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Abstract

Classic insurance mechanisms have proven to be inadequate
to deal with the losses caused by natural catastrophes, such as
hurricanes, earthquakes, floods and so on. Therefore, new finan-
cial and insurance instruments are needed. In this framework,
catastrophe bond arise as a useful tool to deal with catastrophe
losses. The aim of this paper is to extend the Nowak & Ro-
maniuk approach for cat bonds pricing to new models for the
risk-free spot interest rate, as well as to implement different dis-
tribution for the losses and two types of payoff. First we prove
a general pricing formula and then we apply it to price some
particular cases combining the three factors mentioned above.
Some studies of sensitivities are carried out. After that, we
study which factors have a bigger influence on the price.
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1 Introduction

Nowadays, insurance companies are not well prepared to face off losses caused
by natural catastrophes, such as hurricanes or earthquakes, losing huge amounts
of money when they try to use classic insurance mechanisms with such events. As
some examples, losses from Hurricane Katrina in 2005 are bigger than $40 billions,
and more than 60 insurance companies broke after Hurricane Andrew.

One of the main reasons that explains why classic insurance mechanisms are
not able to cover natural catastrophes lies on the fact that these phenomena
present a high dependence on location and period. The probability of occurrence
of some natural catastrophe is not the same in every region and in every period
of time. Additionally, we must take into account the fact that, classically, insu-
rance companies are used to face off losses that are small compared to the whole
insurance portfolio.

One possible way to deal with the huge losses caused by catastrophe events
consists of converting the losses into tradable assets, also known as catastrophe
derivatives, since financial markets all over the world move even bigger quantities
of money every day.

In this framework, catastrophe bonds (cat bonds from now on) have arisen as
the most confident instrument to deal with losses from natural catastrophe events
and they are starting to be used more and more, since they work well and their
mechanism is very simple to understand.

When someone acquires a cat bond, it comes along with some predetermined
triggering point, such as the occurrence of certain natural catastrophe in some
region and time predefined. If no event crossing that triggering point happens,
the bondholder is paid the face value, but, in case that such an event occurs and
the triggering point is reached, the bondholder would be paid the face value minus
a certain quantity, quantity that would be used by the insurance company to face
off the losses of his clients due to the natural catastrophe.

Being an instrument quite recent, techniques for cat bond pricing are still
needing to be developed and improved, because the methods implemented are
very simplified ones. Only few approaches developed include stochastic processes
with continuous time, and amongst them is the paper of Vaugirard (2003) [§],
which is the benchmark of the work done by Nowak & Romaniuk, (2013) [7],
work that we extend on this paper.

Vaugirard was one of the first authors to apply non-arbitrage conditions and
solved the problem of market incompleteness using the Merton method. Nowak &
Romaniuk used this method to price cat bonds through 3 different models for the
risk-free spot interest rate, Hull-White (1993), Vasicek and CIR, simulating losses
following two different distributions, lognormal and Weibull and also taking into
account 2 different types of payoff: stepwise and piecewise linear payoffs.

As we mentioned before, in this paper we will extend Nowak & Romaniuk
contributions, computing prices of cat bonds, using the combinations of factors



that they did not use in their paper, and also adding some other models for
the risk-free spot interest rate, such as Black-Derman-Toy (1990), and Mercurio-
Moraleda (2000), and considering different distributions for the losses, like Gamma
and GPD distributions.

We will assume the following set of hypothesis:

1. Arbitrage is not possible.

2. Market behavior is completely independent from the occurrence of catastro-
phe events.

3. Interest rate changes can be replicated by other financial instruments.

The paper is organized as follows. Section 2 introduces a general formula to
price cat bonds. Section 3 explains the different cases considered for the risk-
free spot interest rate and the two types of payoff implemented. In Section 4, we
simulate the price of the cat bonds using the formulas calculated in Section 3 from
each model, and in the corresponding subsections, we study the sensitivity of each
of the parameters involved and which of the choices for the possible factors has a
bigger impact on the price. Section 5 presents the conclusions obtained from the
work previously done.

2 General Formula to Price a Cat Bond

In this Section we introduce a general pricing formula for catastrophe bonds,
following the approach used by Nowak & Romaniuk.

As mentioned in the previous section, our paper follows the method described
by Vaugirard, so we need to apply stochastic models with continuous time, be-
tween [0,T’]. According to that, some stochastic processes and random variables
describing the dynamics of the spot interest rate and aggregated losses need to be
defined, as we see below.

One of the most important issues we have to deal with is the choice of the
distribution for the losses. Let (U;);2, be a sequence of independent and identically
distributed (i.i.d.) random variables, where U; represents the losses caused by the
i-th catastrophe event. Since the losses are always a positive quantity, it would be
pointless to choose any distribution with both positive and negative values, and
we must only take into account those distributions bounded for positive values.
Nowak & Romaniuk considered Lognormal and Weibull distributions. Gamma
and Generalized Pareto Distribution are added to our results.

We will be able then to simulate one single loss according to the chosen distri-
bution, but we still have a problem to face off: the number of catastrophe events
that will take place between [0,T’] remains unknown. To deal with that, we also
need to introduce N, = ZZN:tl Ui , t € [0,7'], where N; is an homogeneous Pois-
son process (HPP) with A > 0 that represents the number of catastrophe events
occurred until time t. Let us remember now the main properties of an HPP:
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That means that, between t=0 and t = t, we expect to have A catastrophe
events and the distribution of the occurrence of those events follows a Poisson law.
N, is then a compound Poisson process and it shows the aggregated losses until
time t. It is important to mention that N; is totally independent from U;.

It is also needed to define the banking account, (Bt)te[O,T/]a and its dynamics,
that follows the equation

dB; = ryBydt, By = 1

where 7 = (7¢)¢[0,7v] is the risk-free spot interest rate.

In addition to the non-arbitrage condition and the possibility to replicate the
changes in r, we must add another assumption: investors are neutral towards the
nature jump risk. This will have important implications that will be seen later.

Not only catastrophe bonds can be found in this market, zero coupon bonds
are also traded in it. B(t,T) is the price of a zero coupon bond at time t, with a
maturity date T <T’, following a geometric Brownian motion:

dé?((;,,g)) = pi dt + ol dW;

where W; is a Brownian motion, u! = (MtT)te[o,T} and o7 = (O’tT)te[O,T} are
the drift and the volatility of the bond price process, respectively. As we know,
investors will need to receive a prime over the risk-free interest rate to compensate
them for taking a riskier position. This prime, called market price of risk, is defined
as follows: -

A= Ky — Tt

= T
O

This prime must be equal for all bonds, no matter their maturity time, if we
are in a no-arbitrage market and we assume that it satisfies the Novikov condition:

P 1T \ 2
E |exp 3 Afdt || < oo
0

This is a sufficient condition that guarantees that ); is a martingale and that
enables us to apply the Girsanov’s theorem to change from the real probability
measure P to the neutral probability measure Q, defined by the Radon-Nikodym

dQ T _ 1 /7 -
dP—exp<—/0 )\tth_z/o )\fdt)

derivative as follows:



Once we have found the neutral probability measure Q, pricing is as simple
as taking the conditional expectation under Q of the payoff multiplied by the
discount factor. That is, for the zero coupon bond:

B(t,T) = E° {exp <— /tT rudu> \Ft} ,t€[0,7]

Since the payoff at time T is B(T,T) = 1, it is not included in the equation.
And, for a catastrophe bond IB(t) with payoff v;p_,(r,F,), the equation is:

T
IB(t) = EQ [exp <—/ rudu> VIBcat(T,FU)‘Ft:| ,t S [O,T]
t

Since we are assuming that the investors are neutral towards the risk, A = 0
and both payoff and risk-free spot interest rate are independent so we can write

T
IB(0) = E© [exp <—/ ruduﬂ E® [vrp,,r.r)| Fi] t €[0,T)
0

This is our general pricing equation for any cat bond. Next section will focus
in some particular cases, in which we consider the previously mentioned models
for the risk-free spot interest rate, distribution of losses and types of payoff.

3 Particular Cases

3.1 Payoff

Once we have found a general formula to price catastrophe bonds, let us define
the two different models considered for the payoff, the stepwise model and the
piecewise linear model.

3.1.1 Stepwise payoff

First of all, let us define a sequence of constants:
O<Ki<Kog<---<K,, n>1

that will act as the different triggering points of our cat bond. Using those trig-
gering points, we can define a sequence of stopping times 7; as follows

7i(w) = infcpor {Kr(t)(w) > K} AT, 1<i<n

where w1 < wy < ... < wy, is a sequence of nonnegative constants acting as
weight parameters, so they must be such that > " | w; < 1.

So we have a sequence of stopping times, each one corresponding to the moment
in which the aggregated losses surpass a certain threshold. These stopping times
sequence has a cumulative distribution function that follows the next lemma



Lemma 3.1. The value of the cdf ®; at the moment T is defined by
o~ (KT)!

o,(T) =1 -

J=0

T Dep (k)

4!

where (7]- are the aggregated losses from 0 to j (different from ]\th, aggregated
losses from 1 to Ny).

We can see how the factor that multiplies (I)ﬁj(Ki) is, actually, a Poisson
distribution, due to the HPP defined previously.

As mentioned in the previous Section, the choice of the distribution of the
losses is really important, cause its cdf might or not be analytically tractable.

Once we have our sequence of stopping times perfectly characterized, we can
define the payoff of our bond, knowing that:

e If no catastrophe event occurs during the interval [0,T], the bondholder re-
ceives the face value :

T > T = VIBS(T,FU) = Fv

e If one (or many) catastrophe events occur between 0 and T, the bondholder
will receive the face value minus a function of the cdf of the stopping times
inside the interval [0,T], multiplied by the weight assigned to each stopping
time, w;:

™ > T = VIB4(T,F,) = F,

n
1-— Z OJZ(I)Z]
i=1

So if catastrophe events are present, as the cumulative losses grow and surpass
the thresholds K; defined previously, new stopping times need to be considered
and then the payoff starts to be reduced following the above formula. This can be
easily seen in the following graph, that synthesizes the behavior of the payoff:

Payoff
A
T —

Fv(1-wl) o

Fv (1-wl-w2) 4

v
=
~

K1 K2 K3



3.1.2 Piecewise linear payoff

We now consider a bond with a piecewise linear payoff. The mechanism is very
similar to the one applied above, but in this case, the quantity multiplying w; is
not 0 or 1, but a changing value bounded between them, so that allows our payoff
to be a continuous function, with no jumps.

For this payoff we also define some thresholds K;, but starting from Ky this
time. We will need some weight factors as well: 0 < Kg < K1 < Ko < +-- < Ky
and wy <wg < -+ <wp, with >0 w; < 1.

In this case, the payoff follows the next equation:

n—1 37 =~
Nr /\Kj-i-l — Np /\Kj
VIB,(T,F,) = Fo |1 = Zo Ko — K, Wj+1

The behavior of the payoff is showed in the next graph:

Pj Q:ff

Fv P

Fv(l -wl) o

Fv(l-wl-w2) d

=t
-

K1 K2 K3

So the payoff is here a linear payoff, but the slope does not have to be neces-
sarily constant, different slopes are allowed between different triggering points

This following lemma allows us to compute numerically the expected value
under Q of the payoff we have just defined:

Lemma 3.2. Let
Om = P(NT < Kp),m=0,1,2,..n

em = E[NTle<NT§KmH],m:0,1,2,....,n—1

Then we can write our payoff as

n
E9vp r.p,) = Fv{l —(1—¢n) ij
=1

9
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3.2 Risk-free spot interest rate

Once we have the payoff models defined, let us focus on modeling the risk-free
interest rate, following each one of the models mentioned above.

3.2.1 Vasicek

Let us assume that the risk-free interest rate behaves according to Vasicek’s model,
that is,
d’l“t = a(b — T‘t)dt + O'th

for positive constants a,b and 0. We also assume A = 0, since investors are
assumed to be neutral towards the risk.

Applying It6’s lemma and going through some calculation (Appendix A) we
obtain the expressions to price a zero coupon bond. Once we have done this,
pricing both a cat bond with stepwise and piecewise payoff is straightforward:

IBS(O) _ Fye—A(t,T)rt-l-D(t,T) [1 o (I)(T)]

IBp(O) — efA(t,T)Tt+D(t,T) EQ [V]BP(T,FU)]

1 — e—a(T-1)

AlT) = -
o? o2 2
D(t,T) = <b - M) [A(t,T) — (T —t)] — AL(;’T)

where E@ [1/1 By(T, Fv)] can be calculated using lemma

3.2.2 Hull-White

Now we are assuming r follows the Hull-White model. Once again, we will have
to price first a zero coupon bond and then add the payoff of our catastrophe, just
the same way we did in the Vasicek case (see Appendix B).

Let us denote by fM(¢,T) the market instantaneous forward rate at time t
for maturity T. We know that f(0,7) and the zero coupon bond are related

through the formula
olnPM(0,T)

M _
f (OaT) - oT

and the dynamic of the HW model follows
dry = (0(t) — ary)dt + odW,

for constants a, o > 0 and function ¥, whose expression is computed in Ap-
pendix B.

10



After all the calculation, the obtained pricing formulas are:

IB,(0) = PM(0,T)eBODIM(00)e=BOT0p 1 _ (7))
IBP(O) — PM (0’ T)eB(O,T)fM(O,O)e*B(O,T)TQ EQ [V[BP(T7FU)]
with 1
_ - . —a(T-?)
B(t,T) = - (1 e )
3.2.3 CIR

Let us now study the CIR model, whose dynamics is described by
dr(t) = a(b — ry)dt + o/redWy

for constants a, b, o > 0, with 2ab > o2.

This model is an extension of Vasicek’s, with a volatility proportional to /¢
that avoids the possibility of negative interest rates for all positive values of a and
b, the main problem of Vasicek’s model.

After all the corresponding computation, the obtained pricing formulas are

I1Bs(0) = P(r,0)F,[1 —®(T)]
IB,(0) = P(r,0)E? ViB,(1,F))

where the expression of P(r,0) is given in Appendix C.

3.2.4 Black-Derman-Toy (BDT)

This is a one factor model with no closed solution, even if we know that it follows
this stochastic differential equation:

/
dln(r) = {et i ln(r)] dt + ordW,
Ot
where
e 0, is the value of the underlying asset at option expiry.
e 0y is the instant short rate volatility.

o W, is a standard Brownian motion.

That means we have to use a binomial tree to calibrate the model parameters to
fit both the current term structure of interest rates (yield curve), and the volatility
structure for interest rate caps.

11



To calibrate the model, we have to take into account the following assumptions
(see Black-Derman-Toy[1]):

e Both probabilities of going up or down on a one-step move are 1/2, so that
means that today’s price S can be calculated as
% % (Su + Sq)
147

where r is the instant short rate valid today.

S =

e For each input spot rate, we iteratively adjust the rate at the upper node
at the current instant of time, i, then we find all other nodes in that time,
using 0.5 x In(r, /rq) = 05 * VAL.

e Once we have done this, we have to discount recursively through the tree,
from the instant of time we are at to the first node in the tree, and repeat
this process until the calculated spot-rate equals the assumed spot-rate.

3.2.5 Mercurio-Moraleda. Humped volatility model

Due to the mean reversion property, it is known that short-term rates are more
volatile than long-term rates. Taking this into account, the mean-reverting effect
has always been modeled considering that the volatility of interest rates is a strictly
decreasing function of the maturity. Empirical studies, however, have shown that
the volatility structure is actually humped. That is, the volatility has an slope
that increases at first until a maximum, and then it decreases as the maturity
grows, as an effect of the mean reversion property.

Mercurio & Moraledal6] modeled the yield curve dynamics according to a
humped form of the volatility according to the Heath et al. [4](HJM from now
on) framework.

Let us denote by P(t,T) a zero coupon bond and by {(t,T) the instantaneous
forward rate at time t for a maturity T. As we saw already, the following relation

can be written: OInP(t.T)
n
t,T)=——7—

The following diffusion process models the instantaneous forward rate, assum-
ing a fixed maturity T:

df(t,T) = a(t, T)dt + o (t, T)dW (¢)

with f(0,T) given and deterministic, o(¢,T") is a deterministic function, inte-
grable over closed interval, and «(t,T) is a deterministic function related with
o(t,T) through the HIM no-arbitrage condition:

a(t,T) = o(t,T) </tT o(t, 5)ds — 9(75))

where 6(¢t) = 0 under the Q measure of probability, which we are assuming
throughout our work.

12



Application of Ito’s Lemma gives the following dynamics of the bond price:

(r(t) - /tT a(t,v)dv + % </tT a(u,T)du>2> dt — (/tT o(t, v)dv) dW(t)]

where r(t) is the instantaneous short-term interest rate at time t, that is r(t) =
f(tt).

In their paper, Mercurio & Moraleda considered the following characterization

dP(t,T) = P(t,T)

of the volatility of the instantaneous forward rates:
ot,T) =oc[y(T —t)+ 1] exp(=N/2(T — t))

where o, and A are non-negative constants. This expression defines a humped
volatility with this form:

Humped wolotilhty fumection

|

0.16

0.08

.00

(=] =] 12 15
Time to maturity (years)

0
o
"

for 0 = 0.2, A = 0.6 and v = 0.6.

With this humped volatility formula, the integrals on the expression of the zero
bond coupon price have no closed form, and we must solve them using numerical
methods to get the coupon price.

The initial term structure of interest rates is assumed to be rr = 0.08 —
0.05exp(0.187") as in Hull & White.

4 Numerical Experiments

Now that all the pricing formulas have been obtained, it is time to conduct some
simulations to check if they can be appropriate to price catastrophe bonds.

13



Since we have 5 different models for the risk-free spot interest rate, 4 distri-
butions for the losses and 2 kinds of payoff, 40 different models can be simulated.
To avoid being repetitive, we will only present here some of the most relevant of
those 40 models.

In the simulations, the face value of the cat bond is set to 1, and the trading
horizon is 1 year. The parameters of the different models for the interest rate
have been previously fitted in Episcopos (2000)[3] and Hull & White (1993)[5],
as well as the adjusted parameters for all the losses distributions can be found in
Chernobai (2005)[2].

For our first model, let us consider the Vasicek interest rate model, combined
with the gamma distribution for the losses and the stepwise payoff. The parame-
ters of the model can be found in the following table:

Parameters

Vasicek model a = 0.0235, b = 0.0055, o= 0.0, r0 = 0.0614
Intensity of HPP kgpp = 31.7143

Gamma distribution | « = 0.5531, 8 = 1.5437e-9

Triggering points K1 =Qupp—cam(0.75), Ky = Qupp_can(0.95)
Losses coefficients w; = 0.2,wy = 0.3

Table 1: Parameters for model 1.

Where, for the triggering points we have taken the 0.75 and 0.95 quantiles of
the corresponding gamma distribution. With these parameters, the price obtained
for the cat bond is 0.865546.

For the next model, we consider the CIR model, combined with a GPD distri-
bution and a piecewise payoff, according to the following parameters:

Parameters

CIR model a = 0.0241, b = 0.0539419, o= 0.0141421, r0 = 0.0614
Intensity of HPP | kypp = 31.7143

GPD distribution | £ = -0.8090, ogpp = 0.534e+8, 60 =0

Triggering points | Ko = Qupp-aprp(0.75), K1 = Qupp—arp(0.85),

Ky = Qupp-crp(0.95)

Losses coefficients | w; = 0.2,ws = 0.3

Table 2: Parameters for model 2.

And this time, the price obtained is 0.877098
Let us show now the result of combining the humped volatility model of Mer-
curio & Moraleda with a lognormal distribution and a stepwise payoff:

14




Parameters
Humped volatility model | o= 0.2, v = 0.6, A = 0.6, r0 = 0.03
Intensity of HPP kppp = 31.7143
LN distribution pry = 17.357, oy = 1.7643
Triggering points K1 =Qupp_rn(0.75), Ko = Qupp—_rn(0.95)
Losses coeflicients wp = 0.2,wy = 0.3

Table 3: Parameters for model 3.

In this case, the price obtained is 0.911380. As we will see later, the prices
involving the humped volatility model are always considerably higher than those
obtained from the other models.

To finish showing some model samples, we present here the model combining
BDT with GPD distribution and stepwise payoff. The following table contains
the yield curve and yield volatility used to compute the binomial tree needed to
get the discount factor:

Maturity (years) | Yield (%) | Yield Volatility (%)
1 10 20
2 11 19
3 12 18
4 12.5 17
5) 13 16

Table 4: Parameters for model 4.

In this model we compute the discount factor using different number of steps
(1,2,4 and 12) in the binomial tree, simulating an annual, semiannual, quarterly
and monthly tree, respectively. As we can see, the discount factor is slightly
smaller as we implement more steps in our tree. This decreasing behavior is not
constant with the number of steps, i.e the difference between considering one or
two steps is much notorious that the one between 4 and 12 steps.

The prices computed in this model are:

1 step 2 steps 4 steps | 12 steps
0.799823 | 0.798616 | 0.797640 | 0.798062

It is clear that the price decreases as the number of steps is higher. The fact
that the price for 12 steps is a bit higher than the one for 4 steps is understandable
if we take into account that we are working with simulations, so every time we
run the simulation the output is slightly different.

15



As it is mentioned previously, 40 different models were implemented, but we
only comment here some of the most relevant. In the next subsection, we perform
some studies in order to characterize the sensitivity of the parameters involved.

4.1 Sensitivities of the parameters

In this subsection, our aim is to show the individual influence of each of the
parameters considered in the final price. To show that, we present the prices
obtained by simulation when an individual parameter changes its value a 5%
(both positive and negative increments are considered).

This calculation is showed here for one model to avoid being redundant, but it
could be applied to any other. The chosen model is the one with the combination
CIR + Weibull + Piecewise, whose price is 0.878329. Let us show first, in table
5, the prices obtained when the parameters related with the interest rate are

modified:

Parameter | Price (+5%) | Price (-5%)

. 0.879621 0.879833
0.15% 0.17%

b 0.878416 0.878476
0.01 % 0.02 %

0.879043 0.879227
7 0.08 % 0.1%

0 0.876154 0.883095
-0.24 % 0.55%

Table 5: Prices and relative changes when interest rate parameters are changed.

As we can see, changing one single parameter of the interest rate model does
not really produce big changes in the price of the cat bond. If we now consider
the parameters involving the payoff function (Table 6):

In this case, the weights w do not have a big influence on the price, but the
thresholds seem to be more important, specially as it gets closer to the quantile 1
of the distribution, i.e, changes on quantile 0.95 produce bigger diferences on the
price that changes on quantile 0.75.

Table 7 presents the prices when the losses distribution parameters are changed:

In this case, it is clear that the changes in the parameters have a much bigger
influence than in the previous tables, so we might conclude that the well fitting of
the parameters of the losses distribution is a crucial point when it comes to price
cat bonds.

16



Parameter | Price (+5%) | Price (-5%)
0.878089 | 0.830836
w -0.02% 0.28%
0.879074 | 0.830050
w2 0.08 % 0.19 %
X 0.882612 | 0.875681
0.49 % 0.30%
. 0.887855 | 0.871452
1.08 % -0.79%
i 0.896837 | 0.870566
211 % 0.88%

Table 6: Prices and relative changes when payoff parameters are changed.

Parameter | Price (+5%) | Price (-5%)
0.895672 0.856642
’ LOT% | 247%
0.933371 0.711184
oWer 6.27% | -19.03%

Table 7: Prices and relative changes when losses parameters are changed.

4.1.1 Dynamic of the prices when interest rate parameters are
changed

At this point, we want to see from a different point of view the study of variations
in interest rate parameters we just carried out. Our aim here is to take a look
at the evolution of prices when the parameters are changed and to check if the
results agree what we could expect from the theory.

Let us consider first the parameter a of CIR model, which is nothing but the
speed of reversion of the model. As we change its value, the prices obtained can
be seen in the next graph:
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Price vs Speed of reversion
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As the value for the speed of reversion grows, the price also becomes bigger.
That is perfectly understandable if we take into account that the factor we are
modifying tells us how fast the value of the risk-free spot interest rate reaches its
final value, the mean reversion value. As the speed is higher, the risk-free spot
interest rate becomes more stable, and then the price is higher.

If we now modify the value of b, that is, the mean reversion value, the price
changes as follow:

Price vs Mean reversion
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0,874 .
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05868 1 1 1 1 1
0 0,2 0,4 0,6 0,8 1

Mean reversion
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In this case, the price decreases as the mean reversion goes higher. This is also
reasonable, since what it is being changed here is the final value that the risk-free
spot interest rate will reach, and remembering that the discount factor goes like
exp(—r xT), it is straightforward that as r grows, the discount factor is smaller,
so the price is too.

The following graph shows how the price changes when the volatility of the
risk-free spot interest rate is changed:

Price as function of ¢

0,886 .
0,884 |
L ]
Q
2 0,882}
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L ]
0,88 .
L ]
L ]
0,8?8 L L L L 1
0 0,2 0,4 0,6 0,8 1
[e]

In this case, we are not able, a priori, to expect that the price will be higher or
lower when the value of the volatility grows. Looking at the graph, it is clear that
the price is directly proportional to the value of the volatility and this may be a
result of the fact that we are assuming the bondholders to be neutral towards the
risk, so they are willing to pay more as the uncertainty grows, regarding more on
their possible winnings than on their possible losses.
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To conclude, we present the graph showing how changes on the value of r0
affect the price:

Price as function of r0
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The parameter being changed here is the initial value of the risk-free spot
interest rate. Let us remember that it will revert to a final value of b = 0.0539419,
but, as we start the reversion from a higher value, the discount factor is initially
smaller as r0 grows, and so the prices are.

4.2 Influence of the election of the factors

This subsection aims to answer the following question: Imagine that we want to
price a cat bond; we have seen up to now that our cat bond can be modeled through
choosing a combination of three factors: the payoff function, the distribution for
the losses and the risk-free spot interest rate. Hence, a question arises: Which of
the three decisions to make has a bigger influence on the price? To answer this, a
very simple procedure is performed: We start by computing all the prices obtained
that have 2 of the 3 factors in common, i.e all the models that have lognormal
distribution and stepwise payoff, so the only factor changing is the interest rate.
Then, we compute the dispersion of these results, as the maximum price minus
the minimum, divided by the mean of the set of prices, and we get how much, in
%, the price can vary due to the choice of one or another model for the interest
rate. After that, the factor with bigger influence is found by repeating the same
process with the payoff function and the losses distribution.

Once the procedure has been introduced, let us show in this graph the prices
obtained for the different interest rate models:
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Price variations due to interest model
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As we can see, the same pattern is repeated almost exactly in every model, the
humped volatility model always on top, followed by CIR and then the others all
very close amongst them. Vasicek model is not included in the graph because its
results are very close to HW and BDT, but its taken into account when computing
the dispersion.

Let us now present the equivalent graph for the losses distribution:

-éPrice variation due to losses distributioné-

| |
= | ognormal
92T T = Weibull
09r % 4 Gamma
I = GPD
088r =& = ¥
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It is really easy to observe in the graph that there are two different patterns,
one involving models with the stepwise payoff , in which lognormal and Weibull
give always the higher prices, followed closely by gamma,with GPD always the
lowest,and the other including all the models with the piecewise linear payoff, in
which all the distribution give almost the same price.
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Prices as a function of the payoff function implemented can be seen in the graph

above. As we mentioned earlier, it is clear that the models with the piecewise

linear function give almost the same price for all distributions for losses, while the

stepwise payoff gives prices with much less correlation.

Next table computes the values obtained for the dispersion in each case:

Factor changing

Dispersion (%)

Interest rate

8.12

Losses distribution

3.36

Payoff function

2.24

Table 8: Dispersions in %.

Then, we can affirm that the factor whose election can affect more the price

is the risk-free spot interest rate model, since the price can vary up to a 8 %

depending on which model we choose.

5 Conclusions

Once it has been demonstrated that the classical insurance methods are not

appropriate when it comes to natural catastrophe events, new approaches are

needed, such as the conversion of losses into tradable assets called cat bonds.

In this paper we extend the Nowak & Romaniuk approach, introducing some

new risk-free spot interest rates and distribution of losses that were not considered
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in their work. The pricing approach considers no possibility of arbitrage, inde-
pendence of the catastrophe occurrence from the behavior of the market, and the
possibility of replication of interest rate changes by other instruments. We use
two types of payoff (stepwise and piecewise linear), four different losses distribu-
tion (Lognormal, Weibull, Gamma and GPD) and five models for the interest rate
(Vasicek, Hull & White, CIR, Black-Derman-Toy and Mercurio & Moraleda).

On the first part of the paper, we show some of the prices obtained for certain
combination of our models. If we take a look at the interest rate, the results
always present the same pattern: Humped volatility model gives a price around
0.91, CIR model decreases to 0.87 and the other models give always prices around
0.84. This higher value obtained with the humped volatility model might be a
consequence of the increasing slope present in the humped volatility expression
for short maturities. If we extend our computation to, let us say, 10 years, we will
expect a lower price with this model compared to the others.

After that, we carried out some studies to quantify the sensitivity of each of the
parameters involving our models, modifying a 5% their values and computing the
relative variation of the price. Results show that variations on the parameters of
the loss distribution have a much bigger impact compared to the other parameters.
In section we also studied the behavior of the price as a function on the parameters
characterizing the risk-free spot interest rate dynamics, and the results obtained
coincide with what we might expect from the theory: prices getting higher as we
increase the speed of reversion and the volatility of the interest rate and decreasing
when the mean reversion and the r0 grow. This studies were implemented for the
combination CIR 4+ Weibull + Piecewise linear payoff, and of course it is possible
to extend them to any other combination treated on this paper.

And finally, we proposed the question of which of the three decisions to make
(choices of the interest rate models, losses distributions and type of payoff) has a
bigger impact on the price. This could be possibly the most important study on
the paper, since it provides information about which factor should be chosen more
carefully when pricing a certain cat bond. The results show that the impact of the
interest rate model chosen can be up to more than twice the impact of the losses
distribution and almost four times the influence of the type of payoff chosen.
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6 Appendix
A Vasicek model

T T
re = e* [7“0 +/ abe®™du + J/ ea“qu]
0 0

T
re = Mt+0/ "= amw,
0

where g is the deterministic part of the equation, such that E[r;] = p.
r¢ 18 a gaussian random variable. This follows from the definition of the stochas-
tic integral term, which is

n—1
lim W=t (W 11 — W)
|7|—0 P

where the increments are given by

(W1 — W) ~ N(0, w1 — ;)

Consider we have a catastrophe bond, with the general pricing formula showed
before,

T
IB(0) = E@ [exp <—/ Tudu>} E? [VIBoay(r ) [ F] ot € [0,T]
t

We need to compute the integral using Vasicek’s model for r

E [exp (_ / ' rudu> |Ft]

To do that, we will use the following transformation
X(u)=m7,—0
where X(u) is the solution of the Ornstein-Uhlenbeck process
dX (1) = —aX(t) + odW,

Applying It6’s lemma to this process, we obtain

X (u) =e (X(O) + /0 ’ aeanWS)

X(u) is a Gaussian process with continuous path and then fOT X (u)du is also
Gaussian, with expected value

E [/OT X(u)du} _ /OT B = KO _ oty

a
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Using that X (u) = r, — b, it is possible to write

T —
FE [—/ rudu] —_n b(l — e_“T) —bT
0 a

and the variance

T . s
Var [—/ rudu] =Var [—/ X(u)du} =53 (2aT _ 34+ 4T _ eanT)
0 0 a

This computation can be easily done using the following relation

T T T
Var [/ rudu] = Cov [/ rudu,/ rsds}
0 0 0

Regarding the It06 representation of r;, we can notice that r; satisfies the
Markov property, so we can write

E [exp(— /0 ' rudu)|Ft] _E [exp(— /0 ' rudu)|rt} _E [exp(— /0 ' ru(rt)du)]

And, knowing that r; is a Gaussian process, €'t is a lognormal process, and
then

E [exp(— /0 Tru(rt)du)} ~ exp <E [_ /0 Tru(rt)du] + Var [— /0 Tru(rt)duD

And we arrive at our final expression after some algebra

T
E |:eXp( / Tu(rt)du):| = e_A(th)"'t-‘rD(t,T)
0

1— e—a(T—t)

AnT) = TS
o? o2 2
D(taT) = <b_2612> [A(t,T)—(T—t)]—fﬁjjﬂ

This
is exactly the same formula that appears in Nowak & Romaniuk paper, if we
take into account that

by —
b—r = 22 witha=HE"T
a g
IB,(0) = Fe  AGDntDOD) 1 _ (7))
IB,(0) = o~ AT re+D(t,T) pQ [,/IBP(TJ%)]

where E¢ [VIBI,(T,FU)] can be calculated using the lemma
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B Hull & White
The dynamics of the model are described by
dT‘t = (ﬁ(t) — CL’I"t)dt + O'th

where a and o are positive constants, and ¥(t) is a function perfectly fitted to
the initial rate and volatility term structure.

The expression for this ¥(¢) can be deduced by the following procedure:

First we take the transformation r(t) = x(t) + «(t) where dx(t) = —ax(t)dt +
odW(t), x(0) =0

Simple integration from 0 to t gives

t
z(t) = z(0)e % 4+ o / e~ =)W (s)
0
So, this integral can be computed:
t t t pru
/ x(u)du:x(O)/ e_““du—i—a/ / e~ (u=s)dW (s)du
0 0 0o Jo
with expected value and variance, obtained through simple algebra,
t t
E [/ x(u)du] x(O)/ e “du=0
0 0
t 2 1— —2at 1— —at
Var {/ ea“du] = 0—2 <t + ° D >
0 a 2a a

We now move to the pricing formula for a coupon zero bond,

P(t,T) = B9 [exp < /t Tr(u)du) \t] _ e [exp < /t T:c(u)du) |t] exp (- /t ' a(u)du>

since « is deterministic.

As we know, x; is a gaussian process, So we can write

PO.T) = exp @vqr [— /0 Tx(u)duODexp <— /0 Ta(u)du)
— e <20a22 (t N 1-— ex;)é—Qat) B 21 — exg(—at))) exp (_ /OT a(u)du>

Let us now denote by fM (¢, T) the market instantaneous forward rate at time

t for maturity T, where

olnPM(0,T)

M _
f (OvT) - T

Using this definition and rearranging the expression above, is not hard to arrive to the

following expression
2

alt) = f(0,T) + 2% (140720 — 2¢7%)
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Now we only have to compare these two relations
dr(t) = dx(t) 4+ da(t)dt = [da(t) + aa(t) — ar(t)|dt + odW (t)
dry = (9(t) — ary)dt + odW;
And directly write
I(t) = da(t) + aa(t) = f(0,T) + af(0,T) + 0°2a (1 — e~2*)

And we have finally reached the expression of ¥(t).
Now the process to get the pricing formula is very similar to that used with Vasicek, we
have to propose a solution for the differential equation of the form A(t, T)e™5 D)1t where in

this case
B(t,T) = 2 (1 _ emalT-)y
M o2
At T) = I;M((%’f)) exp (B(t,T)fM(O, t) — @(1 - exp(—?at))B(t,T)2>

And consequently the pricing formulas for the cat bonds are

IB,(0) = PM(0,T)eBONM00)=BODrop 11 _ o(T))
IBP(O) = PM(O,T)eB(O’T)fNI(O’O)e_B(O’T)TOEQ [VIBP(T,FU)]

C CIR

To obtain the pricing equation we have to repeat the same process we used in the previous
models, that is, find the pricing equation for a zero coupon bond, solving it according to CIR
parameters and then add the corresponding payoff for each type of cat bond.

To solve the pricing equation, we propose once again a solution of the form

P(r,0) = A(T) exp(—roB(T))

where, in this particular case,

01 exp(02T) 03
A(T
( ) 92 (exp(ﬁlT) — 1) + 91
exp(01T) — 1
B(T) =
( ) ) (exp(ﬁlT) — 1) + 04
where S\ g b
01 =+ (a+N)?2+202, 6= %, 03 = LQ
o

And the corresponding pricing formulas are

IBS(O) = P(T,O)Fv[l—q)(T)]
IB,(0) = P(T,O)EQ[VIBP(T,FU)}
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