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Abstract

The projection of future mortality experience constitueshallenge for both actuaries and de-
mographers. Some of the currently used projections hawraeshortcomings which may pose a
serious threat to insurers and social security systems.

In this paper, we propose a new projection methodology wbigrcomes these shortcomings.
Our model allows mortality improvements to depend on agep@deand cohort and provides highly
plausible forecasts. Moreover, it is very flexible with respto the level of future mortality im-
provements. This allows us to derive coherent projectionséveral populations simultaneously,
e.g. males and females of the same country or populations diosely related countries. We ob-
serve that the incorporation of information about the nmiitytexperience of other populations can
have a significant impact on the projection for a given pojta In order to illustrate our method-
ology, we derive fully specified projections for German nsaded females as members of a large
reference set of European populations.

*The authors are very grateful to Jochen Ruf3 and Hans-Joachiml@wimstheir valuable comments and support.
TCorresponding Author
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1 Introduction

Longevity risk, i.e. the risk of insured/pensioners living longer than etqak is one of the most serious
insurance risks. It is most relevant for pension funds, annuity peosjcnd social security systems. In
the past, gains in life expectancy or equivalently, improvements in mortality heee underestimated
consistently in most industrialized countries. The revision of mortality projestion the realization of
longevity risk, has then led to the requirement of additional funds to stpmreasing liabilities. This
poses a serious threat to any (financial) institution concerned with thésjmowf survival benefits.
Longevity risk has always been present but its significance has gegmsiderably in recent decades.
Riskless yields in the financial markets have fallen considerably in manytréeaifeaving less funds
for the provision of additional reserves. At the same time, the size of ldlygésk in the private sector
has increased. Benefits from social security systems have beeredetiumany countries which in
turn has increased the demand for private annuities and occupatiorsbmpe This demand is often
supported by tax incentives, either for products with mandatory annuitizatito make annuitization
more attractive to the policyholder than taking the lump sum payment.

In order to minimize longevity risk, actuarial and social security institutionse leigadily looked to
improve their mortality projections. However, graphical analyses revaalsttme currently used pro-
jections still seem questionable. As an example, in Figure 1 we plot the amowgllity improvements
embedded in the standard mortality table for reserving for private annusipdss in Germany, i.e. the
table DAV 2004 R. In the left panel, we see historical mortality improvementd/émst German males up
to 2008 and projected best estimate improvements theréaftes. plot reveals several issues which can
be identified for many existing projections and it indicates very nicely whafates in the derivation
of new projections should be on:

e We observe a structural break between historical and forecast moimatitpvements. In reality,
the transition will almost certainly be smooth.

e The projection assumes a rapid slowdown in mortality improvements over theeeng which
cannot be motivated from the historical data.

e The historical data contains significant diagonal structures, i.e. ceffedts, which are not ex-
trapolated into the future.

The right panel of Figure 1 shows the projection of the DAV 2004 R tabliidicg margins. The
structure of the projected mortality improvements still looks critical and even witigingg mortality
improvements seem to be underestimated for some ages at least for thearsxtQne may argue that
the projection should be sufficient for a portfolio of contracts with a widg@isead age distribution.

1The historical data is obtained from the Human Mortality Database (20Hyearapply P-splines to smooth the mortality
rates before computing the improvements. To support interpretabilitycamgbarability of different heat charts, here and
throughout this paper, we sometimes cap rather extreme values. \atastor West Germany only as the projection was
derived from the same data set. The trend parameters in the projedisatao’; = 10 and7> = 15. For more details on
this projection and its parameters, we refer to DAV (2004).
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Figure 1: Standard mortality projection for German annuity business

However, regulatory requirements often permit the balancing of profitdaases from different prod-
ucts or product tranches. Thus, a spread of risk over a wide rarages is often not possible which
underlines the need for an adequate projection for each age and eudieidually. We have made
similar observations for the corresponding projection for German females.

Our observations clearly show that there is still need and space for ieghprejection methodologies.
The derivation of such a methodology is the goal of this paper. We baseadel specification on
historical data patterns thus allowing for age, period, and cohort depeeffects. All parameters have
a clear interpretation and provide a decent fit to various data sets. Wwreor model allows for a large
flexibility in the level of forecast mortality improvements and we present séwéeas how this level
can be fixed, e.g. based on extrapolations of historical life expectaridiedlexibility also allows us to
derive coherent projections. In the past, projections for males andderaad/or different populations
have typically been derived independently from each other which oftehtteimplausible results. We
use demographic insights here to improve plausibility in simultaneous projectibradsio to improve
reliability of projections for each single population.

We focus on the projection of mortality improvements here instead of the more comppwoach of
forecasting mortality rates for two reasons: First, we do not have to magl@dtinrent) level of mortality
rates but only their changes over time. This reduces the number of réquairameters and improves
the interpretation of the remaining parameters. Secondly, the resulting tiwojean be applied to
a base table, i.e. most recent realized mortality rates, for basically anyagiopuor which it seems
adequate. This is particularly convenient as the projection could beeddriom an extensive data set,
e.g. for the general population, and then be used for small subpopslatittrout sufficient data as well,
e.g. the population of a pension fund. As such a group of pensionesuispmpulation of the general
population, the long-term mortality changes in both populations should besiveitar (see, e.g., Jarner
and Kryger (2011) and Cairns et al. (2010)). Significant diffeesrin the mortality experience between
the populations may still arise from the base table.

The increasing demand for assessing and managing longevity risk hak@daconsiderable academic
research in this field — both with respect to deterministic mortality projectionstantastic mortality
modeling. Nevertheless, we are convinced that our approach adds litetlaisire and that some of our
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ideas can also be applied to improve other existing projection models. W ifedra giving a literature
overview here and instead refer to a later section where we compareapectpn methodology with
other modeling approaches.

The remainder of this text is structured as follows: In the following secti@amalyze historical mor-
tality improvement patterns and deduce the specification of our projection nWidelescribe the model
fitting and discuss related issues for the example of West German males. ,Rir@ttpmment on the
applicability of model simplifications and on the stability of our model. The derimadbmortality
projections is then discussed in Section 3. We start with the case of a simgl&apon and then show
how coherent forecasts for several populations can be obtainee, stveral crucial assumptions are
necessary and we provide reasoning for all assumption we make. lalikecgient section, we analyze
uncertainties inherent in our projection model and describe ways toseaseé®ccount for these uncer-
tainties. In particular, we show how basis risk can be measured in caseojbetion is to be applied
to a population different from the one it has originally been derivedlfoSection 5, we compare our
model to other projection models and outline how it adds to the existing literatimallyi- Section 6
concludes.

2 Historical Mortality Improvements

As indicated in the Introduction, our projection methodology can be appliedsicdlly any population
with a sufficient data history. For illustrative purposes, here we foouthe male population of West
Germany. We exclude data from East Germany as there seems to be ast@ib@t the reunification
in 1990 has led to the East German mortality experience moving towards thassf&grmany. Thus,
a combined data set may be blurred by this one-off effect.

Mortality data for West Germany is available from the Human Mortality Datal2GEL() for years 1956
to 2008 and ages 0 to 109 (as of March 2011). However, the data ipebdtad and graduated above
age 95 and therefore we limit the data set to ages up to 95. For simplicity, inliheifa we will refer

to the West German population as the German population only.

2.1 Model Specification

Figure 2 shows raw mortality improvements

o Q(x7t — 1) — Q(xat) _ Q(xat)
T Gy T e ‘1)

for German male$. We clearly observe vertical and diagonal structures which means théalityor
improvements depend on calender year and year of birth or cohort. litetfzture, mortality improve-
ments have been shown to also depend on age which is in fact the depgnuesi commonly modeled

20bviously, this definition of mortality improvements is only valid as long;as t — 1) > 0. For a population as large
as the German one, this is always the case but for smaller populatioesniagrwell be raw mortality rates of zero. A few
undefined mortality improvements are uncritical for the fitting of our méldeligh. As we will see later on, all parameters in
our model are fitted to a considerable number of data points thus omitting@ate points hardly affects the calibration.
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Figure 2: Raw mortality improvements for German males

(see, e.g., Figure 1 or the model of Lee and Carter (1992)). Therdf@®eems reasonable to specify
mortality improvements as a combination of age, period, and cohort effdetsndst simple combina-
tion is the following linear one:

v(z,t) = ay + pt + c—g + €(x, 1),

wherea,, is the age dependent componentthe calender year componeant, . the cohort component,
ande(x,t) is an error term with mean zefoAll parameters possess a very clear interpretation which
helps understanding historical improvement patterns.

When calibrating our model two issues arise immediately. The first one is aifiicktion problem. For
instance, increasing all age parameterdy a fixed amount and decreasing all period parametery

the same amount would yield equal fitted mortality improvements. To solve this issua)pose the
following constraints:

i tht:()

4 Zt—z Ct—g =0,

i.e. the average period and cohort parameters are equal to zerg, allissibstance” in the mortality
improvements is contained in the age parameters. In fact, these two congtiflidis not guarantee
uniqueness. This can be seen in Cairns et al. (2009) who apply a tmstraot to the Age-Period-
Cohort model which, for log mortality rates, has exactly the same structurerasodel. However, we

30Obviously, other model specifications would be possible,€g.t) = exp {a, + p: + ci—» + €(z, )}, but results vary
only insignificantly. Therefore, we stick to the most simple specification.
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do not need their third constraint as another issue in our setup make®itlsaps. This issue is the
calibration of the cohort parameters at the boundaries of the data sepafdraeters for the very first
and very last cohorts are fitted to only a few data points and are thus likelkeaaufarandom noise
instead of modeling proper cohort effects. Therefore, in line with therskconstraint, we set the first
and last cohort parameters to the long-term average of*z€he number of affected cohort parameters
at both boundaries is rather subjective and clearly depends on thestlateder consideration.

2.2 Model Calibration

In contrast to the model structure, the fitting of our model is not straigh#awThe most common
approach of Maximum Likelihood estimation is not possible as the distributioreghtirtality improve-
ments is fairly complex. For a sufficiently large population, deaths and mortatég can be assumed to
be approximately normally distributed. Thus, according to Equation (1), titgitaprovements follow
the distribution of the ratio of two normal random variables. Such a distribggonbe specified (see
Hinkley (1969)) but its parameters cannot be expressed by our madaipters:.., p;, andc;_,. In
order to check for approximate normality in the improvements or the residaafsgctively, we also per-
formed some statistical tests. However, for German males and also femalssubhg&on of normality
was clearly rejected by each tést.

Therefore, we fit our model in iteratively reweighted least squaresyeeninimize the expression

w(z,t)?

D — e — e )2
5 W.t) —ae —pr—ca)®
T t

wherew(z, t) are the weights. The need for weighting becomes obvious from Figurbevdriability
in mortality improvements differs significantly between different age growmgspeeriods. For young
ages or old ages in the earlier years of the data set, the raw mortality impragefiuetuate much
stronger because the numbers of observed deaths are much loweh#restsewhere. Unfortunately,
the choice of weights is not obvious. The distribution of the mortality improvendogs not possess
any moments in general due to its extremely fat tails. In the absence of gbkfalternatives, we
nevertheless apply empirical standard deviations of the residuals as areneasariability. However,
this approach requires an iterative procedure as we need to fit the oromkebefore we can compute
weights. Therefore, we start with a first run of unweighted fitting and agenfhe empirical standard
deviation for each data point from the (up to) 81 residuals in a squaneetbis data point. This choice
for the number and location of residuals is rather subjective but for ttee s#d of German males it
provides a fairly smooth surface of weights. We then repeat the fitting withtitety updated weights
until convergence in the model parameters is reached. For German malesaveix runs to get changes
in all parameter values below 0.1%.

“Actually, as soon as we set two cohort parameters equal to zero Wekalsa drop the second constraint. However, the
overall fit of the model would hardly change and it is convenient forgfggection to not have any substance in the cohort
parameters. We therefore keep this constraint.

SNote that this also impacts the derivation of confidence intervals for thehpadameters. Due to the extremely fat tails
of the ratio distribution, confidence intervals based on normal appraéxingamay be much too narrow.
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Figure 3: Fitted mortality improvements for German males

Figure 3 shows the resulting fitted mortality improvements for German males witmptees for the
first 10 and last 27 cohorts set equal to Z&fthe structure of the plot looks very similar to that in Figure
2 and our model just seems take some noise out of the raw data. This indiegtesir model fits the
data well which we will analyze in more detail in the following section. Figure dtaios plots for the
age, period, and cohort parameters — both as fitted to the raw data aluhigch using P-splines. The
graduated parameter values will be particularly relevant for the projelgienon. From the plots, we
observe that the period and cohort parameters lie around zero arntiubatll substance is contained
in the age parameters. We also see that variability in the age parameters isaiglyifsmaller than
for the other two parameter sets. This is why we were not able to deteceadiagcy of the mortality
improvements on age in Figure 2 in the first place.

The panel with the cohort parameters contains two sets of raw paramietes.vahose plotted in green
stem from a preliminary model fit which included all cohorts in the data sete,Hee observe large
variability in the boundaries which is most probably due to noise. Moredvgmpically takes some
time until a cohort effect develops. Thus, it is questionable whethertomddassume the existence of
cohort effects for cohorts who are still very young today. Theefare decide to set the first 10 and the
last 27 cohort parameters equal to zero in our final model fit. The regpiéirameters are plotted in red.

8A reasoning for this constraint on the cohort parameters is given below
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Figure 4: Fitted and smoothed parameter values for German males

2.3 Residual Analysis, Optimal Fitting Period, Model Stabiity, and Model Simplifica-
tions

In Figure 5, the standardized residuals for the model fit for German madgsiatted’ There is only
very little structure contained in the plot which suggests our model is cap&bbglaining historical
mortality improvements. Significant structure only remains for calender ygais 1970 where period
dependent effects seem to differ between younger and older agesises. For instance, in 1968 we
observe very small residuals for ages around 80 but significantly ywesésiduals for most younger
ages. In the following year, this relation is inversed. Our model is obviausiyable to allow for such
effects. However, these effects seem to be only temporary and ratslevant for a projection. Fur-
thermore, omitting data before 1970 would reduce the number of data posngdgohort parameters
are fitted to. Therefore, it seems desirable to keep the fitting period asdangessible and to ignore
the remaining period structures in the residuals. For significantly longersdegaa limitation may be
appropriate though.

In order to check the stability and robustness of our model, we nevehatiektionally fitted it to
data starting from 1970. We do not show a plot of the fit here but it is semjlar to the one for the
full data set. The values for some of the individual model parametersgyehaut the fitted mortality
improvements for both model fits only differ by 0.26% on aver&ge.

As another robustness check, we omitted data for young ages from alal fittng. This is a typical
setting for annuities or pensions where data on child mortality or even yodulg raortality is very
sparse. For the rather extreme case of omitting all ages below 60, the fitt¢alitpémprovements

"We standardized the residuals using the empirical standard deviatiomsHeditting.
8Note that, regarding the differences between the model fits, we onlydewed data points for which cohort parameters
are calibrated in both cases. Otherwise, the difference can easily lifcsiginwhich again suggests using the full data set.
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Figure 5: Standardized residuals for German males

change by 0.43% on averagavlost significant changes occur for years up to 1969. This is due to the
sometimes opposing period effects for young and old ages in those yekitsegperiod parameters now
fully taking up the effects for old ages instead of some “average”. Farsystarting from 1970, the
average change in the fitted mortality improvements is only 0.26%, as for thg&tbage.

Finally, we analyze whether our model can be simplified for the German datd®¢his end, we fit
reduced models consisting of only two of the three parameters sets. Irefgue exemplarily show
the fitted improvements and the standardized residuals when omitting the cahamigiers. There
clearly is diagonal structure missing in the fitted values compared to Figurd 2eaitainly too much
diagonal structure in the residuals. Similar observations can be made wiiadieg the age or period
parameters. The fit is significantly worse in each case and thereforepmatude that, at least for
German males, the model should not be simpliff&dObviously, results may be different for other
populations.

3 Projection of Mortality Improvements

In the previous section, we have seen how our model can be calibratéstdaadal data. Now we
derive projections based on the calibrated model. We start with a projeotiansingle population and
explain different approaches for forecasting each of the threenedea sets. Then we turn to coherent
projections for several populations and show which modifications shaufdust be applied to the

°Again, we disregard data points for which cohort parameters ardaerestricted model fit.
10 statistical test on the significance of the parameters in the full model istraightforward. The commonly used
likelihood ratio test requires normal residuals which we do not have.
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Figure 6: Results for a model fit without cohort parameters

approaches for a single population. Here, we do not try to achieve totdirent projections for each
individual mortality improvement as this is hardly possible. The goal rathetiave plausible forecasts
at a more aggregated level, e.g. coherent life expectancy extrapolations

3.1 Projection of Mortality Improvements for a Single Populaion

We commence with the forecast of future age parameters. The most olappusach is to simply
maintain the parameter values as calibrated to the historical data. In orddute rtae remaining noise
they should be smoothed. Unfortunately, we can fit age parameters ordgds with available data
history, i.e. for ages below 95 in our case. The limiting age of a new projestionld be considerably
larger though, e.g. 120. Thus, we need a different approach teegerameter values for those very old
ages.

An extrapolation of the existing age parameters is not obvious. Theref@réry to extract as much
information as possible from the original data set. We extrapolate mortalityuptiesage 120 for each
year using different curves, i.e. the laws of Gompertz and Kannisto lhas\elogistic curveé! From the
resulting artificial mortality improvements, we can then derive age paramé&@rsll mortality curves
and different populations, we observed that the parameter values teedotor become even slightly
negative for ages towards 120. Negative age parameters and thoisgmgortality deterioration at
very old ages does not seem plausible. But the results indicate thatd-drasige historical data — the
existing age parameters should be extrapolated such that a value of abtaiiged at the limiting age.
Our findings are in line with those of Gampe (2010) who analyzes availaldgatasupercentenarians
worldwide. In Figure 4, we applied a cubic function for the extrapolation futiction value and first
two derivatives at age 120 being zero and a function value at agec@bdang to the graduated age
parameter from the actual data.

At this point it should be mentioned that — given the steady increase in lifecéxpcy in the past — it
seems possible that mortality improvements at very old ages may increaseecablyidn the future.
Some authors have already tried to predict such an increase using frailsisi{eee Jarner and Kryger

For details on these mortality curves, we refer to Thatcher et al. (1998).
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Figure 7: Life expectancy extrapolations for German males

(2011) and references therein). Therefore, it might be worthwhijlesidg some age parameters, also
based on epidemiological insights, instead of solely relying on historicaleddétapolations. Similar
arguments may hold for other age groups of a specific population, e.g.sénhistorical mortality
improvements have been significantly driven by one-off effects. Weotlolbserve such effects in our
data set but they could be corrected for easily in our model.

For the fitted cohort parameters, we proceed as for the age paramesénsdly graduating them (see
Figure 4). For future cohorts, we do not have any information availdifierefore, it is most plausible
to simply set parameters for such cohorts equal to the long-term averageodas for the cohorts at
the boundaries of the data set).

The future period parameters are most difficult to forecast. They detetiméroverall level of mortality
improvements in the future and are thus the most crucial set of parametetbel projection, several
approaches with potentially significantly different outcomes are possible nfost simple approach is
to set future period parameters to their long-term historical averagemfidewever, in Figure 4, we can
observe an increasing trend in the historical period parameters for Genalas. At least for the next
decades, it is thus also plausible to forecast period parameters agcirttiis trend. A third possibility
is to calibrate future period parameters to a reasonable extrapolation gfeegated mortality statistic
like the period life expectancy at birth. All three approaches appeailgquausible and it is impossible
to state which one may provide the most reasonable projection in generaiguire ¥ we see period
life expectancies at birth for German males projected according to the thpessahes? Starting from
1969, historical life expectancies show a rather linear pattern. Thereddinear extrapolation seems
to be a reasonable basis for deriving future period paramttefse resulting parameter values must
be positive because the linear trend is steeper than the slope in the lifdamqies based on period

12| ife expectancies are computed based on mortality rates up to age 120 eritiity rates for ages above 95 obtained
from Kannisto extrapolations.

BThere is an extensive literature on the question whether life expectandp@aase infinitely or whether there is some
biological limit. From an actuarial perspective, we think it is dangeroussorae a limit. History tells us that previously
assumed limits have been surpassed rather quickly (cf. Oeppen apdl\2002)).
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parameters of zero. However, linearly extrapolated life expectan@estifirsignificantly smaller than

life expectancies which are derived from a linear trend in the historicabgg@arameters. In 2060,
the difference between the three projections is already more than 9 yeiatsalearly shows the huge
uncertainty associated with mortality projections.

This uncertainty can usually be reduced by projecting mortality for diftggepulations simultaneously.
All three projections for German males look plausible on their own but they moayhen related to

possible projections for German females or male populations from othetrimsurEven if one is only

interested in a projection for a single population it is thus worthwhile consiglexiher populations

as well. Data from those populations can provide valuable insights and iséilpgdish between sus-
tainable and rather temporary effects in the mortality evolution. Therefageextend our projection
framework to coherent modeling in the next subsections.

3.2 Coherent Projections of Age and Cohort Parameters

The age parameters prevail until infinity and thus differences in the agenpgers for two populations
yield steadily diverging mortality rates (assuming similar period and cohoanpeter values for both
populations). In particular for the case of males and females in the samtycatio are exposed to the
same social, political and economic environment, such a scenario seems higlalysible in general.
Mortality rates may be significantly different also in the long run but they khoot diverge until infin-
ity. Therefore, we need to impose the constraint of equal long-termagengters for both genders on
our model. This could be done by introducing a functional structure intogag@arameters which inter-
polates between the fitted values for each gender and some kind ofgavers-term value”. However,
this functional structure would clearly increase complexity and thus redterpretability of our model.
We could also fit our model to a combined set of historical data allowing fesipty different cohort
and period parameters for both genders but demanding equal ageepars. Alternatively, we could
simply average the individually fitted age parameters for males and femalessanche the resulting
parameter values for both genders in the future. Obviously, this is only ¥ah@ structures in the
age parameters for both genders are rather similar. This should in tlee¢h@ case and, according to
Figure 8, it is for our example of German males and females. We thereforegat using this approach.
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For populations from different countries, it is not obvious whether@ayameters should be adjusted.
This depends on the social, political and economic differences betweerotinries as well as the
significance of differences in the age parameters in the first place. \Wowedwards and Tuljapurkar
(2005) show that the distributions of deaths often differ between coanfrieey also detect differences
in the variances of life spans — in the level as well as in the trend of the easaihus, (slightly) differ-
ent age parameters seem acceptable even for populations in closelgt oelateries and we therefore
refrain from adjusting age parameters based on cross-country irtforma

The cohort parameters describe only temporary effects. Thus, etlegyidiffer for two populations
mortality rates will not automatically diverge in the long run. MacMinn and We&B609) also show
that cohort effects do not necessarily appear for males and femaldsasienusly and find no convinc-
ing evidence of correlated cohort effects in different countries. s€quently, we stick to the cohort
parameters fitted to each population individually.

3.3 Coherent Projections of Period Parameters

The goal of this subsection is to derive a methodology for the calibratiorelwbgh parameters such
that projections for different populations become coherent at araltblevel. To be able to include
information from other populations, we require some flexibility in the foreaafgteriod parameters for
each single population. Thus, of the three forecasting approachesnped in Section 3.1, the fitting
to extrapolated life expectancies is most promising as the life expectancpa@atians can basically
have any shape. A linear extrapolation looked plausible in Figure 7 butriargke we can use any
curve for the extrapolation. In short, we determine projections of mortalityargmnents by deriving
coherent forecasts of period life expectancies at birth for all popuksaad then fitting the future period
parameters for each individual population to the corresponding lifectapeiest*

In order to explain our approach in more detail and to illustrate solutions to saweats, we proceed
with our example for German males. A reasonable set of reference piopslé the set of male and
female populations from Austria, Belgium, Denmark, Finland, France, Germeeland, Italy, the
Netherlands, Norway, Portugal, Spain, Sweden, Switzerland, andrited Kingdom. We do not take
into account any Eastern European countries because their mortalityezqeewas somewhat different
in the past but seems to have been moving towards that of Western Enicpegries since the fall of
the Soviet Union (see, e.g., Li and Lee (2005)). Whether non-Earopeuntries like the US, Canada,
Japan or Australia should be included in the analysis is very difficult to tell. Sitiekin the mortality
evolutions between those countries and Germany are not necessatitynasas between Germany and
its European “neighbors”. As the number of populations under coraidaris already fairly large, we
have therefore decided to disregard any non-European countrs\We also disregard countries like
Iceland and Luxembourg as they are too small to have a significant impact.

Figure 9 shows historical life expectancies for both males and females iridteziéed countries and
the total male and female populatiol¥sFor both genders, we observe convergence in life expectancies

0bviously, one could also use life expectancies at other ages, e.gr 88en annuity present values as the aggregated
mortality statistic. However, the life expectancy at birth certainly is the mostivgstatistic.
5For each population, mortality data is obtained from the Human Mortality Da¢ag2011) for years 1956 to 2006. We
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Figure 9: Historical life expectancies at birth in Europe

over time and, clearly, a common trend between countries. Clearly, exttiapslaf life expectancies
for each country should be related to this common trend. Therefore, aeequ by extrapolating the
trends for the total populations — coherently for males and females — amélyzang deviations between
the total populations’ mortality experiences and those of some exemplary pogléations.

Life expectancies for the total populations have evolved pretty much lingarrecent decades (for
males starting from 1969) and have converged slightly. Hence, it seanagislthat coherent projections
can be obtained by simply extrapolating these linear trends. Unfortunatslis tot quite the case. In
Figure 10, we see historical differences in life expectancies betweers aradefemales and differences
as projected by such linear extrapolations (blue line). In 2006, the eXitagns already miss the actual
difference in life expectancy by more than 0.6 years. Thus, even titbagixtrapolation for each gender
looks plausible stand-alone, in combination with the other gender it does if@expectancies should

restrict ourselves to this time period because, at the time of writing, onlhéme years data was available for all countries.
For simplicity, we compute life expectancies from the HMD data up to agesrki€ad of extrapolating mortality rates for
each population as we did for German males in Section 3.1. The diflesseshould be negligible though. The life expectancies
for the total population are derived from weighted averages of mortaligsifor the individual populations.
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Figure 10: Difference in life expectancies between total populations

be extrapolated such that also the projected difference between géngiausible.

Figure 10 clearly shows shrinking differences starting from the mid-$93%@owever, we can hardly
expect the current trend in life expectancy differences to continue infitiity. Somewhere around
2060, male life expectancy would surpass female life expectancy whichsskérly unrealistic. It is
more reasonable to assume further shrinking differences for the aarxs which level off at a certain
long-term difference above zero but below today’s difference. Ehis line with the convergence in
lifestyles which has been observed for males and females in many Europeatries over the last
decades. For instance, the consumption of tobacco has increaseaaiglyifior females but decreased
for males thus narrowing the gap between the genders (see, e.g., &ui©pmmission (2009)). The
same holds for the share of women in employment compared to the corrggpshdre of men (see
OECD (2010)). The latter trend, in particular, is very likely to continue. $@twmight be a lower
bound for the difference in life expectancies? Luy (2002) analyzestréality experience of nuns and
monks who live under very similar socio-economic conditions and finds dodytzone year difference
in remaining life expectancy in young adult ages. Thus, most of the dlyr@served difference for the
general population seems to be related to socio-economic factors andiderable further shrinkage
may well be attainable. Nevertheless, we regard the assumption of a totatgence in lifestyles and
a long-term difference of about one year as very bold. Therefeeeassume a long-term difference
between European male and female life expectancies of three years kxeouple.

We now need to adjust the linear life expectancy extrapolations from ammagding to this supposed
long-term difference. In fact, we need to fix a common long-term trendmales and females such
that the long-term difference in life expectancies remains constant, anteagto specify how life
expectancies move towards this trend and this difference over the mextete Figure 11 shows how this
can be done. The orange lines are the historical long-term trends fos (dalhed) and females (solid),
the green lines represent long-term asymptotes for male and female lifetaxpes, respectively, and
the blue lines represent our actual life expectancy extrapolations. répagyare constructed based on
the following considerations:

e We assume a long-term difference in life expectancy between males ané$eshA = 3 years.

e The common trend has a slop@&ccording to the average slope of the long-term historical trends
for males and females, i.e. = 0.2385 as the average of 0.2473 (males) and 0.2296 (females).
Alternatively, the slope could be fixed according to the historical slopeitber males or females
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Figure 11: Coherent extrapolations of life expectancies for total ptipo&a

which might be useful for a scenario analysis. The average slope asal between the slopes
Oeppen and Vaupel (2002) find for worldwide maximum life expectanciembles (0.222) and
females (0.243) between 1840 and 2000. Even though, under onnpissis, male life expectan-
cies in some European countries will surpass the supposed long-term masiomietime in the
(far) future, we regard our forecast as plausible. Since our adgamgf a convergence between
genders contrasts somewhat with the (very long-term) divergencevebldey Oeppen and Vaupel
(2002), a simultaneous full coherence with their extrapolations for batdegs is unachievable
per se.

e As the trend in life expectancy differences changes in the mid-1990isi<réor male and/or
female life expectancies must (slightly) change at that time as well. Thereferaentify the
current slopes in life expectancy increases by a regression to histifiecaxpectancies from
1995 onwards. The current trend for males is stronger than the lomgttend, i.e. the current
slope is 0.3052 compared to 0.2473 in the long run. For females, the cslopstis lower, i.e.
0.2099 compared to 0.2296. Our life expectancy extrapolations are gatttatsthe current life
expectancy values and slopes for both genders.

e We assume that the extrapolated life expectancies for each genderwaittdre as a straight line
(the long-term asymptote) plus/minus a difference term which decreasesaezponentially
with time, i.e.

lem (t) = dpm + s(t — 2006) — exp {gm (t — 2006) + h, }

and
lef(t) = (dm + A) + s(t — 2006) + exp {g¢(t —2006) + h¢},

where-,, indicates male and; female. The asymptote for females differs from that for males
only by the fixed value\ and time is shifted simply for convenience.

e We want both life expectancy curves to converge to their asymptotes etasillffo achieve this,
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Parameters  d,, A s 9m = gy hom, hy
79.0874| 3.0 | 0.2385| -0.0386 | 0.5485| -0.3008

Table 1: Parameter values for coherent life expectancy extrapolations

the slope parameters in the exponential tegpsandg s, must coincide.

e These specifications and constraints leave us with a set of uniquely idaptjf@rameters whose
values are summarized in Table 1.

After extrapolating life expectancies for the male and female total populati@epw need to specify
how country specific life expectancies may evolve relative to these exdtapts. In Figure 9, we ob-
served convergence in life expectancies for males and females acnag®eRvhich indicates that best
estimate life expectancies may be equal for all countries in the long run l@edaner and Kryger
(2011) and references therein). In that case, only transitions ftorent life expectancies to the com-
mon long-term life expectancies would have to be specified for each gimpulblowever, convergence
seems to stop around 1980. Therefore, it is not directly clear whetheethaining variability in life
expectancies is simply due to random fluctuations or whether some populagiemsonsistently expe-
rienced longer life spans than others.

Figure 12 shows how life expectancies of selected countries have dkfriate those of the total popu-
lations in the past. We have chosen these countries as we can obseifiessity different patterns in
their deviations which are somewhat exemplary. Regarding the questiorafsove, the deviations for
Switzerland are fairly conclusive. For both genders, they are significpositive over the whole data
period. The reason for this might be above average socio-econoniitioos in Switzerland. Thus,
Swiss actuaries should feel rather uncomfortable with projecting localXfectancies as being equal
to the European average, even in the long run. Instead, data hintauiatiags sustainable difference
of about 1.5 years and introducing a transition to that level over the meedd or so. An analogous
conclusion can be drawn for Finish males where average Europeampiéetancies seem overly con-
servative for a (best estimate) projection.

Opposing trends can be observed for Italy and Denmark. Italian lifecteipeies were below average at
the beginning of the data period but have risen significantly above towsdnd. Life expectancies in
Denmark, on the other hand, have increased by 5 to 6 years less thamrdipe&n average. Here, we see
how valuable coherent projections can be. Forecasting of life expeesaamccording to historical trends
would almost certainly yield implausible long-term projections for both countriée would move
away from the European average rapidly and continuously. Instesdnibre reasonable to assume a
leveling-off in the deviations at the current level or somewhat closerrm ze

For the Netherlands, we observe a fairly linear downward trend for ofdse data period. Over the
last years, this trend seems to have bottomed out though — at about tipe&usverage for males and
about one year below average for females. Thus, assuming sustaliftdrlences at these levels and a
long-term difference in life expectancies of three years between thdegeim Europe would imply a
long-term difference of only two years between Dutch males and fematéscdn well be possible but



AGE, PERIOD, AND COHORT DEPENDENTMORTALITY IMPROVEMENTS 18

Males
6 -
Denmark
Finland
Germany
Italy ———
Netherlands
Switzerland
o NN
) \,\\77 i
I iy
| -
e - A
DR /S \/\J;/>\ I ~
2 \/\/\/”w _
1960 1970 1980 1990 2000
Time
Females
Denmark
4 4 Finland
A Germany
e AN N th :talé -
2 - RS Switzerland
8 \Xj\/ N RN ~
o~ N
0 B — z - T —
T - N
-2 4 \/\—\/,/\\7/\/\
1960 1970 1980 1990 2000
Time

Figure 12: Differences between life expectancies of the total populaiwmhselected countries

may also require additional demographic justification.

Finally, we have a closer look at the deviations for Germany as this is the fept®s completing our
example. We see in Figure 12 that, from about 1985, fluctuations becdhes small around a fixed
level of about -0.3 for males and -0.5 for females. Therefore, the nwsbas forecast for German life
expectancies is to assume the forecast for the total populations, slightgdsthifiwvnwards according to
the observed deviations. We then fit the future period parameters to thesgpiéctancies and obtain
coherent projections as plotted in Figure'$3The historical data is smoothed either using P-splines or
our model. In the latter case, the charts also contain ages beyond 95.

We observe that our model smoothes the data more strongly than the P-spiioel dees. This then
obviously leads to a break between the historical and the projected datd@irsfiime case. In general, it
is difficult to tell which level of smoothing is most appropriate. More importarbyvever, the general
structure in the historical data is the same for both smoothing methods.

Accepting that our model provides adequate smoothing for historical moritalitysovements, the pro-
jection looks highly plausible for both males and females. In particular, abrt@lependent structures
are carried forward appropriately. The very slight break in 2009 éstduhe use of average age effects

18\\e show results also for German females here for completion. Thecfimnjdor females has been constructed completely
analogous to that for males.
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Figure 13: Coherent mortality projections for German males and females

in the projections. It is most obvious for ages around 10 where the agmpters differ most between
the genders (see Figure 8) and where no cohort effects cover ttegedife. For males, projected mor-
tality improvements are slightly lower than the historical data suggests andhiatde they are slightly
larger.

4 Modeling Uncertainties and Margins

Modeling and forecasting of mortality always involves a considerable atredumcertainty. One can

never be sure whether a model’s fit to the available data is adequate atitewbgtrapolations of

historical trends into the future are appropriate. In this section, we disousertainties related to our
model and how they may be quantified and accounted for.

4.1 Model Uncertainty and Risk of Changes

From our point of view, the most significant model uncertainty in our ptmads related to the specifi-
cation of future period parameters. We calibrate these parameters lnetbedassumption of an ongoing
(fairly linear) increase in life expectancies. But this assumption needatdttiue. We have also out-
lined alternative approaches for specifying future period parametersiay one of those approaches
may be closer to reality. However, the approach of linear life expectaxtcgpmlations is rather con-
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servative compared to the most common approach of projecting mortality impenis based on fixed
age and possibly cohort parameters. The latter approach coincide®tiitig $uture period parameters
equal to zero in our setting which lead to smaller values for future life expeietmat least for German
males (see Figure 7).

Model uncertainty or the risk of changes, respectively, is also inhémeghe assumptions on how the
mortality evolutions of different populations may relate to each other. Warasthat the mortality ex-
periences for males and females become very similar when we averageragesfers for the projection.
Moreover, we postulate narrowing life expectancies between both geride supposed long-term dif-
ference of three years is nothing else but an informed guess though. r8imila assume an equal
long-term trend in life expectancies for all populations in Europe. In fdetexpectancies in Europe
might diverge again with a significantly steeper increase for at least sooméris. On the other hand,
mortality experiences in Europe may become even more similar with pretty mucheggusarameters
for all populations in the long run. Not necessarily related to the issuerafecgence or divergence
is the general possibility of changes in the age dependency of mortality ietpeows with time. We
already mentioned this uncertainty in the previous section.

We think the most effective way to account for the aforecited uncertaiigtiEsincrease the slope of
assumed life expectancy gains. It can be carried out easily and indhargins for all ages increasing
with time which is in line with the nature of the uncertainties. For the next yeargreveather well
informed about the forthcoming mortality evolution (as long as no mortality/longskibgk occurs) but
in the long run uncertainty becomes considerable. Specifying an adbgst&ieper slope however is
not that simple. Possibly, the historical slopes for individual populatiansprovide some insight into
the possible range of future slopes for the total population.

Another significant model uncertainty may be contained in the smoothing, ticydar the smoothing
of the cohort parameters. If the portfolio of a pension fund or an anqudyider consists of only a
few cohorts with extraordinary mortality improvements the smoothing may hide thealaoortality
experience and lead to insufficient reserves. Therefore, fordistinct portfolios it may be necessary
to analyze the risk situation based on a mortality projection which is not or omtialhagraduated.
The general inclusion of margins in a graduated projection to accousufidr a case does not seem
imperative though.

All the highlighted issues underline the significance of model uncertaintet$hair increase with time
— not only in our model but in any model for the projection of future mortalitgezience. Obviously,
margins can help mitigate these uncertainties but the most effective appredamly is to update
mortality projections regularly.

4.2 Parameter Uncertainty

All parameters in our model are only fitted to a limited number of data points whichlsoeblurred

by noise to some extent. This induces parameter uncertainty which shouttdenéed for in a con-
servative projection. In general, parameter uncertainties seem railégible compared to the model
uncertainties and the risk of changes. This holds in particular for thenedeas fitted to the historical
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data. For instance, if we underestimated age parameters this would be satreewlpensated for by
larger period parameters in the projection given a fixed life expectaricgpetation. However, for the

sake of completeness, we still want to outline how parameter uncertaintiesenggahbtified.

For the age and cohort parameters a bootstrap could be perfdfrieissi et al. (2005) and Brouhns et
al. (2004) describe a residual bootstrap or a parametric bootstrapcte®ly, for the Lee-Carter model
which could be applied in our setting as well. The parameter uncertainty inttve foeriod parameters
stems from the uncertainty in fitting the regression line to historical life expeiesnHere confidence
bounds for the regression parameters can be derived analytically.

4.3 Basis Risk

A risk not related to the construction of the projection but to its application is biak. Basis risk arises
from the use of a projection for a population different from the one itdragnally been constructed
for. In this paper, we have derived a projection for the generallptipn of German males but we might
want to apply it to a population of insured or pensionérs.

If one population is a subpopulation of the other, as the insured are apuibtion of the general
population, future mortality evolutions should not diverge until infinity. Heere over the next years
mortality improvements may differ as we have observed for European gimmdan the previous sec-
tion. Stronger improvements of the subpopulation would be critical in partictife challenge is now
to quantify this difference. Here, we need to distinguish two cases.

If no data is available for the subpopulation it is hardly possible to measwise sk and to adjust
the projection accordingly. One would have to rely on expert opinion assiply, information from
other (sub)populations. If some data is available but not sufficient &ddhnivation of a full projection
our setup allows to quantify basis risk. We can carry age and cohaieders from the reference
population over to the subpopulation and fit only the period parameters talbpeulation’s limited
data. These period parameters are possibly more volatile than those fopittedlyylarger reference
population but the average level of both parameter sets should be veryrsiSidaificantly different
levels in the period parameters, on the other hand, would indicate the need &ajustment to the
projection according to the difference. If one questions the adequalcg age parameters or the cohort
parameters basis risk in these parameters could be measured analogously.

5 Comparison with other Projection Models

In this section we compare our projection model to alternative models andrsivowur approach adds
to the existing literature. We focus on qualitative aspects as most existingwojenodels describe
the future evolution of mortality rates instead of mortality improvements. Thus,eatdjuantitative

comparison is difficult and may be misleading. However, one generahtaby@of our approach in many

YIn our case, the bootstrap would only work for age parameters up t85agsbove, expert opinion would be required, as
for the calibration of the parameters in the first place.

8Note that, here, we focus on the projection and thus differences in the fthianges in mortality rates only. Differences
in the levels of mortality rates are accounted for by using appropriatetbies.
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situations is that we model mortality improvements directly. For the derivatiortaoidard) projections,
the modeling of the level of mortality is redundant. It only binds some of the ngataimeters and thus,
in general, requires a more complex model to provide comparable results.

A very popular projection model is the P-spline model of Currie et al. (R004ch we have already
used above for smoothing mortality data. In the previous section, we sathénft to historical data
is comparable with the fit of our model in the sense that both models detecsiveitgr structures in
the data. However, our model offers advantages in the projection of lihontaprovements. We are
very flexible in projecting the level of future mortality improvements which is Valle&or two reasons:
We can derive coherent forecasts for several populations andmessily specify alternative scenarios,
e.g. with and without margins. In the P-spline model, the level of future mortalityduements is fixed
by model assumptions. This level may or may not be reasonable and danadjusted according to
information from other populations.

Mortality projections have also often been derived as the central tragstof stochastic mortality
models. Starting with the model of Lee and Carter (1992), a bunch of sudklsbas been proposed
over the last two decades and some of them have also been extended tmkilent projections (see,
e.g., Li and Lee (2005) and Cairns et al. (2010)). However, mosteoiitbdels do not allow for cohort
effects which are significant and thus highly relevant for many popuktidhthey do incorporate a
cohort component like the Lee-Carter extension of Renshaw and iHahef2006) the fitting often
becomes unstable. Moreover, these models are generally specifiediasopéous as possible to speed
up simulations. This obviously worsens the model fit and thus the quality ofrifjegtion. As an
example, we cite the age dependent parameters in the Lee-Carter modelamimultiplied by the
time index. These parameters determine the level of mortality improvements aswred wolatility in
simulated mortality rates. Thus, they are not fitted as to provide the most placsiiital projection in
general. Moreover, Lee and Miller (2001) show that the Lee-Cartereitoas tended to underpredict
life expectancy gains for most countries. This is due to the assumption af tihaages in log mortality
rates over time which is an assumption underlying most of the commonly used martadiis. Thus,
this seems to be a general issue with those models and it is critical when denigjactions for actuarial
purposes.

In the previous sections, we have already cited Jarner and Krygkt 2o also propose a model for
coherent projections. However, they allow for less variability betweerptipeilations as they derive
one projection for the total population and model random fluctuations drthis projection for the
individual populations. Moreover, they pay less attention to details in the litpgaucture by fitting a
much more parsimonious model without a cohort component.

Finally, we compare our model to the Continuous Mortality Investigation (2GMI) mortality pro-
jection model. Both models are quite similar in structure and flexibility as they allowder cohort,
and time dependent mortality improvements. However, we show how our moubkdally calibrated
whereas the CMI leaves the derivation of parameter values to the ugeairticular, we provide ideas
how long-term mortality improvements can be obtained and the fitting to extrapdifatedpectancies
determines changes in mortality improvements over time automatically. The user@itihmodel has
to decide over which time horizon age and cohort dependent mortality impesus move from their
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current level to the expected long-term level. Thus, our methodologyda® additional insights which
can be informative for the calibration of the CMI model as well.

In conclusion, we think our model adds to the literature on mortality projectisitsséiminates several
drawbacks of existing projection models. Moreover, our methodologyris iméuitive which clearly
helps motivating the use of a particular projection.

6 Conclusion

Projections of future mortality evolutions are particularly necessary focdhgoutation of reserves and
risk management in the insurance business and for population foreoastscial security systems.
The derivation of reliable projections, however, is very sophisticateldsame projections which are
currently used in practice seem questionable. In this paper, we devptopeation methodology which
provides highly plausible extrapolations of historical mortality improvement ipetteOur model is
very flexible in terms of changes in the future level of improvements and esept different ideas for
fixing this level. The most promising idea is the fitting of future period paramé&bezstrapolated life
expectancies. The extrapolation of historical life expectancies is usuallig moce obvious than the
extrapolation of individual mortality rates or mortality improvements. At the same timeapproach
provides a measure for the strength of a projection in just one aggregatestic. But most importantly,
it allows for the incorporation of information from other populations. Cehéextrapolations of life
expectancies for different populations induce coherent and playsibjections for those populations
at an overall level. As we have seen in Section 3, the simultaneous catgdest several populations
can have a significant impact on the resulting projection for each singldatam.
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