper, 13 

the error range was processed using the truncation method. Because the probability of errors 14 

bigger than 2 m or less than -2 m is only 0.019, this paper only considers the error range in 15 

[-2,2]. The division of the error range iE∆  is shown in Table 1, and the probability for each 16 

error range is ir∆ . According to the forecast value of the wave height and the error range, the  17 

ship capsizing probability ip∆  in each error range can be calculated. If the value that the 18 

forecast value adds to the error range is less than 0, then the probability in this error range will 19 

be 0, because the wave height is greater than or equal to 0. Then, the ship capsizing 20 

Fig. 2. Model accuracy statistics: (a) histogram of model error and (b) scatter diagram of mod-
elled and observed SWH for all the sample points (Chu et al., 2004).
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 1 

Figure 3 Sketch of alternative waypoints 2 

Practically, in the northern (southern) hemisphere, it is much safer to avoid a TC from the left 3 

(right) semicircular side. Therefore in the proposed RATC algorithm, only waypoints on the 4 

safer, left (right) semicircular side of a TC are considered.  5 

4.2. Algorithm design. 6 

The algorithm of the minimum cost route for RATC is as follows： 7 

（1）Assume that the start time of a ship’s RATC is 0t ; the ship’s position is 0x at 0t , the next 8 

waypoint of ship’s original planned route is endx . Dividing the segment 0 endx x  of the route 9 

into n  parts of equal length, each point is ( 1, 2,......, )ix i n= , and drawing lines perpendicular 10 

to the segment 0 endx x through points ( 1, 2,......, )ix i n= . According to the range of the heavy 11 

weather area of a TC, m points are chosen on the left semicircular side of the TC for 12 

( 1, 2,......, )ix i n= . These points , , ( 1, 2,...., ; 1, 2,..., )i jx i n j m= =  are the alternative waypoints 13 

for a ship’s RATC (as shown in Figure 3). 14 

（2）Beginning from point 1,i jx − （when 1i = , 1,i jx − = 0x ）, separately calculate the time and the 15 

cost to sail from 1,i jx − to , , ( 1,2,..., )i kx k m= . The time , ,i j kt  and cost , ,i j kC  sailing from 16 

1,i jx − to alternative waypoints can be calculated using the following formula: 17 

Fig. 3. Sketch of alternative waypoints.
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 1 

Figure 4 A route designed to avoid TC 2 

(The break waypoint is the point that all segments cannot reach)  3 

In practice, the fewer the waypoints, the better the route. Fewer waypoints means fewer 4 

changes in direction and subsequent speed loss, resulting in more efficient operation. Thus, 5 

RATC is optimized to reduce the waypoints with no additional cost. The optimization 6 

algorithm is illustrated as follows: 7 

(1) The positions of the waypoints, which are the result of the shortest time RATC as 8 

discussed in the last section, are assigned to , ( 0,1,..., )ixx i n= . The time that a ship arrives at 9 

waypoint ixx  is assigned to itt  and the cost to arrive at this point is iCC . Make 0i = , and 10 

continue to the next step; 11 

(2) Starting from ixx , calculate the cost jcc  occurring when the ship is sailing along the 12 

segment i jxx xx  from the ixx  to ( 1, 2,....)jxx j i i= + + . At the same time, check for 13 

un-navigable areas in segment i jxx xx  in relation to changing wind and wave conditions. 14 

Let 1z j= −  if there is an un-navigable area. 15 

Fig. 4. A route designed to avoid TC. (The break waypoint is the point that all segments cannot
reach.)
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(3) Let z idc cc cc= − , and z iDC CC CC= − . If dc DC≤ , then i z= . Assign ixx and iCC  1 

to set _x ok and _c ok respectively. Continue to the next step.  If dc DC≥ , let 1z z= −  2 

and do step three (3) cyclically.  3 

(4) Let i z= , do step two (2) to step four (4) cyclically until z n= . _x ok  are the waypoints, 4 

and _c ok  is the cost for the ship as it arrives at waypoints in the optimized shortest RATC. 5 

 6 

Figure 5 Optimized RATC 7 

 8 

5. Case study and results.  9 

The TC Nockten was chosen to test the algorithm. Nockten’s track for every six hours is 10 

shown in Figure 6. Nockten made landfall at Wenchang, Hainan province in China. The 11 

centre of the greatest wind speed is up to 25 m/s when landing. The direct economic loss 12 

caused by Nockten is estimated at about 0.6 billion dollars and two people were killed. 13 

Nockten also exerted serious influence on ships at sea.   14 

 15 

Figure 6 The track of TC Nockten every six hours 16 

Fig. 5. Optimized RATC.
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 8 

5. Case study and results.  9 

The TC Nockten was chosen to test the algorithm. Nockten’s track for every six hours is 10 

shown in Figure 6. Nockten made landfall at Wenchang, Hainan province in China. The 11 

centre of the greatest wind speed is up to 25 m/s when landing. The direct economic loss 12 

caused by Nockten is estimated at about 0.6 billion dollars and two people were killed. 13 

Nockten also exerted serious influence on ships at sea.   14 
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Figure 6 The track of TC Nockten every six hours 16 
Fig. 6. The track of TC Nockten every six hours.
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of the wave model was 0.1°×0.1°, time step was 900s. The resolution of wave direction was 1 

15°. The results of the two models are shown in Figure 7. 2 

 3 

Figure 7 The forecast wind and wave conditions 4 

 5 

5.2. The ship’s capsizing probability.  6 

To calculate the ship’s capsizing probability, the integration time was set to 0-300s; time step 7 

was set to 0.0125s; N was set to 180; The upper limit of the wave power spectrum was set to 8 

4.5rad/s; The frequency interval ϖ  was set to 0.025rad/s; 0α  was set to 0.729. The change 9 

in the ship’s capsizing probability with changes in the ship’s heading and wave direction are 10 

shown in Figures 8 (a). Given the same wave height, the ship’s capsizing probability reaches 11 

a maximum when the beam wave is close. The ship’s capsizing probability is higher with 12 

increasing wave heights (Figure 8(b)). The change in a ship’s capsizing probability with the 13 

wave height and the angle between the heading and wave direction is show in Figure 8(c).  14 

Fig. 7. The forecast wind and wave conditions.
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 1 

Figure 8 The change of ship’s capsizing probability 2 

 3 

The ship capsizing probability under different wave and heading conditions at 1000 28th is 4 

shown in Figure 9. The Figure shows that ship capsizing probability is very different when the 5 

angle between ship’s heading direction and wave direction is different. So, the RATC must 6 

consider the angle between ship’s heading direction and wave direction. The ship’s capsizing 7 

probability is small with stern waves or when the vessel is sailing head to sea.  8 

 9 

 10 

Figure 9 The ship’s capsizing probability at different ship headings on 1000 28th (UTC) 11 

5.3. Economy and safety experiments. 12 

The ship’s capsizing probability at different heading directions and times were calculated 13 

based on the forecast results from the numerical models. The alternative waypoints are shown 14 

Fig. 8. The change of ship’s capsizing probability.
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 1 

Figure 8 The change of ship’s capsizing probability 2 

 3 

The ship capsizing probability under different wave and heading conditions at 1000 28th is 4 

shown in Figure 9. The Figure shows that ship capsizing probability is very different when the 5 

angle between ship’s heading direction and wave direction is different. So, the RATC must 6 

consider the angle between ship’s heading direction and wave direction. The ship’s capsizing 7 

probability is small with stern waves or when the vessel is sailing head to sea.  8 

 9 

 10 

Figure 9 The ship’s capsizing probability at different ship headings on 1000 28th (UTC) 11 

5.3. Economy and safety experiments. 12 

The ship’s capsizing probability at different heading directions and times were calculated 13 

based on the forecast results from the numerical models. The alternative waypoints are shown 14 

Fig. 9. The ship’s capsizing probability at different ship headings on 28 July 2011, 10:00 (UTC).
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in Figure 3, where the interval in the vertical direction of the original route is 0.35°. The ship 1 

speed through water is unchangeable. The experiment of different acceptable capsizing 2 

probability and ship speed are shown in Table 3.  3 

To compare the model’s superiority to the sector diagram typhoon avoidance method, the 4 

same experiment is done using sector diagram typhoon avoidance method. In figure 10, A, B, 5 

and C separately represent the location of the tropical cyclone centre at 280000，280600，6 

281200 (UTC). 1H , 2H  and 3H  represent the ship’s location at 280000，280600，281200 7 

(UTC). The result of sector diagram typhoon avoidance method is Exp6. The ship’s 8 

experimental RATCs are shown in Figure 11a. 9 

 10 

Figure 10 Sector diagram typhoon avoidance method 11 

 12 

Table 3 Experimental results 13 

No. 

Ship 

speed 

(kn) 

Acceptable 

capsizing 

probability 

Pa 

Maximum 

wind in 

the sailing 

(m/s) 

Maximum 

wave in 

the sailing 

(m) 

Shipping 

time 

(hour) 

Safety 

probability 

Cost 

(thousand 

dollar) 

Benefit-cost 

ratio 

lg( )Ra−  

Exp1 15 0.001 18.1 5.2 46.6 0.9991 81.37 2.858 

Exp2 16 0.001 17.8 5.3 41.6 0.9992 76.60 2.884 

Exp3 17 0.001 20.1 4.4 41.5 0.9991 79.71 2.867 

Fig. 10. Sector diagram typhoon avoidance method.
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Exp4 17 0.002 20.1 4.4 40.7 0.9980 78.17 2.875 

Exp5 17 0.0007 20.1 4.4 41.5 0.9993 79.71 2.867 

Exp6 17 / 20.7 4.2 40.9 0.9959 78.56 2.866 

 1 

In Figure 11(b), the ship’s speed is 17kn and the acceptable capsizing probability of ship is 2 

7e-4. The blue line is the RATC before optimization while the red line is the route after 3 

optimization. Figure 11(b) shows that the optimal route can reduce more waypoints. Figure 12 4 

indicates the ship’s position at different times, colours as shown in the capsizing probability 5 

scale bar at the bottom of the figure, represent the ship’s capsizing probability at several 6 

heading angles at different times. Because the ship’s speed loss with different wave directions 7 

varies, the shortest route may not be the minimum cost route, which can be learnt from the 8 

experiment results.  9 

072800

072806

072812

072818

  10 

Figure 11 (a) Experimental routes (b) The route before and after the optimization experiment 11 

Exp5  12 

Fig. 11. (a) Experimental routes (b) The route before and after the optimization experiment
Exp5.
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 1 

Figure 12 Ship position and the capsizing probability at different times  2 

 3 

Experimental results show that: the higher the acceptable capsizing probability level, the 4 

lower the cost of the RATC. Meanwhile, the higher risk to the ship must be considered. The 5 

higher the ship’s speed is, the lower the time cost. However, lower costs do not mean that the 6 

route’s benefit-cost ratio is higher. The case study shows that the cost of a ship’s RATC is 7 

related not only to the ship’s speed and the acceptable risk level, but also to the ship’s 8 

performance when resisting wind and waves. Compared to the Sector diagram typhoon 9 

avoidance method, this model is more safe and economical. 10 

 11 

6. Conclusions 12 

A safe-economical RATC was designed based on the dynamic forecast environment. In this 13 

proposed route design method, the limitations of the traditional methods to find RATC are 14 

cancelled or reduced. Numerical forecast errors and the ship’s speed loss are considered. The 15 

ship’s risk under heavy seas is quantified using the ship’s capsizing probability where the 16 

ship’s capability to resist wind and waves is considered. In the proposed model, qualitative 17 

judgements inherent to the traditional methods are avoided. An acceptable risk level should be 18 

Fig. 12. Ship position and the capsizing probability at different times.
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