Math Meth Oper Res (2007) 66:475-490
DOI 10.1007/s00186-007-0168-7

ORIGINAL ARTICLE

Stochastic modelling of tropical cyclone tracks

Jonas Rumpf .- Helga Weindl - Peter Hoppe -
Ernst Rauch . Volker Schmidt

Received: 27 October 2006 / Revised: 2 March 2007 / Published online: 26 June 2007
© Springer-Verlag 2007

Abstract A stochastic model for the tracks of tropical cyclones that allows for the
computerised generation of a large number of synthetic cyclone tracks is introduced.
This will provide a larger dataset than previously available for the assessment of risks
in areas affected by tropical cyclones. To improve homogeneity, the historical tracks
are first split into six classes. The points of cyclone genesis are modelled as a spatial
Poisson point process, the intensity of which is estimated using a generalised version
of a kernel estimator. For these points, initial values of direction, translation speed,
and wind speed are drawn from histograms of the historical values of these variables
observed in the neighbourhood of the respective points, thereby generating a first 6-h
segment of a track. The subsequent segments are then generated by drawing changes in
theses variables from histograms of the historical data available near the cyclone’s cur-
rent location. A termination probability for the track is determined after each segment
as a function of wind speed and location. In the present paper, the model is applied
to historical cyclone data from the western North Pacific, but it is general enough to
be transferred to other ocean basins with only minor adjustments. A version for the
North Atlantic is currently under preparation.
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476 J. Rumpf et al.

1 Introduction
1.1 Motivation

Catastrophies caused by tropical cyclones are not only a threat to human lives but also
a massive financial risk to insurance and reinsurance companies. These companies
need to assess as precisely as possible the risk and extent of losses in areas affected by
tropical cyclones. Since reliable data on cyclone tracks is only available for a relatively
short period of time, it is not sufficient to make a risk assessment based solely on his-
torical storm tracks. Therefore, as one possible approach to this problem, a basin-wide
stochastic simulation model for the western North Pacific as outlined in Rumpf et al.
(2006) is introduced. To the authors’ knowledge, this is a novel concept for this ocean
basin. Approaches with similar ideas for the North Atlantic and the South Pacific have
been discussed in James and Mason (2005), Vickery et al. (2000), and most recently
in Emanuel et al. (2006) and Hall and Jewson (2007).

1.2 Overview

After a short description of the available data, an explanation is given in Sect. 2 as to
why and how this data is homogenised by splitting it into six different classes. Section 3
is concerned with modelling the starting points of the cyclone tracks as an inhomoge-
neous Poisson point process and the justification for this choice of model. The actual
track model, in which resampling methods play an important role, is explained in
Sect. 4. An algorithm for the simulation of cyclone tracks is specified in Sect. 5, along
with some sample results of the algorithm and a brief discussion of the assessment
of these results. After providing a brief insight into the methods of risk assessment
applied to the simulated tracks in Sect. 6, the paper concludes with an outlook on
possibilities for further model development.

1.3 Data

The available data consists of the tracks of all tropical cyclones recorded during the
period 1945-2004 in the western North Pacific. Since there is no “definitive” data-
set for this ocean basin in the same way as the HURDAT best track is for the North
Atlantic (see Jarvinen et al. 1984), we use data Munich Re has compiled from differ-
ent sources, mainly the Japanese Meteorological Agency (JMA), the Joint Typhoon
Warning Center (JTWC) and Unisys Weather. Figure 1 shows the tracks of all 1,519
storms considered. Each track is given as a polygonal trajectory connecting between
2 and 100 points of measurement. Besides the date and time of measurement, the
storm’s current position (latitude and longitude) and its current maximum windspeeds
are given for each point. The measurements within each individual storm are taken at
regular intervals of 6 h, so the storm’s translational speed can be easily calculated. All
observations fall into an observation window that is delimited by the equator in the
south, 60°N in the north, 100°E in the west, and the date line in the east.

@ Springer



Stochastic modelling of tropical cyclone tracks 477

2 Classification

As can be easily seen from Fig. 1, there are strong inhomogeneities in the shapes of the
cyclone tracks. To improve the quality of the simulation, the storm tracks are therefore
split into 6 more homogeneous classes. Since the shape of a storm track is a spatial
characteristic, we split the observation window into 4 different zones, to correspond
roughly to the map’s major areas of land and sea, respectively; see Fig. 2. Tracks
are then classified on the basis of the zones they touch. The classification procedure
consists of two parts: First, storm tracks are split into classes 0, 1, 2, and 3 according
to the criteria listed in Table 1. Then, class 4 is created with those storms from class
2 that have their starting point in zone 1, and class 5 is created with storms of class
1 which have their starting point east of 122°E, i.e. in the South China Sea. This

Fig. 1 Tracks of all storms in the dataset

Fig. 2 Observation window split into 4 zones
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478 J. Rumpf et al.

Table 1 Ceriteria for the

classification of the cyclone Start in zone Touched zones End in zone Class
tracks 0 0 0 0
1 1 1 1
2 2 2 2
3 3 3 3
Oorl Oand 1 Oorl 1
Oor2 0and 2 Oor2 2
Oor3 Oand3 Oor3 3
lor2 land 2 1 1
lor2 1and 2 2 2
2or3 2and 3 2or3 2
0,lor2 0,1 and?2 0 0
0,1or2 0,1 and 2 1 1
0,1or2 0,1 and 2 2 2
0,1o0r3 0,1and3 0 0
0,1o0r3 0,1and3 1 1
0,1o0r3 0,1and3 2 2
0,20r3 0,2and 3 0,20r3 2
1,20r3 1,2and 3 1 1
1,20r3 1,2and 3 2o0r3 2
0,1,20r3 0,1,2and 3 0 0
0,1,20r3 0,1,2and 3 1 1
0,1,20r3 0,1,2and 3 2o0r3 2

particular choice of classes has the desirable properties of creating a decent amount
of homogeneity among the track shapes with not too many classes. The authors do
recognize, however, that the vague notion of homogeneity among track shapes intro-
duces a certain amount of arbitrariness, though this is not considered a detriment to
the model, since no information is lost and a helpful tool for the simulation is gained.

Two of the resulting classes of storm tracks can be seen in Figs. 3 and 4, respectively.
The class sizes are given in Table 2. A more intuitive description of the classification
criteria can be given as follows:

e (lass 0 contains all the storms whose tracks are situated completely in the open sea
in the southeastern part of the observation window.

e Class 1 contains the storms, whose tracks start in the southeastern part of the obser-
vation window and then head mostly northwest in an almost straight line towards
the Philippines, the South China Sea, and the Asian continent; see Fig. 3.

e Class 2 contains the storms whose tracks start in the eastern part of the observa-
tion window. After initially heading northwest, they head to the right towards the
northeast and in one way or the other affect Japan and/or the Korean Peninsula; see
Fig. 4.
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Stochastic modelling of tropical cyclone tracks 479

Fig. 3 Tracks of all storms in class 1

Fig. 4 Tracks of all storms in class 2

e Class 3 contains storms whose tracks are situated completely in the open sea in the
eastern part of the observation window and which move further up north than those
of class 0.

e Class 4 contains those storms that start off from the South China Sea and then head
northeast towards Japan in a nearly straight line.

e Class 5 contains storms whose tracks are almost completely limited to the vicinity
of the South China Sea. Most of them move in a straight line towards the Asian
continent.

After creating the six different storm classes, all subsequent steps of the modelling
process are done separately for each class.
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Table 2 Class sizes of the

storm classes Class Number of tracks Number of data points
0 115 1,939
1 470 11,958
2 470 14,695
3 178 4,086
4 84 2,032
5 202 2,667
Total 1,519 37,377

3 Points of genesis
3.1 Basic model

For a stochastic model of the tracks of tropical cyclones, first a model for the points
of cyclone genesis, i. e. the first points of the tracks, is needed. Figure 5 shows, as an
example, the points of genesis of storms in class 2. The points are clearly distributed
inhomogeneously within the observation window. Therefore, an inhomogeneous Pois-
son process is chosen as a model, which is further justified by the central properties
of this point process model (see, for example, Stoyan and Stoyan 1994, p. 228):

e No interaction: The Poisson process is considered to be a model for complete spa-
tial randomness, in the sense that its points are placed in the observation window
completely independent of each other. They exhibit no interaction; neither attraction
(or clustering) nor repulsion is incorporated into the model. This property reflects the
fact that meteorology provides no evidence of interactions between storms’ starting
points, especially not over the number of years contained in the data. However, the

Fig. 5 Points of genesis of storms in class 2
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Stochastic modelling of tropical cyclone tracks 481

authors do recognise that in any given year a clustering of storms in a certain region
could occur.

e Poisson distribution: In a Poisson process, the number of points in a given area
is Poisson-distributed. This corresponds to the result of a Pearson-Fisher-Good-
ness-of-Fit test, which does not reject the hypothesis that the number of storms per
year in the given data is Poisson-distributed. This result is obtained not only for the
numbers of storms in the different classes, but also for the total number of storms
within the observation window (see Sect. 3.2).

3.2 Tests for Poisson distribution

To test the hypothesis that the number of storms in the data is Poisson-distributed, i.e.
Hy: Pe{Poi(A),A>0} vs. Hi: P ¢&{Poi(}), 1 > 0}, @))

where P is the distribution of the number of cyclones per year within the observation

window, an asymptotic Pearson-Fisher-Goodness-of-Fit test is performed (see Cramér
1971, Chap. 30). For this test, consider the numbers of storms in the 59 years contained

in the data as realisations u1, . . . , u, of independent and identically distributed random
variables Uy, . . ., U,, wheren = 59. These realisations are then grouped into  disjoint
subsets Ag = {0, ...,a0}, Ay ={ao+1,...,a1},..., A2 ={a,—3+1,...,a,-2},
A1 ={ar—2+ 1,a,—2 + 2, ...}. The values of ag, ..., a,_7 are chosen in the fol-

lowing way: starting with ag, the a; are determined iteratively as the minimal values
that ensure that the condition

pj(A)-n>5Yj=0,...,r—1, )
holds, where
a0 i —~
N Ao
po() =2 e, 3)
i=0
~ A s
pi)= > e =1 =2, “4)
i=aj_1+1
_ o T
pro1G) = .Z e ®)
1=ar-2

denote the Poisson probabilities of the r subsets. Condition (2) requires the subsets
A; to each contain more than a certain minimum number of observations. While there
seems to be a consensus in the literature that this is an important condition for the
validity of the Pearson-Fisher test (see e.g. Cramér 1971, p. 420 and Gibbons 1985,
p.72f), the actual values stated vary. In choosing the minimum number in (2) equal to
5, we follow Gibbons (1985).

@ Springer



482 J. Rumpf et al.

Table 3 Tests for Poisson _

distribution of the number of Class tn " Tur, - un)
storms per year 0 1.95 5 785

1 7.97 8 2.49

2 7.97 8 9.85

3 3.02 6 5.02

4 1.42 4 0.05

5 3.42 6 4.32

All 25.75 8 1.97

Table 4 Tests for Poisson distribution of the number of storms per year

Class Xr2—2,099 Hy rej.? Xr272,0.95 Hg rej.? Xr2—2,0.90 Hy rej.?
0 11.34 No 7.81 Yes 6.25 Yes
1 16.81 No 12.59 No 10.64 No
2 16.81 No 12.59 No 10.64 No
3 13.28 No 9.49 No 7.78 No
4 7.38 No 5.99 No 4.61 No
5 13.28 No 9.49 No 7.78 No
All 16.81 No 12.59 No 10.64 No

Note that condition (2) is explicitly required to hold for j = » — 1, thereby deter-
mining uniquely not only the A ;, but also r. The maximum likelihood estimator A for
the parameter A of the hypothetical Poisson distribution from the grouped data can be
approximated by the well-known maximum likelihood estimator for A for ungrouped
data, the sample mean U,,. Then the test statistic

! (Zj(Ul,..., U,) —npj(Un))z

Ty(Uy, ..., Uy) =§) —ca (6)
is asymptotically Xr{z-distributed, where
ZiUy,...,Up=#i:1<i<nU €A} @)
Therefore, the hypothesis Hy is rejected at a given level of significance « if
To(Ur, .o ) > Xf g )
recalling that (u1, . .., u,) denotes arealization of (Uy, ..., U,). As can be seen from

Tables 3 and 4, for the tropical cyclone data, the hypothesis is not rejected except
for storms of class O for the higher «-levels of 0.05 or 0.1. This result holds for the
different storm classes as well as for the total number of storms.
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3.3 Intensity estimation

The distribution of points of an inhomogeneous Poisson point process within the obser-
vation window W is determined by its intensity function A(t). This function can be
interpreted in a way that A (t)dt describes the infinitesimal probability of a point of the
Poisson process being located in the infinitesimally small disc with area dt centred at t
(see, for example, Stoyan et al. 1995, p. 42). Since there is no obvious parametric trend
visible in the data (see Fig. 5), a non-parametric estimation technique was chosen. The
generalised nearest neighbour estimator (see Silverman 1986, p. 97) is given by

MO =n®2Y K fr e =T}, ©)

i=1

where 7 (t) is the distance to the k-th nearest point of genesis seen from the location t,
T; the location of the i-th historical point of cyclone genesis, and K, the Epanechnikov
kernel:

2(1—tTy iftTt <1,

10
0 otherwise. (10)

Ke(t) = {

The parameter k is chosen such that k = |/m], where m is the number of historical
points of genesis.

A simplified interpretation of this estimator is given in the following: while the ker-
nel K, determines the size and the shape of the “probability mass” which is assigned
to a measurement point, the bandwidth ry(t) is the radius over which this mass is
spread. Note that the estimator /):(t) is nowhere zero: at all points within the observa-
tion window, there is a non-zero probability mass from exactly k historical points of
genesis. This probability mass decreases with increasing distance to the k-th nearest
historical point of genesis, but in theory never reaches zero. This effect is intended,
because it allows, if only rarely, for the genesis of tropical cyclones within the model
at locations that are far away from most historical initial points of cyclones, where
there are no physical reasons against cyclone genesis. In some areas, of course, the
intensity is set to zero because cyclone genesis is meteorologically impossible there.
These areas include all locations closer to the equator than 3° of latitude, motivated
by the negligible Coriolis force in these regions, as well as all locations not over sea,
because of their lack of necessary heat sources for a cyclone.

4 Cyclone tracks and wind speeds
4.1 Direction, translational speed and wind speed
Once a model for the points of cyclone genesis is available, the propagation of the

tracks is the next step in the modelling process. Here our model relies on the same
basic assumption as the models introduced in, for example, Emanuel et al. (2006),
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Hall and Jewson (2007), and Vickery et al. (2000) that cyclones located in similar
areas of the observation window behave similarly. An appropriate model of the tracks
following the points of genesis needs to include the direction of movement (denoted
by X in the following) and the translational speed (Y), i.e. the velocity at which the
cyclone is moving in the given direction. By assuming these characteristics to be con-
stant for intervals of 6 h (see Sect. 1.3) and updating them instantaneously after each
interval, the cyclone’s location can be calculated in 6-h steps, thereby generating a
complete trajectory. For risk assessment (see Sect. 6), additional information is needed,
namely the maximum wind speeds attained (Z) at each of the cyclone’s positions. To
combine these characteristics, consider a 3-dimensional state vector S; that contains
their values after the i-th track segment. These values are considered to be the sum of
an initial value and the changes in these values after each step:

i X; Xo i AXj
Si=So+ > ASj=(vi] =[x |+D Ay (11)
j=1 Z; Z j=1 \AZ;

Since a stochastic model is being developed, all of the characteristics X, Yo and
Zy as well as AX j, AY;, AZ; are considered to be random variables. The distribu-
tions of these random variables depend on the storm’s current location t within the
observation window W. To generate a realisation of Sy at a certain location, data is
resampled from the distributions of the historical measurements of X, Yo and Zy near
that location, i.e. the probability distribution function of X at location t is estimated
by

#I: 1 <1 <kyy, () < x)

FX()(xvt)Z kX
0

12)

where xl(o) (t), I =1,..., kx,, denote the ky, historical realisations of X closest to
the location t. In short, the distribution of the initial direction of a track in the model
is determined by all historical initial directions of storm tracks. Similar formulae are
used in order to estimate the location-dependent distributions of Yy and Zg, respec-
tively. In analogy to this, the probability distribution functions of a change in direction
AXj, is given by

#{l:1 <l <kax, Ax(t) <x}

Fax(x,t) = Kax

13)

where Ax;(t), [ =1, ..., kax, now denote the ka x historical realisations of AX; Vj
closest to the location t. This means that the distribution of any change in direction
AXj, depends on the historical realizations of all changes in direction AX ; of tropical
cyclones, no matter after which step of a storm they occurred. A similar formula is
used for AY;.

To conform with reality, certain boundary conditions are imposed on the com-
ponents of S;. For example, the translational speeds ¥; must be nonnegative at all
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Stochastic modelling of tropical cyclone tracks 485

times. Also note that all calculations involving the direction of a cyclone are made
“mod 360°” to keep the value of the X ; within the interval [0°, 360°), where 0° is
considered North.

For the changes in wind speed AZ;, a modified version of the probability distri-
bution function given in (12) is considered. To reflect the fact that the wind speeds
of stronger storms tend to decrease, while weaker storms tend to intensify in their
early stages, the distribution of the changes in wind speed was made dependent on the
previous wind speed z:

#Hl:1 <1 <kaz, Azt ,z) <
Fazetz) = =L e atD =2, (14)

where the Az;(t,z), I =1, ..., kaz, denote ka7 historical realisations of those AZ;
closest to the location t that had previous wind speeds in the same range (“low”,

CLINT3

“medium-low”, “medium-high”, “high”) as z.

4.2 Termination probabilities

Since the proposed model creates synthetic cyclone tracks in 6-h steps, a mechanism
is needed to determine whether the track should be terminated after the current step or
if it should be continued. This is done stochastically via a Bernoulli experiment with a
success probability p(t, Z) depending on the storm’s current location and wind speed.
Here, the event “success” is considered equivalent to “the cyclone terminates”. The
termination probability is determined as the maximum of two probabilities pz and
Pt since this approach to combining the two probabilities delivered the best results in
eliminating spurious synthetic storm tracks penetrating unrealistically deep into the
Asian continent.

Although in theory tropical cyclones should only be considered as such as long as
their wind speeds exceed 62 km/h (34 knots), the wind speeds at the last points of
measurement of the cyclones vary greatly in the available data. Therefore, to match
the data, a curve of the form

pz =c¢- eikza (15)

depending on a cyclone’s current wind speed Z was fitted to historical termination
probabilities, which have been determined as follows: all points of measurement and
their respective wind speeds are grouped into 10 km/h-wide bins. The termination
probability of every bin is then given as the fraction of cyclone termination points
among all points in this bin. To avoid artefacts resulting from imperfect data, points
with speeds less than 30 km/h are omitted. The curve given in (15) is then fitted to
the resulting 28 points using a least-squares method. It is well known that tropical
cyclones behave differently over land than they do over sea. For example, cyclones
are subject to higher friction and a lower energy supply over land than they are over
sea. Therefore, this procedure is applied separately to the points of measurement over
land and to those over sea. As an example, the data points and the fitted curve for the
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Fig. 6 Curve fitted to historical termination probabilities of storms of class 2 over land
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Fig. 7 Curve fitted to historical termination probabilities of storms of class 2 over sea

storms of class 2 over land and over sea are shown in Figs. 6 and 7, respectively. A
possible lack in fit of the curve to the data is considered acceptable because of the fact
that only the general form of the curve is needed for the model. In particular, an exact
replication of the data is not intended, considering the goal of creating a larger dataset
for risk assessment and bearing in mind the existence of imperfections in the data.
Additionally, fitting errors are also compensated in part by the second termination
probability, whose calculation is described in the following.

To account for the fact that the weakening of tropical cyclones and their wind
speeds is significantly influenced by the geographical conditions at the storm’s cur-
rent location, a second probability py is calculated for all locations t in the observation
window. Similarly to the probabilities given in (12), py is calculated as the fraction of
termination points among the n nearest points of measurement of the location t.
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The termination probability used in the Bernoulli experiment is then taken to be

p(t, Z) = max{pz, pt}. (16)

This allows for the quicker termination of storms that have reached specific locations
while exhibiting uncommonly high wind speeds, such as storms that penetrate far
inland with high wind speeds. On the other hand, it also accounts for the termination
of storms that do not reach particularly high wind speeds in areas where most storms
in the data have continued to exist.

5 Simulation and results

In this section, an algorithm for generating synthetic cyclone tracks is described, sum-
marising the different parts of the model and illustrating their interaction. To create a
complete set of synthetic storm tracks from the model described above, the procedure
is as follows for each of the 6 storm classes (see Sect. 2):

0. Initialisation: Find all needed estimators and probabilities as they were defined in
9), (12), (13), (14), (15), and (16), respectively, and go to step 1.

1. Points of genesis: Generate a realisation of the inhomogeneous Poisson point pro-
cess with the intensity function defined in (9) and go to step 2.

2. Choose a point: From the point process realisation generated in step 1, pick one
point that does not yet have a corresponding cyclone track and go to step 3. If there
are no such points left, terminate the algorithm.

3. Initial segment: Generate a realisation of Sy from the distribution functions defined
in (12) according to the location t of the cyclone’s starting point from step 2. With
this, find the storm’s new location after its first segment and go to step 4.

4. Termination probability: Perform a Bernoulli experiment with the success prob-
ability given by (16) according to the storm’s current location and wind speed. If
the result is “success”, terminate the storm track and go to step 6. Otherwise go to
step 5.

5. Additional segment: Generate a realisation of AS; from the distribution functions
defined in (13) and (14) according to the storm’s current location and wind speed.
Add AS; to §;_; to get S; and from this a new location and wind speed for the
storm. Then go to step 4.

6. Class verification: Determine the classification of the generated storm track as
described in Sect. 2. If it matches the class of storm tracks for which this algorithm
is being performed, accept the storm track for the given point of genesis and go to
step 2. Otherwise, reject the storm track and go to step 3 with the same point of
genesis.

Note that the possibility of a storm being rejected mentioned in step 6 of the algo-
rithm is not just theoretical, but that in fact quite a few rejections do happen during
simulation. For example, when a storm of class 1 (see Fig. 3) is being simulated, the
random combination of a starting point far to the east, an initial direction towards
the west and several changes of the direction of movement to the right early on is
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Fig. 8 Synthetic tracks of storms in class 1

improbable, but possible. This track will then be classified into class 3 instead of class
1 (see Table 1) and therefore will be rejected in step 6 of the algorithm.

This algorithm has been implemented using Java, which creates the possibility for
the generation of a large number of synthetic cyclone tracks. A sample of synthetic
storm tracks in class 1 with the same expected number of storms as in the original data
is plotted in Fig. 8.

To evaluate the results of the model, 150 samples of synthetic storm tracks, where
every sample is considered to consist of 59 years of data, are generated by simulating a
random number of storms for each year which is Poisson-distributed with a parameter
given by the mean number of storms per year in the historical data. Then the number
of storms affecting Japan (which is the area of highest interest within the observation
window), denoted by V;, is counted for each year. From every sample with sample
size n = 59, the expected number of storms affecting Japan per year and the variance
of this number are estimated by the sample mean V, and the sample variance S2
The simulated data is then compared to the historical data by 150 realisations of an
asymptotic one-sample test. The test statistic 7(Vy, ..., V,) given by

V _
TV, ..., Vy) = Jn—2 0

VS

is approximately N (0, 1)-distributed for sufficiently large n (see, for example,
Lehmann and Romano 2005, p. 444). The hypothesis that the expected number of
storms affecting Japan in the simulated data correctly reflects the corresponding num-
ber from the historical data (denoted by o), is therefore rejected at a given level of
significance o if [T (V1, ..., V)| > z1—a/2 Where z1_4/2 denotes the (1 —a/2)-quan-
tile of the standard normal distribution. Table 5 shows that the percentage of samples
where the hypothesis is rejected is approximately «, which suggests that the model
correctly represents the number of storms affecting Japan per year.

a7
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Table 5 Test results for the
comparison between simulated
and historical data

1% 5% 10%

Rejections 0.7% 5.3% 10.0%

6 Risk assessment

From a cyclone track consisting of the storm’s locations, translational speeds and
maximum attained wind speeds, a two-dimensional wind field can be calculated. This
windfield is obtained using an empirical relation between the maximum wind speed
Umax, Which is considered to be attained at the so-called “radius of maximum wind
speeds” ryqx Of the storm and wind speeds v(r) at a radial distance r > 7,4, from
the centre. The general form of this relation is given by

r -Y
v(r) = Umax - ( ) s (18)
Fmax

where the exponent y € (0, 1) and rpax are determined empirically.

In the lower troposphere, the wind in a cyclone is dominated by the tangential wind
speed. Therefore, the cyclone wind profile (18) is originally derived using the conser-
vation of relative angular momentum of tangential winds (v(r) - r = const) outside of
rmax- However in reality, the wind in the boundary layer is spiraling inwards, and, as
a consequence, it loses relative angular momentum due to frictional dissipation at the
surface (see Depperman 1947, Holland 1980). Due to this fact, the exponent y < 1
is introduced into (18), which then reflects a typical typhoon wind profile adequately
for the purposes of this investigation.

With this method, wind speeds caused by a cyclone at locations of interest are cal-
culated. These wind speeds can then be used to calculate an estimate for the damage
the cyclone causes at these locations. This creates a possibility for a long-term risk
assessment since, with the described model and its implementation in the program-
ming language Java, it is possible to generate a large number of realistic storm tracks.
For example, one could simulate tracks for a time horizon of 10,000 years and then
calculate the “10,000-year damage” or damages with return periods of less than 10,000
years.

7 Summary and outlook

A stochastic model for the simulation of tropical cyclone tracks in the western North
Pacific was developed. The model relies mostly on the historical track data available.
Complex meteorological aspects of tropical cyclone movement are greatly simpli-
fied, thereby creating the possibility for the simulation of large numbers of synthetic
cyclone tracks. With these synthetic tracks, the assessment of damage risks at locations
of interest in areas affected by the cyclones can be improved.

The transfer of our model to the North Atlantic basin is currently under develop-
ment. In addition, the model is constantly being enhanced. For example, it is intended
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to model dependencies of S; and S;_; by Markov chains, related to what was sug-
gested in, for example, Emanuel et al. (2006). Another possibility for refining the
model could be to follow e.g. Hall and Jewson (2007) by weighting the historical
data used in formulae (12) through (14) according to their distance from the storm’s
current location t. Furthermore, additional methods for the comparison of simulated
and historical cyclone tracks are being developed. With these methods, it will also
be possible to assess the relevance of the previously mentioned enhancements to the
performance of the model.
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