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Abstract

Motivated by a recent demographic study establishing a link between macroeco-
nomic fluctuations and the mortality index kt in the Lee-Carter model, we develop
a dynamic asset-liability model to assess the impact of macroeconomic fluctuations
on the solvency of a life insurance company. Liabilities in this stochastic simulation
framework are driven by a GDP-linked variant of the Lee-Carter mortality model.
Furthermore, interest rates and stock prices react to changes in GDP, which itself
is modelled as a stochastic process. Our simulation results show that insolvency
probabilities are significantly higher when the reaction of mortality rates to changes
in GDP is incorporated.
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the Longevity 5: The Fifth International Longevity Risk and Capital Markets Solutions Conference
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1. Introduction

Assumptions about future mortality rates are aegrdl part of the pricing, reserving, and risk
management of insurance companies or pension fafideng annuity and life insurance
contracts. Systematic deviations of actual moxtahtes from these assumptions can pose a
serious threat to the financial stability of thdmesinesses and to the economic well-being of
policyholders. Thus, there has been considerabkenteesearch into developing models that
allow for stochastic mortality, that is, models ttr@dlow for systematic deviations from

mortality trends.

In another stream of demographic research, seepidemiological studies find that
mortality rates react to changes in macroeconomaiditions. By combining results from
both fields of study, a recent contribution shotest tthe mortality index; in the well-known
Lee-Carter model is significantly correlated witaegroeconomic changéThis insight is the
inspiration for the present study, which developgyaamic asset-liability model for the
assessment of the overall impact of macroeconadunituations on the financial stability of a
life insurance company. In this model, both assets liabilities are allowed to react to the
state of the economy. Exemplary simulation redgtgealistically chosen model parameters
show that insolvency probabilities are consideratilyher when the reaction of mortality
rates to changes in the economic indicators isrparated compared to scenarios where this
relationship is ignored. This finding is robust variations in the age of the insureds, the

insurance portfolio size, the equity base, andstiae of assets invested in stocks.

The paper is organized as follows. Section 2 castaireview of relevant literature.

This is followed, in Section 3, by setting up thmglation model for the insurance company.

! Hanewald (2010a).



Results of different simulation scenarios are presgk in Section 4. A summary and

conclusions are provided in Section 5.

2. Related literature

The field of mortality modelling has undergone dah#ial development in the past few
years® The earliest and still the most popular model waposed by Lee and CarteThis
model is widely employed both in the academic ditere and by practitioners working for
pension funds, life insurance companies, and pyigitsion systems. The original approach
has seen several extensidnand has been applied to mortality data of many wwmsm
including the G7 countries, Australia, Belgium, iand South Korea, and Spaifor
mortality modelling, the Lee-Miller variant is gemély viewed as the standatdt performs
well in a 10-population comparison study of fiverigats or extensions of the Lee-Carter

method’

The key driver of mortality dynamics in the Lee-t@amodel is the index of the level
of mortality k.2 This variable is typically characterized as thendwnt temporal pattern in
the decline of mortality, a random period effeatsonply as a latent variableHowever, a
recent study using data for six OECD countries {ralis, Canada, Japan, the Netherlands,

the United Kingdom and the United States) revdads the mortality index in the Lee-Carter

2 For overviews see Cairns, Blake, and Dowd (20B8pth (2006), or Booth and Tickle (2008).

% See Cairns, Blake, and Dowd (2008).

* See, for example, Lee and Miller (2001), BrouHbenuit, and Vermunt (2002), or Renshaw and Haberman
2006).

® See Tuljapurkar, Li, and Boe (2000) for the G7ntdes, Booth, Maindonald and Smith (2002) for Aaka,
Denuit (2009) for Belgium, Li, Lee, and Tuljapurk@004) for China and South Korea, and Debon, Myrdad
Puig (2008) for Spain.

® Booth and Tickle (2008).

" Booth et al. (2006).

8 Lee and Carter, (1992).

° Tuljapurkar, Li and Boe (2000): “dominant tempopaittern in the decline of mortality”; Cairns, Béaland
Dowd (2008): “a random period effect”; Hari et @008a): “latent variable.”



model is not merely an unobserved, latent varidb# fluctuates erraticalfff. The study
reports significant correlations between changds and real gross domestic product (GDP)
growth rates or unemployment rate changes forbalt@untries study over the period 1950—
2006. The results of cointegration analyses pralide the study confirm that these
correlations result from a long-run causal relaglup between mortality and macroeconomic
fluctuations. However, further analysis of the mabty rates from six main causes of death
shows that most cause-specific mortality rates spamounced trends over the past decades.
These trends change the composition of deathsltrchaw total mortality reacts to external
factors such as macroeconomic fluctuations. A corspa of the two subperiods 1950-1979
and 1980-2006 then shows that the link betweeret¢baomy and total mortality is subject to
a major change that even results in a reversal fsmoyclical to countercyclical in the latter

subperiod.

Hanewald'’s findings for the period 1950-2006 arelime with results of several
previous studies that relate (age-specific) mdytaliates directly to macroeconomic
conditions. Ruhm was the first to discover thaaltanhortality, as well as several cause-
specific mortality rates (e.g., motor vehicle fatas, deaths from cardiovascular disease, liver
ailments, or flu/pneumonia), fluctuate procycligah the United States over the period 1972—
1991 Similar procyclical patterns were observed for wlity rates in France, Germany,

Japan, Spain, Sweden, and for 23 OECD countriestbeel 9601997 period.

9 Hanewald (2010a).

' Ruhm (2000). Similar results for the United Stades reported by Tapia Granados (2005a) and Reithmu
and Sarferaz (2008).

12 See Reichmuth and Sarferaz (2008) for France, Wgem(2004) and Hanewald (2010b) for Germany,
Reichmuth and Sarferaz (2008) and Tapia Granadi@8jXor Japan, Tapia Granados (2005b) for Spaapjal
Granados and lonides (2008) for Sweden, and Gerd#ml Ruhm (2006) for the 23 OECD countries.



There is evidence for the structural change in lthle between mortality and the
economy, as well. For Japan, a structural breahkdreffect of macroeconomic fluctuations on
total mortality at ages 20-44 and 45-64 in 1878n explanation is found in changes in the
composition of causes of death which alter thetr@a®f aggregate mortality to economic
conditions. In most industrialized countries, anméase is observed in both deaths attributable
to (countercyclical) diabetes and hypertensive afiéé and in (acyclical/countercyclical)
cancer death$. Apart from that there was a dramatic decline i¢gclical) cardiovascular
diseases mortality at the beginning of the 1970&urthermore, reductions in (procyclical)

motor vehicle fatalities are reported for a largenber of OECD countrie¥.

The financial impact of systematic mortality risk a life insurer or pension fund is analyzed
in several models. A large number studies try tangjifly the impact of stochastic mortality on
insurers’ risk exposure, many of them focusing @stemmatic mortality improvements
(“longevity risk”).*® Other studies analyze strategies to manage systemertality risk such

as natural hedging opportunities between annuity lde insurance business, optimal asset
allocation strategies or the design of new insuegmroducts? None of the studies, however,
accounts for the systematic dependency of mortaditgs on the economic environment as

proxied by real GDP, which is the contribution loiktarticle.

13 Tapia Granados (2008).

14 Tapia Granados (2008).

1> See Ruhm (2000) and Tapia Granados (2008).

1 See Levy (1981) and Uemura and Pisa (1988).

" page (2001).

18 See, for example, Dowd, Cairns, and Blake (2088¥)i et al. (2008b), Bauer and Weber (2008), or Mao
Ostaszewski and Wang (2008).

9 See Griindl, Post, and Schulze (2006), Cox and2007), Tsai, Wang, and Tzeng (2010), and Wand. et a
(2010) for a natural hedging opportunities, Yang &tuang (2009) for asset allocation strategies edindd
contribution pension plans, and Ferro (2009) ferdlksign of new insurance products.



3. The simulation framework

3.1 The model for the insurance business

Our aim is to assess the overall impact of macnmoewac fluctuations on a life insurer’s
solvency. We set up a dynamic asset-liability made life insurance company as described

below.

Consider a newly founded life insurance companythatbeginning of its first year, in
t =0, it writeslo homogeneous term-life contra@tsvith annually constant premiui® per
contract. All insureds are assumed to be ofxagée contract duration is fdryears and the
death benefit i8. For each contract, the premiuenis collected immediately. Shareholders
contribute a fixed proportioprof the premium incomé, - P as equity capitaE,. The sum of

premiums and equity comprises the insurer’'s aggets

We assess the insurer’'s financial stability byimsolvency probability. Insolvency
occurs when the firm’s equity—measured at markatesa-is negative at the end of the year.
Insolvent insurance firms are not allowed to corgimperating. The target variable of our
analysis is the multi-period insolvency probabili# of the insurance firm, which is defined
by the probability that, at the end of ydalone of the following conditions is true: for an
insurer being solvent at year 1 the insurer’'s equity capital is negative iraryge or the
insurer was already insolvent in the previous yelris measure provides a potential
insurance buyer (or regulator) an important metri@evaluate a contract’s financial quality:
For various planning horizonsit gives directly the probability that the insureill still exist
at that future period and will be able to pay mdurance benefits in case the policyholder

would die.



Equity capital at time is the difference between the market value oftagsend the

liabilities L; at the end of the year:

E =A—L. (1)

Asset values are given by:

A= (Acat P ) - R—=B- (FAl) —Dy, 2)

whereR; is the stochastic investment return (i.e., exp(ddtreturn)) B - (-Al) are the claims

paymentsA is the lag operator, ard} is the annual dividend paid out to shareholders.

With PV{[‘] denoting a present value operator, which is digecin Subsection 3.2, the

market value of year-end liabilities is given by:

L; = PV{[Futureclaims paymemt- PV;{[Future premium incomje (3)

DividendsD; at the end of the year are a constant fraadiohthe insurer’s net income

for that yealN; whenN; is positive; zero otherwise. Formally; is given by:

D: = max{d - N, 0}, (4)

where net incoma\; is defined as:

2 Ruhm (2000) and Tapia Granados (2008) show tlatehction of mortality rates to real GDP is stemfpr



Ni=Acr (R—1) +P- |1 - R—B- (-Al) —AL:. )

3.2 Random variables and stochastic processes
We now define the stochastic processes drivingwaolel. Real GDP is introduced first; it is
the fundamental link between the other random b&esg i.e., the number of surviving

insuredd; (driven by the mortality indek) and capital market returf.

Following previous work, a lognormal distributios assumed for real GO® Thus

annual changes in log real GDP are given by:

Aln(real GDR) = tgpp + Ocpp * &6DP, t (6)

where tigpp and gspp denote the mean and standard deviation of real GD®Rth rates and

&pp, t1S a standardized normal random variable.

The number of deaths at the end of each yédyr fellows a binomial distribution
B(lt1, Ok+t-1,1). We hereby account for unsystematic mortaliti,rise., the fact that the actual
number of deaths might deviate from the expectedbau. The probability for each insured
agedx +t - 1 at the beginning of a year to die at the ehthe yeart is denoted ag++.1, .
Considering stochastic mortality, i.e., accounfimgsystematic mortality risk, the probability

Ox+t-1, t Itself is also a random variable realizingtirAge-specific mortality probabilitiegy

the working-age population than for retirees. Tfae we look at term-life contracts and not, eagjannuities.
2L Kruse, Meitner, and Schréder (2005).



are derived from the central death rateg: of a Lee-Carter-type model, using the

approximatiort

Ox t= Mk ¢/ (1 +0.5 m 9. (7)

According to the Lee-Carter approach, and abstrgctiom age-specific shockg,

central death ratas,; are given by:

my, = expéy + by - ki), (8)

whereay is an age-specific constant anddescribes the sensitivity of age-specific mortality

rates to changes in the mortality indexwhich is a random variable.

As in the original Lee and Carter-model, the statibgorocess for the mortality index

ki is modelled as a random walk with drift:

Aki= 6+ ai- &+, 9)

with &+ being a standardized normal random variable.

In summary, there are two sources of randomnessuinmodel for the number of

deaths. One is based in the uncertainty regarti@g@ath of the underlying mortality ind&x

The other source of randomness results from sampiminsurance portfolio.

%2 Cairns, Blake, and Dowd (2008).
8 It is common in the literature to ignore the agesific error terms, , at this stage of the model (see, e.g.,
Cairns, Blake, and Dowd, 2008). A justificatiorpi®vided by Lee and Carter (1992) themselves, woovghat



Distribution of the asset retuiR depends on the insurer’'s asset allocation dedsion
Following Kling, Richter, and Rufé, we allow for two lognormally distributed investment
opportunities: stocks and bonds. lret: denote the stock log-return in perib@ndry, ¢ the
bond log-return, and let I [0, 1] be the fraction of assets invested in stodlhen, the return

of the annually rebalanced asset portf&ies given by:

R=a- exp(s ) + (1 —a) expfy, 1), (10)

where:

rs,t=ls+ Os* &, and (11)

b, t= Lo+ 0o &1,

with i, 16, 05, and g, denoting the mean and standard deviation of ltgAms, andss  and

&, 1 being standardized normal random variables.

In a last step, we specify the value of the inssiabilities at the end of each year
which were introduced in Equation (3). At the erfdewery year, the insurer observes the
realized bond returns and the current level ofntloetality indexk;.. The insurer uses the latter
as a starting point for projecting future mortaligtes; observed bond returns are used to
discount expected liabilities. Thus, the marketeabf liabilities—in the instant between that

year’s claim payments and next year’s premium irge#s given by:

up to 90 percent of the standard errors of ageHspeleath rate forecasts are accounted for by daicgy in k
(Lee and Carter, 1992, Table.B2, forecast horiZdtOoyears).
% Kling, Richter, and RuB (2007).



o -0 < P
L =1 E, {B D Sy PR ;tm;:t')t} , (12)
=€ = é
where;gy; is the probability that an insured agedill die after agex + i — 1, while;px; is the
probability that an insured agedwill survive at least anotheryears. The insurer calculates
both probabilities conditional on the informatiomadable at timet. In Equation (12), the
present value calculus is specified by taking tkgeetation of future cash flows with respect
to the real-world probability measure without fuathrisk adjustments. Thus, we assume that
the insurer is unaware of any correlations betwmeertality and GDP or the capital market

development, i.e., the insurer does not considesyistematic nature of mortality risk.

In summary, economic and demographic randomnesarimodel are induced by the
following random variables: the mortality indixreal GDP growth rates, and bond and stock
returns. The main contribution of this paper isatcount for the interaction of these factors,
especially the dependency between mortality rate$ e@conomic conditions, which we
accomplish by allowing for a correlation matrix wihonzero off-diagonal elements for the

random variables, y, & & , andéspp, 1>

3.3 Numerical calibration of the model
Calibration of the model involves estimating partene of the stochastic processes from
empirical data, as well as setting insurance cohttad management parameters. We begin

with a base scenario, but will vary several of taeameters later on in the analysis.

%> Demographic studies show that the impact of chaigéhe macroeconomic conditions on mortality sage
primarily contemporary (see, e.g., Tapia Granad065). Our data confirm this finding. Correlatiogtlveen the
mortality index and GDP growth rates of the presigear turned out to be close to zero. Therefoeepmly
account for correlations at tintén our model.

10



3.3.1 Management assumptions

The fixed proportiony of the first premium incomg - P raised as initial equity capit& is
set to 0.1. The dividend ratd i.e., the constant fraction of the insurer’s imebme paid out
to shareholders, is set to 0.1. The asset fractitimt is invested in stocks is set to 0.3. This

parameter set results in reasonably small one-persmlvency probabilities.

3.3.2 Contract characteristics

We consider a term-life insurance contract withueatlon of T = 10 years and a death benefit
of B = $100,000. This contract is soldlto= 10,000 insureds in= 0. In the base scenario, all
insureds are male and of age 40. Mortality data are available up until 20@¢refore, the

simulation starts with = 0 at the beginning of 2006.

The fair premium for an individual contract is adlted by solving Equation (13) for

I:)fair :

= T pxx) _ u T qxx)
EO Pfair @ erb,Om - EO Bli éb,om ) (13)

7=0 r=1
Thus, the same assumptions used to calculate flisalmigties in Equation (12) apply
for premium calculation. The contract is sold gbhramiumP that includes a proportional

loadingA on the fair premium, which, in the base scenasiset t00.1.:

P=(1+A) - Pra. (14)

11



3.3.3 Stochastic processes

Death rates and population size for the United eStavere obtained from the Human
Mortality Databasé® A series for real GDP was obtained from the websitthe U.S. Bureau

of Economic Analysié’ For calibration of the return processes we use artotal returns of
large company stocks and U.S. treasury Bills. the following, these series are referred to as

real GDP, stock returns, and bond returns.

The Lee-Carter model was estimated with the R mgekiemography® The Lee-
Miller variant was chosetf it has been widely adopted as the standard LeeCQaethod!
and involves estimating the model for the lattelf lo& the twentieth centur. Male and
female forecasts are treated as two separate appfis of the basic Lee-Carter approath.
The model is estimated with the same upper age &min the original (85 years) article by
Lee and Carter and a minimum age of 30. Fig. 1splo¢ estimated parametegsandby that
are needed to derive age-specific death nagg$rom the mortality index;. Fig. 2 plots the
mortality indexk; that was extracted for U.S. males for 1950-200&ether with the 2006—

2015 forecast.

-- Insert Fig. 1 about here —

-- Insert Fig. 2 about here --

%6 University of California and Max Planck Instit008).

" Bureau of Economic Analysis (2008). The corresjgdime series is called ‘GDP in billions of chath
2000 dollars’. ‘Chained dollars’ refers to a mettfod calculating a price index that is used to atjjpominal
GDP values for inflation.

8 Morningstar (2008).

2 Hyndman et al. (2008).

%0 ee-Miller (2001).

%1 Booth and Tickle (2008).

%2 Furthermore, the approach involves adjustmenhefrhortality index; to life expectancy, instead of total
deaths, and forecasting forward from observed érathan fitted) rates.

% Lee (2000).

12



The extracted time series for the mortality indgextogether with the time series for
GDP and returns, are used to estimate the paranater correlation structure of the four
exogenous stochastic processes. Based on resattsHanewald that document a structural
change in the correlation structure between reaP @wth rates and the mortality index in
six OECD countries over the period 1950-2005, weiddeto use a shorter period for
estimating the parameters. Using a bivariate regmeswhere changes in the estimated
mortality indexk; are regressed on the real GDP growth rates wdifigensignificant break
point for 1989 with the Chow breakpoint t¥sand therefore use the period 1989-2005 for

parameter estimation.

Table 1 summarizes the estimated parameters arglatayn structure.

-- Insert Table 1 about here --

4. Simulation results

Assuming the exemplary set of model parametersritbesc above, the insurance company
model was simulated with 100,000 iterations usimg tatin Hypercube techniqd2As a
benchmark for comparison, we first simulate a wersif the model that ignores the impact of
macroeconomic changes on mortality rates. Thisastemassumes that the mortality index

in the Lee-Carter model is uncorrelated with ecoioconditions as reflected by the
processes for GDP, stocks, and bonds, i.e., entrignge last column of the correlation matrix

in Table 1 are set to 0 (except the last valueckvig 1). Next, the scenario employing the full

% Chow (1960).

% McKay, Conover, and Beckman (1979). The Latin Hgpbe technique yields fast convergence, thus all
differences between insolvency probabilities deatiage significant at the 1% level based on thest-ter
proportions.

13



correlation structure is simulated. The differercénsolvency probabilities between the two

scenarios is a measure of model misspecificatgln Results are given in Fig. 3.

-- Insert Fig. 3 about here --

Multi-period insolvency probabilities increase ovene in both scenarios. There are
two reasons for this: first, confidence intervads the realizations of the random variables,
e.g., for the mortality indek; (c.p., Fig. 2), broaden with an increasing timeizwr; and
second, insolvency probabilities cumulate becausesf that become insolvent remain

insolvent.

Looking at Fig. 3 reveals that employing the fubrrelation structure increases the
insolvency probability for every time horizon cahsied. Thus, ignoring the correlations
between the mortality indek; and the economic variables will result in a systi@ma
underestimation of the true insolvency probabilifhhis will occur because the true
correlation structure links assets and liabiliires very unfavourable way: a drop in GDP, in
tendency, coincides with lower stock and bond retur.e., with a shrinking asset base, along
with a higher mortality index;, resulting in higher liabilities. Both effects &la toll on
equity capital. In absolute numbers, the differeinc@solvency probabilities between the two

scenarios increases from 0.1 percentage poirts ihto 1.8 percentage pointstis 10.

Fig. 4 plots multi-period insolvency probabilitiésr four different initial agesc of

insureds.

-- Insert Fig. 4 about here --

14



For all four ages, we again observe higher insalyeprobabilities under the full
correlation structure, meaning that our resultsrabeist to changes in age. However, there are
two noteworthy effects that result from varying tlage parameter. First, insolvency
probabilities decrease in initial age. This is doiehe fact, that for higher ages generally the
variation of the number of deaths around the (noghér) mean in relative terms, i.e., the
variation coefficient, is smaller. Second, the @age in insolvency probabilities from
switching to the full correlation scenario is gezaat higher ages, except for agex = 60.
This effect is explained by the different sensitivof the age-specific death rates to shocks in
the mortality index;, which is controlled by (c.p., Equation (8)). As can be seen in Fig. 1,
the parametel, exhibits a hump-shaped profile, peaking around%ye~or that reason, we
observe a smaller absolute increase in insolvenalygtility for agex = 60 in comparison to

agex = 50.

The effect of different initial insurance portfosizesly is illustrated in Fig. 5.

-- Insert Fig. 5 about here --

Not surprisingly, we find that insolvency probatids are generally higher for smaller
portfolios due to a less pronounced risk poolingwver, in relative terms, ignoring the true
correlation structure leads to a more severe ustieration of the true insolvency probability
for larger portfolios. For example, the relativeange in the level of the 10-year insolvency
probability amounts to +10.5% folky =5,000 insureds versus +53.1% fy= 20,000
insureds. This effect can be explained by notirag tth small portfolios less unsystematic risk
is eliminated compared to large portfolios. By agding for the full correlation structure, a

similar amount of systematic risk (in absolute t&yns added to the risk exposure of both

15



small and large portfolios, leading to a higheatige increase in the overall risk, measured
by the insolvency probability, for large portfolio other words, for both small and large
portfolios the diversification potential decreaskst with more severe consequences for a

portfolio originally believed to be well-diversifie

Fig. 6 plots multi-period insolvency probabilitiésr three different fractiong used

when calculating initial equitk.

-- Insert Fig. 6 about here —

Insolvency probabilities in Fig. 6 are similar, afod similar reasons, to those shown
in Fig. 5. A higher equity buffer, i.e., a highenstant fractiory of initial premium income
raised as equity capital, improves the insurer'sveswy situation. Adding, through
implementing the full correlation structure, a daniabsolute amount of systematic risk on
top of the three considered risk exposures leadslanger relative increase in risk for higher
initial amounts of equity capital. In this sensafes firms, meaning those with greater equity

capital, suffer more from the described model risk.

Multi-period insolvency probabilities for differeritactions a of assets invested in

stocks are plotted in Fig. 7.

-- Insert Fig. 7 about here --

First, Fig. 7 again confirms that insolvency prolities are always higher under the

full correlation structure.

16



Second, we observe some general effects of inoig#éise proportion of stocks in the
asset portfolio. On the one hand, the higher exoectturn of stocks can lead to reduced
insolvency probabilities as assets accumulate mapiglly (comparex = 0 with = 0.1, and
a=0.3 with a=0.5). On the other hand, the higher volatilitiy sbocks can worsen the

insurer’s solvency situation (compawe= 0.1 witha = 0.3).

Third, the proportion of stocks influences the @liéince in insolvency probabilities
between the two scenarios both in absolute andlative terms. A larger fraction of stocks
induces a higher exposure of the insurer to theawmfrable dependency between GDP,
assets, and mortality, thus liabilities, that wasatibed under Fig. 1. Hence, ignoring the full
correlation structure results in a more severe rgstienation of insolvency probability by

insurers heavily invested in stocks.

5. Conclusion and outlook

Based on demographic findings establishing a liakvieen macroeconomic conditions and
mortality, we develop a dynamic asset-liability miodeassess the impact of macroeconomic
fluctuations on the financial stability of a lifasurance company. This model allows both
assets and liabilities to react to the state ofeitenomy. Stochastic drivers in our model are

real GDP, mortality, bond returns, and stock return

Our simulation results for realistically calibratetbdel parameters show that multi-
period insolvency probabilities are considerablghler when taking into account the
dependencies between the mortality indexin the Lee-Carter model and economic

conditions. Thus, ignoring the existing dependerstsucture will lead an insurer to

17



systematically underestimate its true insolven@ppbility. This result is robust to variations
in the age of insureds, portfolio size, equity basel asset allocation. Through the systematic
nature of mortality risk, the relative increaseinsolvency probability is higher for insurers
with a generally lower insolvency probability. Inranodel, these are the insurers that have a
high equity buffer, relatively mature insureds, drave written a large number of contracts.
Additionally, the underestimation risk is more sevéor insurers heavily invested in stocks,

both in absolute and relative terms.

Therefore, the interaction between mortality anccmm@conomic conditions needs to
be an integral part of life insurers’ internal rislodels, of capital allocation decision making,
and of solvency assessment by rating agenciesemudlatory authorities. Taking this crucial
relationship into consideration will make assessmaitan insurer’'s risk situation more

accurate and will thus more effectively protectipgiolders.

The results presented here are obtained withinsgiexific dynamic asset-liability
model set out in Section 3. Further research couddrporate alternative specifications for
model assumptions such as the stochastic mortaldyel, the asset return process, the
modelling of stochastic dependencies, and the aohttypes within the life insurance
portfolio held by the insurer. For example, apglmas of our model could involve
investigating a more general insurance portfolat thcludes a mixed age structure or annuity
contracts. For a mixed age structure, we expectfahewing: Because all age-specific
mortality rates react in the same direction to gesnin GDP, the resulting effect on
insolvency probabilities would be a mixture of thge-specific increases shown in Fig. 4.

Including annuities, i.e., contracts written on thggosite side of mortality risk, would give
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rise to natural hedging opportuniti®s.Additionally, dependencies between lapse and
surrender rates and macroeconomic conditions dmeildccounted fot. Finally, it should be

a promising avenue of research to test empiridadlyy much an insurer’s solvency situation
(e.g., with the rating as proxy) changes due toclkhdo mortality. This could deliver
important insights into the question whether ingestor rating agencies are aware of the
interaction between mortality and macroeconomicddmns and the resulting effect on

insurers’ solvency.

% See Griindl, Post, and Schulze (2006), Cox and2007), Tsai, Wang, and Tzeng (2010), and Wand. et a
(2010)
7 See Browne, Carson and Hoyt (2001), and Kim (2005)
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Fig. 7 Multi-period insolvency probabilitie®4, reduced and full correlations structure,
different proportionsr of assets invested in stocks.

Table 1 Estimation Results, 1989—-2005.

Real GDP Changes in the
Growth Rates Stock Returns Bond Returns Mortality Index

Aln(real GDR) s, t b, t Nk
Mean 0.029 0.110 0.043 -0.955
Standard Deviation 0.013 0.167 0.020 0.828
Correlation Matrix
Real GDP 1.000 0.282 0.050 -0.395

Stock Returns 1.000 0.266 -0.286

Bond Returns 1.000 -0.195

Mortality index 1.000
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