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Abstract

PhD Title: Mortality Modelling for Actuarial applications: Challenges and

Implications for Pension Sustainability and Insurance Pricing

Name: Linda Daly

Mortality forecasting and longevity risk are critical concerns for insurers, employ-
ers o�ering occupational pension schemes, and governments providing state pensions
and social welfare bene�ts. Moreover, as many countries, including Ireland, expe-
rience an ageing population, increased longevity raises pension costs, potentially
undermining the sustainability of funding models used by both Companies and the
state. However, accurately estimating mortality rates and forecasting future trends
remains a signi�cant challenge. For instance, the SARS-CoV-2 pandemic had a pro-
found impact on mortality rates from 2020-2022 with potential long-term e�ects.
While the death toll of a country often serves as the ultimate indicator of pandemic
impact, the calculation of excess deaths (deaths beyond expected levels) is complex
and subjective. Seasonal mortality variations also pose risks, with factors such as
climate change, medical advances, and improvements in living standards disrupting
established patterns, adding uncertainty for insurers and policymakers. Accurate
mortality estimation for those retiring due to ill health is another complex issue.
Ill-health retirement rates increase with age and are higher for females. As pension
schemes raise retirement ages in line with increasing life expectancy and more fe-
males join the workforce, the mortality of ill-health retirees will become increasingly
important. This is an especially important consideration for employers providing
occupational pensions and insurers providing insurance for these bene�ts and/or
selling impaired life annuities. Modelling these mortality challenges is particularly
di�cult for smaller populations, where mortality rates can be highly volatile. In
Ireland and Northern Ireland, current national life tables have shown inconsistent
patterns, lack regional coherence, and exhibit volatile mortality trends. By jointly
modelling mortality across di�erent populations, the accuracy and coherence of fore-
casts can be improved. Joint modelling, or multi-population modelling, enhances
the robustness of �nal graduated rates by allowing populations to borrow strength
from each other. This thesis provides insights into these evolving mortality chal-
lenges, contributing to more informed decision-making and ultimately improving the
long-term sustainability of pension schemes (both private and public) and increasing
the o�ering of accurately priced pension products.
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Chapter 1

Introduction

1.1 Background

As the population ages, the demand for resources by the elderly will rise, placing

signi�cant pressure on both public and private �nances. Longevity risk, the pos-

sibility that individuals live longer than expected poses a signi�cant challenge for

life insurers, pension providers and governments. When life expectancy is underes-

timated, it can lead to insu�cient reserves to cover long-term payouts (Bayraktar

et al. 2009). Therefore, accurate models of current and future mortality are vital

for managing insurers and pension providers long-term �nancial obligations.

While global life expectancy has continued to rise,the rate of improvement has

slowed in wealthier nations, particularly in Europe. Factors such as rising obe-

sity, heart disease, and an aging population have contributed to this deceleration

(Marmot, Stansfeld, Patel, et al. (2020), Wise (2025), O�ce for National Statistics

(2021), and Kabir and O'Brien (2023)). A recent study highlights that environ-

mental factors such as socio-economic status, lifestyle, and healthcare access now

play a more signi�cant role in longevity than genetics (Argentieri et al. (2025)).

Speci�cally, these environmental in
uences, including both lifestyle choices and liv-

ing conditions, are estimated to be about ten times more important than genetics

in determining healthy aging and risk of premature death. Furthermore, this study

found that the combined e�ects of age, sex, and environmental factors account for
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approximately 66% of mortality risks. Separately, in the United States, recent trends

indicate declines in life expectancy, driven by factors such as opioid overdoses and

chronic diseases (Case and Deaton (2020) and Ruhm (2018)).

Emerging demographic challenges, such as declining birth rates coupled with

aging populations signi�cantly impacts longevity risk management. As people live

longer, pension systems face greater strain due to longer payout periods whereas

fewer younger people entering the workforce create challenges for funding these

obligations. For example, Ireland is ageing at the fastest rate in Europe, and those

aged 65+ has grown by 35% over the past decade and more than three times the

rate of growth in the overall population (Department of Health, Ireland (2024)).

Meanwhile Irish births are down by 20% (Journal (2024)). This demographic shift

will exert considerable �nancial pressure on the sustainability of the public sector

pension scheme which is operated on a pay-as-you-go systems.

Risk based regulatory regimes have also impacted on longevity risk management

for insurers. Under Solvency II, the mortality shock allowance is a standard stress

scenario that assumes a permanent 15% increase in mortality rates across all ages

(European Commission (2015)). It ensures insurers hold su�cient capital to cover

higher-than-expected death claims under life insurance contracts (EU (2009) and

European Union (2015)). The EU's IORP II regulation, e�ective since January 2022,

emphasis's the necessity for pension schemes to manage all risks including longevity

risk (Pensions Authority (2025)). It requires governance, actuarial assessments, and

transparency, ensuring that schemes are well-prepared for the risk posed including

that of increasing life expectancy (EIOPA 2025). Furthermore, as the outstanding

liabilities of DB pension schemes mature, more schemes will approach their end-

game funding objectives, whether through self-su�ciency or a buy-out. During this

transition, as investment risk declines, longevity risk is likely to become a more

prominent component of overall scheme risk (L&G 2016). Consequently, accurate

mortality modelling has become increasingly important.

Longevity risk management in Ireland is hampered by the limited analysis and
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modelling of Irish mortality to date. This thesis attempts to address this by investi-

gating mortality trends and the factors a�ecting mortality in Ireland and Northern

Ireland. Risk management for pension scheme requires an understanding of all

categories of pension scheme members. This thesis also analyses and models the

mortality of ill-health and dependant pensioners.

1.2 Generalised Additive Models

1.2.1 Introduction

Throughout this thesis, Generalised Additive Models (GAMs) have been exten-

sively used as the primary modelling technique. GAMs o�er a 
exible approach to

capturing complex, non-linear relationships within data, making them particularly

well-suited for mortality modelling where factors such as age, time, and seasonal ef-

fects can interact in di�erent ways (Wood (2006), Hall and Daly (2016), and M•uller,

J•urges, and K•onig (2006)). This section provides an introduction to GAMs, explain-

ing their underlying methodology and highlighting the reasons they are especially

e�ective for modelling mortality trends and patterns. By allowing smooth functions

to model predictor variables, GAMs can accommodate subtle variations in mortality

rates, which traditional linear models may fail to capture adequately (Booth and

Tickle (2008) and Wood (2006)). Given GAMs are extensions to Generalised Linear

Models (GLM's), the basic principles of linear and GLMs are �rst reviewed, followed

by an extension to the framework of GAMs.

1.2.2 Background

Linear models are statistical models in which a univariate response is modelled as

the sum of a 'linear predictor' and a zero mean random error term (Wood (2006)).

Predictor variables associated with the response variable are combined with un-

known parameters (estimated from the data) to enable prediction. GLMs (Nelder

and Wedderburn (1972)) extend traditional linear models by relaxing two important
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assumptions:

ˆ The assumption of a normally distributed response variable is relaxed. In-

stead, GLMs allow the response variable to follow any distribution from the

exponential family (e.g., normal, binomial, Poisson, gamma). This 
exibil-

ity allows GLMs to model a wide variety of response types including counts,

proportions, and binary outcomes.

ˆ The strict linearity assumption between predictors and response is relaxed.

GLMs assume that the expected value of the response variable is related to

a linear combination of predictors via alink function, which is a smooth,

monotonic, and di�erentiable function (McCullagh and Nelder (1989a)).

A GLM consists of three components:

1. Random component: The distribution of the response variable, assumed to

come from the exponential family.

2. Systematic component: A linear predictor of the form

� i = x>
i � ; (1.1)

wherex i is a vector of covariates and� is a vector of coe�cients.

3. Link function: A function g(�) such that

g(� i ) = � i = x>
i � ; (1.2)

where� i = E[Yi ] is the expected value of the response.

The distribution of the response variableYi is assumed to come from the expo-

nential family, with probability density (or mass) function:

f (yi ; � i ; � ) = exp
�

yi � i � b(� i )
a(� )

+ c(yi ; � )
�

(1.3)

where:
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ˆ � i : the canonical (natural) parameter,

ˆ � : the dispersion parameter,

ˆ a(�); b(�); c(�; �): known functions speci�c to the distribution.

Di�erent GLMs arise from di�erent choices of link functions and distributions:

Model Response Distribution Link Function
Linear regression Normal Identity: g(� ) = �

Logistic regression Binomial Logit: g(� ) = log
�

�
1� �

�

Poisson regression Poisson Log: g(� ) = log( � )
Gamma regression Gamma Inverse: g(� ) = 1 =�

1.2.3 Choice of Distribution for Modelling Mortality Data

Poisson Distribution

The Poisson distribution is speci�cally designed to model counts of events occurring

independently within a �xed interval of time or space, making it the standard choice

for modeling death counts in epidemiological and demographic studies (Clayton and

Hills (2013)). It assumes that the mean and variance of the response are equal|a

property known as equidispersion.

Owing to its suitability for modeling rare, independent death events over �xed

intervals, the Poisson model has been widely adopted by actuaries, epidemiologists,

and demographers alike. It is routinely employed in large-scale mortality studies,

including those conducted by the Continuous Mortality Investigation (2017; 2018;

2021). Despite its widespread use, the Poisson model's equidispersion assumption

is often violated in practice|particularly at older ages, where empirical data tend

to exhibit overdispersion (Macdonald, Richards, and Currie (2018)).

In mortality modeling, the force of mortality � x (or hazard rate) represents the

instantaneous rate of death at exact agex, whereas themortality rate qx denotes

the probability of death between agesx and x + 1. Although related by qx �

1 � e� � x , they serve distinct modeling roles. The Poisson model typically models
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the force of mortality directly, which provides a continuous-time framework favored

in recent actuarial literature (Haberman and Renshaw (2011) and Dickson, Hardy,

and Waters (2013)). Conversely, some traditional actuarial approaches, such as life

table methods, work directly with annual death probabilitiesqx (Andersen et al.

(1993)).

The Poisson model for mortality assumes the number of deathsDx;t at age x

and time t follows a Poisson distribution:

Dx;t � Poisson(E c
x;t � � x;t )

where:

ˆ Dx;t is the observed number of deaths,

ˆ E c
x;t is the central exposed to risk,

ˆ � x;t is the force of mortality.

Binomial Distribution

The binomial distribution can also be used to model mortality data but under more

constrained circumstances. Speci�cally, the binomial model is appropriate when

each individual in a �nite population is subject to a binary outcome such as survival

or death and the total number of individuals at risk (i.e., the number of trialsn) is

known. For example, in a clinical trial with n patients, where each patient either

survives or dies within a �xed period, the number of deathsY can be modeled as

Y � Binomial(n; p), where p is the probability of death.

The Binomial model for mortality assumes the number of deathsDx;t at age x

and time t follows a Binomial distribution:

Dx;t � Binomial(Ex;t ; qx;t )

where:
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ˆ Dx;t is the observed number of deaths during the period,

ˆ Ex;t is the initial number of individuals exposed to risk at the start of the

period,

ˆ qx;t is the probability of death during the period.

However, in many observational settings, the population at risk may not be �xed

or clearly de�ned, or the number of individuals may be large and the probability of

death small. In such cases whenn is large andp is small, the binomial distribution

can be well approximated by the Poisson distribution making Poisson models more

computationally convenient and interpretable for mortality data (Clayton and Hills

(2013)).

1.2.4 Generalised Additive Models

GAMs extend GLMs by allowing the linear predictor to include smooth functions of

the covariates. By relaxing the linearity assumptions of GLMs, GAMs can capture

complex relationships while still retaining a simple linear structure among the pre-

dictor variables. Furthermore, two-dimensional smooth functions enable the joint

modelling of covariates, allowing interactions to be represented 
exibly within the

model. The general form of GAM is as follows:

g
�
E[Y j X ]

�
= � 0 +

X

j 2 L

� j x j +
X

k2 S

f k(xk) (1.4)

where:

ˆ Y is the response variable,

ˆ X = ( x1; : : : ; xp) is the vector of predictors,

ˆ g(�) is a known link function that relates the expected value ofY to the

predictors,
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ˆ � 0 is the intercept,

ˆ
P

j 2 L � j x j represents linear (non-smooth) terms,

ˆ
P

k2 S f k(xk) represents smooth functions of predictors, estimated using splines

or other smoothing techniques,

ˆ L and S partition the set of predictors: L [ S = f 1; : : : ; pg where p is the

number of predictor variables.

Various smoothers can be used to estimate the functionsf j in GAMs, including

cubic splines, B-splines, natural splines, thin plate splines and thin plate regression

splines (Wood (2003) and Wood (2006)). In this thesis, the smooth functions are

implemented using thin plate regression splines. Unlike other spline-based smooth-

ing methods, thin plate regression splines avoid the need to specify knot locations

and naturally extend to multi-dimensional covariates (Hall and Friel (2011), Hall

and Daly (2016), Wood (2003), and Wood (2006)). The degrees of freedom (DOF)

in the model speci�cation determine the smoothness of the smooth functions. When

specifying the DOF for a smooth function in a GAM a trade-o� is needed between

a su�ciently high DOF to correctly capture variations in the data and a low DOF

to allow the overall trend in the data to be modelled. The models were �tted using

penalised maximum likelihood where the model likelihood is modi�ed by the addi-

tion of a penalty for each smooth function penalising its \wiggliness". Each penalty

is multiplied by an associated smoothing parameter which controls the trade-o�

between goodness of �t and smoothness. The application of the penalties during

�tting reduces the DOF in the model speci�cation to yield the e�ective DOF for

the smooth functions. The smoothing parameters are estimated automatically from

the data. The DOF in the model speci�cation place an upper limit on the 
exi-

bility of a smooth function while the smoothing parameters determine the e�ective

DOF within that limit. The lower the e�ective DOF the smoother the resulting

smooth function will be. The choice of DOF for the smooth functions in the GAM

speci�cation is not generally critical as long as they are su�ciently large to model
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the underlying smooth structure as the penalisation process determines the e�ective

DOF. Further details on specifying smooth functions for GAMs can be found in Hall

& Friel (2011). The appropriateness of the DOF can be checked by extracting and

smoothing the deviance residuals with respect to the covariates but using signi�-

cantly increased DOF to ensure that there is no pattern in the residuals that could

be explained by increasing the DOF (Wood (2006). Throughout this thesis GAMs

have been implemented using R package mgcv (Wood (2001a) This provides a range

of functions for �tting GAMs and checking the model �t.

In summary, GAMs provide a 
exible extension to GLMs by allowing non-linear

relationships between predictors and the response variable through smooth func-

tions. An essential characteristic of mortality rates is their smooth progression from

one age to the next. However, raw mortality data often contain irregular 
uctuations

due to random variation or sparse observations which can lead to unrealistic age to

age jumps if modelled directly. The smoothness constraints in GAMs help to reg-

ularise the �tted mortality curves, enforcing gradual changes across ages and time,

preventing over�tting to noisy data, and ensuring realistic, stable estimates essential

for constructing life tables (Currie (2004) and Wood (2017)). Smooth functions in

GAMs facilitate capturing gradual mortality trends and cohort e�ects, which are

important for actuarial and demographic applications (Camarda (2008)). In con-

trast, GLMs require explicit speci�cation of the functional form of covariates, often

leading to rigid or piecewise approximations that may miss important subtleties in

mortality data (Wood (2017), Currie, Durban, and Eilers (2004), and Currie (2006)).
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Chapter 2

Mortality Trends across Ireland &

Northern Ireland

2.1 Background

Despite being part of the same island, Ireland and Northern Ireland are governed

separately, with Ireland operating as an independent state and Northern Ireland

forming part of the United Kingdom. This distinction has led to notable di�erences

between the two regions in areas such as healthcare systems, pension structures, and

broader demographic characteristics. This chapter examines the variation in mortal-

ity rates between Ireland and Northern Ireland, and introduces a novel methodology

for co-modelling the mortality of both regions. The chapter is structured as follows:

ˆ Section 2.2 presents a published paper, for which I was the lead author on the

joint modelling of Irish and Northern Irish Life Tables (Daly and Hall (2025)).

ˆ Section 2.3 presents additional mortality measures (not covered Section 2.2)

between Ireland & Northern Ireland.

10



2.2 Paper: Mortality in Ireland and Northern

Ireland 2000-2021 and the Joint Modelling of

Irish and Northern Irish Life Tables

Abstract

Mortality assumptions for actuarial applications in Ireland and Northern Ireland

are typically set by reference to national life tables or industry speci�c life tables

of the Continuous Mortality Investigation of the Institute & Faculty of Actuaries,

UK. Recent national life tables for Ireland and Northern Ireland are poor exhibiting

unreasonable mortality patterns, volatile mortality rates, terminate at relatively

low ages and lack coherence between the regions. This paper investigates mortality

trends for Ireland and Northern Ireland for 2000-2019 and presents a method for

jointly modelling the mortality of the regions over the period 2017-2019. Mortality

at younger ages was modelled using Generalized Additive Models (GAMs) where

mortality between the regions was implemented using di�erence smooths, while a

Kannisto model was used to model aggregated regional mortality data at older

ages. The resulting life tables provide smooth, coherent, region-speci�c mortality

rates which extend well beyond the age range of the current life tables and provide a

more appropriate basis for mortality assumptions for actuarial applications. Finally,

excess mortality was used to assess the impact of the Covid-19 pandemic on the

mortality of both regions for 2020-2021. Small populations experience relatively

high mortality volatility which can impact estimates of excess mortality. Hence,

excess mortality was calculated by reference to the jointly modelled 2017-2019 life

tables and, also, by reference to projected mortality rates for 2020 and 2021 obtained

by �tting a Lee-Carter model to pre-smoothed mortality rates for 2000-2019. Two

dimensional GAMs were used to pre-smooth the mortality rates.

11



2.2.1 Introduction

Ireland experienced the largest increase in life expectancy of the EU-15 countries

over the period 2000-2019 and overtook life expectancy in Northern Ireland in the

early years of the 21st century for the �rst time since the establishment of the

Irish Republic and the partition of Northern Ireland in 1922. Due to the lack

of industry speci�c assurance or pensioner life tables, mortality assumptions for

actuarial applications in Ireland and Northern Ireland are typically set by reference

to national life tables or the life tables of the Continuous Mortality Investigation

(CMI) of the Institute & Faculty of Actuaries, UK. In particular, the mortality

assumptions in the Actuarial Standards of Practice (ASPs) issued by the Society of

Actuaries in Ireland are speci�ed relative to the national life tables for Ireland. The

quality of recent national life tables for both Ireland and Northern Ireland is poor

with the life tables exhibiting unreasonable mortality patterns, volatile mortality

rates, terminate at relatively low ages and lack coherence between the regions (see

Appendix). Jointly modelling mortality rates for related populations can result in

improved mortality estimates by borrowing strength across the populations (Li and

Lee (2005) and Enchev, Kleinow, and Cairns (2017)). This paper investigates the

mortality of Ireland and Northern Ireland in the 21st century and proposes a method

for jointly modelling the mortality of the regions to provide improved, region-speci�c,

mortality estimates. The resulting life tables provide smooth, coherent, region-

speci�c mortality rates which extend well beyond the age range of the current,

national life tables and provide a more appropriate basis for mortality assumptions

for actuarial applications, particularly considering population aging.

The Central Statistics O�ce (CSO) in Ireland is responsible for producing the na-

tional life tables for Ireland, referred to as the Irish Life Tables (ILT), following each

census which are held approximately every �ve years. The most recent table, ILT

17, covers the period 2015-2017 and provides graduated mortality rates by gender

for ages 0 to 105 (CSO (2020)). Despite graduation, recent Irish Life Tables (namely

ITLT 16 (covering the period 2010-2012) and ILT 17) exhibit 
uctuating mortality
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rates, particularly at high ages. Annual life tables are produced for Northern Ireland

by the O�ce for National Statistics (ONS), UK and are based on a three-year rolling

average of deaths and population estimates for ages 0-100. The annual life tables

for Northern Ireland are not graduated and exhibit mortality volatility across the

age range. The most recent fully graduated life tables for Northern Ireland cover

the period 2000-2002 and hence do not re
ect the signi�cant changes in mortality

that have occurred since the start of the century. Separately producing life tables

for Ireland and Northern Ireland also results in regional mortality estimates which

lack coherence. Comparison of Irish Life Table 17 for Ireland and the corresponding

national life table for Northern Ireland for the period 2015-2017 showed unrealistic

mortality divergence at high ages, particularly for males.

Jointly modelling the mortality of two (or more) populations aims to improve the

resulting mortality estimates by exploiting the mortality relationship(s) between the

populations. Tang et al (2022) discuss jointly modelling male and female mortality

rates using adaptive P-splines to graduate mortality rates for England & Wales.

The joint modelling approach allows coherent estimates of male and female mortal-

ity rates which bene�t from borrowing strength across the sexes at the older ages

increasing the robustness of the �nal graduated rates. As shown by Li and Lee

(2005), Cairns et al (2011), Kleinow (2015) and Shi et al (2023), multi-population

mortality forecasting has become increasingly common in recent years and aims

to improve the coherence and accuracy of mortality forecasts for di�erent popula-

tions by jointly modelling their mortality over time. Generalized Additive Models

(GAMs) are widely used in mortality modelling (Yang et al. (2012), Hilton et al.

(2019), Hall and Daly (2016), and Feng (2022)) and GAMs were used in the grad-

uation of the most recent English Life Table (English Life Table (ELT) No. 17)

(Dodd et al. (2018)). This paper extends the use of GAMs for graduating mortality

rates by jointly modelling the mortality of Ireland and Northern Ireland using di�er-

ence models. Di�erence models are based on relative di�erences between datasets

and can result in more parsimonious models where the di�erences vary in a sim-
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ple way. Mortality rates are graduated for both regions for the period 2017-2019

(i.e. pre-pandemic) to allow life expectancies to be calculated for males and females

respectively.

The Covid-19 pandemic triggered the largest mortality shock in Western Europe

since World War II (Aburto et al. (2022)) and abruptly halted the mortality im-

provements of the early decades of the 21st century for Ireland and Northern Ireland.

The impact of the pandemic varied across the two regions re
ecting di�erences in

the respective government responses to the pandemic. By the end of 2021 reported

deaths from Covid-19 in Ireland and Northern Ireland were approximately 6,000

and 4,000 respectively (HPSC (2024) and NISRA (2022)). The overall impact of

Covid-19 on mortality, both direct and indirect, is more di�cult to quantify and this

paper investigates the impact of the pandemic on mortality in Ireland and Northern

Ireland by analysing excess mortality for 2020-2021 for the regions. Excess mortality

is calculated by comparing the actual deaths in 2020 and 2021 with the expected

deaths in the absence of the pandemic. Small populations experience relatively high

mortality volatility which can impact excess mortality calculations. To allow for this

we calculate the expected deaths for the regions by reference to the jointly mod-

elled life tables for 2017-2019 and also by reference to projected mortality rates for

2020 and 2021 based on smoothed, pre-pandemic, mortality trends. The Lee-Carter

model was used to project the mortality rates for 2020 and 2021 for the regions

and was �tted to mortality rates for 2000-2019 pre-smoothed using 2-dimensional

GAMs. The ultimate e�ects of Covid-19 on the mortality of the regions will emerge

over time as Covid-19 becomes endemic in the population and the e�ects of long

Covid become apparent.

The paper is organised as follows: section 2.2.2 describes the data used in the

investigation, section 2.2.3 analyses mortality trends in Ireland and Northern Ire-

land over the period 2000-2019 in advance of graduating mortality rates for the

regions for the period 2017-2019 in section 2.2.4, section 2.2.5 investigates the im-

pact of Covid-19 on the mortality of the regions in 2020 and 2021 while section 2.2.6
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concludes with a discussion of the results.

2.2.2 Data

Death and population data for Ireland and Northern Ireland were obtained from

the Human Mortality Database as of 06 February 2025 (HMD (2025)). Deaths

and population estimates were provided by single year of age and gender for the

years 2000 to 2022. The population estimates were e�ective on the 1st January and

mid-year population estimates by gender for Ireland and Northern Ireland for ages

0-100 for the years 2000 to 2021 were obtained by averaging the HMD population

estimates across consecutive years.

Both regions experienced a gradual ageing of the population over the period. To

illustrate the change in the age structure of the population over the period, Figure

2.1 presents the population by age group (0-29 30-59, 60-79, 80-95) and gender over

the period 2000-2021 for each region. Figure 2.2 presents the corresponding change

in the population proportions relative to the year 2000 for both regions. For Ireland,

the proportion of the population aged 60 and over increased by approximately 6% for

males and 4% for females between 2000 and 2021. The corresponding increases for

Northern Ireland were approximately 7% for males and 5% for females. The relative

di�erence in population size between the regions also changed over the period with

Ireland experiencing a larger population increase compared to Northern Ireland.

Northern Ireland represented approximately 31% of the combined population of

Ireland and Northern Ireland in 2000 but only 27% of the combined population by

2021.
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Figure 2.1: Population of Ireland (IRL) and Northern Ireland (NI) by age
group (0-29, 30-59, 60-79 and 80-95) for males and females over the period
2000-2021.

Figure 2.2: Percentage change in population proportions (relative to 2000)
by age group (0-29, 30-59, 60-79 and 80-95) and gender (males and females)
for Ireland (IRL) and Northern Ireland (NI) over the period 2003-2021.

2.2.3 Mortality in Ireland and Northern Ireland 2000-2019

Mortality in Ireland and Northern Ireland was analysed using directly age stan-

dardised mortality rates (ASMRs) standardised to the 2013 European Standard

Population (ESP 2013). The ASMR for age group j-k in year t was calculated as

follows:

d0
x;t =

dx;t

Px;t
� SPx (2.1)
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ASMR j � k =

P k
x= j d0

x;t
P k

x= j SPx

(2.2)

where dx ;t is the number of deaths agedx in year t, Px ;t is the corresponding

population and SPx is the 2013 European Standard Population at agex. The 2013

European Standard Population is provided in �ve-year age bands and for calculation

purposes it was assumed that the population was split equally across all �ve ages in

each age band.

Figure 2.3 presents the trends in the ASMR by region for males and females

respectively over the period 2000 to 2019. The ASMR was calculated based on

deaths by single year of age to age 94 and for ages 95+ combined. As expected,

mortality declined across both regions over the period, though, in general, a levelling

o� of the mortality decline can be seen in the second decade. At the beginning of

the 21st century, Ireland experienced higher overall mortality relative to Northern

Ireland. However, a gradual shift transpired over time, leading to lower overall

mortality in Ireland for both genders by 2019. This reversal initially manifested

among females around 2006 and approximately 10 years later among males around

2016.

Figure 2.3: ASMR for Ireland (IRL) and Northern Ireland (NI) for the 20-
year period 2000-2019 for males and females.
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The reversal of the mortality gap between Ireland and Northern Ireland varied

by age group. Figure 2.4 presents the trends in the ASMRs for age groups 0-59,

60-79 and 80-95 by region for males and females respectively over the period 2000

to 2019. The levelling o� of the mortality decline in the second decade can again

be seen in each case with, the exception of the youngest age group, 0-59, in Ireland.

At the beginning of the 21st century, Ireland experienced higher mortality across all

three age groups relative to Northern Ireland for both males and females. However,

by 2019, the situation had reversed for age groups 0-59 and 60-79, with Ireland

experiencing lower mortality for both age groups and genders. The reversal in the

mortality gap occurred �rst amongst the youngest age group (0-59) during the early

years of the new century, subsequently extending to the age group 60-79 in later

years. In general, the mortality gap between the regions for these two age groups

widened steadily following the reversal. For the oldest age group, 80-95, for both

males and females, the gap between the regions declined steadily over the period

with convergence between the regions e�ectively achieved by the end of the period.

Figure 2.4: Trends in the ASMR for Ireland (IRL) and Northern Ireland
(NI) by age group for the period 2000-2019 for males and females.

To summarise the change in the relative mortality between the regions, Figure 2.5

presents the relative mortality risk (%) between Northern Ireland and Ireland in 2000
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and 2019 categorised by age group and gender. The reversal in mortality between

the regions over the period can clearly be seen for age groups 0-59 and 60-79 with a

lower mortality risk in Northern Ireland in 2000 compared to a signi�cantly higher

mortality risk in 2019. For age group 80-95, while there was a signi�cant di�erence

in mortality risk between the regions in 2000, this has diminished especially for

males where only minor di�erences exist in 2019.

Figure 2.5: Relative Mortality Risk (%) between Northern Ireland (NI)
and Ireland (IRL) by age group in 2000 and 2019 for males and females
respectively.

The large relative di�erences in mortality between the regions in 2019 for the

youngest age group is notable. At younger ages suicide is one of the leading causes

of death for both males and females with Northern Ireland experiencing a higher

suicide rate than both Ireland and the other UK regions (NISRA (2025a) and Samar-

itans (2019)). The reasons for the high suicide rate in Northern Ireland are complex

but are linked to the enduring legacy of the con
ict referred to as \The Trou-

bles" (1968-1998). Recent research has highlighted the high levels of post-traumatic

stress disorder, transgenerational con
ict related trauma and ongoing sectarian-

ism in Northern Ireland in explaining the region's persistently high suicide rate

(O'Connor and O'Neill (2015) and O'Neill and O'Connor (2020)) and ultimately

relatively high mortality rate at younger ages.
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Mortality improvements varied over the period and Figure 2.6 presents the av-

erage annualised mortality improvements by age group over the �rst two decades of

the 21st century for both regions. In general, Ireland experienced higher mortality

improvements relative to Northern Ireland in both decades with the exceptions show-

ing relatively similar improvements between the regions. Mortality improvements

were noticeably lower in the second decade, with the exception of the youngest age

group in Northern Ireland which experienced minimal improvements in mortality

during the �rst decade of the century.

Figure 2.6: Annualised mortality improvements by decade and age group for
Ireland (IRL) and Northern Ireland (NI) for males and females respectively.

2.2.4 Joint Mortality Modelling for Ireland and Northern

Ireland 2017-2019

A hybrid approach was used to jointly graduate the mortality rates for Ireland

and Northern Ireland for the period 2017-2019. For the majority of the age range,

where there was su�cient data to allow a semi-parametric smoothing approach

to be adopted, a Generalized Additive Model (GAM) was �tted to the data to

obtain smooth mortality estimates. At older ages, where the data is sparser, a

parametric Kannisto model was �tted to the data to obtain smooth estimates of the

mortality rates and to extrapolate beyond the �tted data. Mortality at ages under

1 is typically derived independently when constructing life tables and was excluded
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from this analysis.

Figure 2.7 plots the crude mortality rates for ages 1-100 for males and females

for each region for the period 2017-2019. The crude mortality rates for Northern

Ireland exhibit greater volatility compared to Ireland due to the lower data volumes.

Figure 2.8 plots the corresponding relative di�erence or ratio of the Northern Ireland

to Ireland crude mortality rates for males and females. The relative di�erence or

gap in mortality between Ireland and Northern Ireland is very volatile at young

ages where deaths are low for both males and females. For males, the mortality gap

between the regions increased in the mid-teens and a clear gap in mortality between

the regions can be seen for young adults. The mortality gap starts to narrow steadily

from about the late thirties converging by the early eighties. At ages over 90, where

data volumes are low, the volatility of the mortality gap starts to increase again.

For females, the gap in mortality between the regions tends to increase in childhood

followed by a slow but volatile decline until the early 50s. Thereafter, there appears

to be a relatively steady decline until the mortality rates converge by the late eighties

and early nineties. Again, there is an increase in the volatility of the mortality gap

from about the mid-90s as data volumes drop at later ages.

Figure 2.7: Crude mortality rates for Ireland (IRL) and Northern Ireland
(NI) for the period 2017-2019 for males and females respectively.
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Figure 2.8: Ratio of crude mortality rates for Northern Ireland (NI) / Ire-
land (IRL) for the period 2017-2019 for males and females respectively.

GAMs extend generalized linear models (GLMs) which model a linear relation-

ship between a non-normal responsey and predictors x1,.......,xn by allowing the

linear predictor to include smooth functions of the covariates. By relaxing the lin-

earity assumption of GLMs and allowing the linear predictor to include smooth

functions of the covariates GAMs allow complex relationships to be implemented

while still retaining a simple linear relationship between the covariates. The GAMs

were implemented using R (version 4.2.2) library package \mgcv" (version 1.8-41,

Wood (2001b)). The R library package \mgcv" allows smooth functions of factor

covariates to be implemented as di�erence smooths which model the di�erences be-

tween the factor levels relative to the baseline or reference factor level. Di�erence

smooths can result in more parsimonious models where the di�erences between the

factor levels vary in a simple way. As discussed, the gap or di�erence in morality

between Ireland and Northern Ireland was greatest at younger ages and tended to

decrease with increasing age. Consequently, it was decided to employ a di�erence

smooth in modelling the mortality of Ireland and Northern Ireland using GAMs.

Deaths were assumed to follow a Poisson distribution and the following GAM was

�tted to the data for Ireland and Northern Ireland:
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dx � Poisson(E c
x � 0

x ) (2.3)

log(� 0
x ) = � 0 + Region+ f 1(Agex ) + f 2(Agex ; byRegion= NI ) + log(E c

x ) (2.4)

where dx represents the number of deaths at agex and E c
x represents the cor-

responding central exposed to risk. The central exposed to risk was approximated

using the mid-year population estimates. Deaths and populations were aggregated

over the three-year period 2017-2019 and� 0
x represents the central mortality rate

which approximates the force of mortality,� , at agex + 1=2. Region is a 2-level fac-

tor variable with levels Ireland (reference level) and Northern Ireland respectively.

f 1 is a smooth function by Age for the reference level of the factor Region i.e.,f 1 is

a smooth function by Age for the data for Ireland.f 2 is implemented as a di�erence

smooth function which models the mortality of Northern Ireland relative to that of

Ireland (the reference level of the factor Region). Mortality rates for smaller popu-

lations are inherently more volatile due to lower data volumes hence the choice of

Ireland as the reference level smooth with a population more than double that of

Northern Ireland. The GAMs were �tted to data for ages 1-90 and separate models

were implemented for males and females respectively.

The R library package \mgcv" provides a choice of spline functions for imple-

menting smooth functions. Thin plate regression splines were chosen as unlike other

spline-based smoothing functions thin plate regression splines avoid the need to

choose \knot" locations (Wood (2003) and Wood (2006)). Hall and Daly (2016)

describe implementing GAMs, using thin plate splines, to model pensioner mortal-

ity rates. In summary, the degrees of freedom (DOF) in the model speci�cation

determine the smoothness of the smooth functions. When specifying the DOF for a

smooth function a trade-o� is needed between a su�ciently high DOF to correctly

capture variations in the data and a low DOF to allow the overall trend in the data to

be modelled. The models were �tted using penalised maximum likelihood where the

model likelihood is modi�ed by the addition of a penalty for each smooth function
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penalising its \wiggliness". Each penalty is multiplied by an associated smoothing

parameter which controls the trade-o� between goodness of �t and smoothness. The

application of the penalties during �tting reduces the DOF in the model speci�ca-

tion to yield the e�ective DOF for the smooth functions. The choice of DOF for the

smooth functions in the GAM speci�cation is not generally critical as along as they

are su�ciently large to model the underlying smooth structure as the penalisation

process determines the e�ective DOF.

Table 2.1 presents the �nal �tted models for males and females respectively, while

Figure 2.9 presents the corresponding residual plots. The adjustedR2 values for both

models were 99.9%. When �tting the models, the degrees of freedom for each smooth

function are set using the parameter \k" in the smooth function speci�cation. For

the �nal models, the parameter \k" was set to 50 for each smooth. As a check on

the degrees of freedom chosen, the models were repeatedly re�tted with the \k"

values for each smooth set to 60, 70 and 80 in turn. In each case, increasing the

speci�ed degrees of freedom had minimal impact on the e�ective degrees of freedom

of the smooth functions. The p-values for all terms, for both males and females,

were highly signi�cant (all zero to six decimal places).

Males Females
� 0 -5.9181 (0.013) -6.3738 (0.017)
Region - Northern Ireland 0.1002 (0.017) 0.1186 (0.022)
E�ective degrees of freedom for the smooth functions
f 1(Age) - Ireland 24.384 19.537
f 2(Age) - Northern Ireland 3.643 2.608

Table 2.1: Parameter values for the GAMs for modelling the mortality of Ireland
and Northern Ireland for males and females respectively
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Figure 2.9: Residual plots for the GAMs for modelling the mortality of
Ireland and Northern Ireland for males and females respectively.

To illustrate the implementation of the smooth functions Figure 2.10 presents the

partial e�ects of the smooth functions on the mortality of the regions for males and

females respectively. In both cases the reference level smooth function for Ireland

re
ects the expected mortality pattern by age - relatively high mortality at younger

ages before falling to the lowest level at around age 10, mortality rises sharply in

the late teens followed by a slow increase until middle age before starting to rise

steadily thereafter. An \accident hump" in the late teens and early twenties is

also visible for males. The shape of the di�erence smooth for Northern Ireland

is consistent with the pattern of the mortality gap between the regions described

above - varying by age with the gap greatest at younger ages. The e�ect of the

di�erence smooth is small re
ecting the fact that the largest di�erences in mortality

between the regions occur at younger ages where mortality rates are low. However,

as discussed in section 2.2.3, there are important historical reasons a�ecting the

relative mortality di�erences between the regions at these ages which should be

re
ected when modelling the mortality of Ireland and Northern Ireland.
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Figure 2.10: Partial e�ects of smooth functions by region for males and
females respectively.

As previously discussed, mortality for Ireland and Northern Ireland tends to

converge by approximately age 85 for males and age 90 for females. Given this

convergence and the increased volatility of the data at older ages due to low data

volumes, it was decided to combine the mortality data for the regions at older ages

to provide improved mortality estimates for both regions. The Kannisto model has

previously been shown to provide a good �t to Irish mortality data at older ages

(Whelan (2009)) and is used in modelling mortality at older ages for the o�cial CSO

Population and Labour Force projections for Ireland for 2016-2046 (CSO (2013)) and

2017-2051 (CSO (2018)). The formula for the Kannisto model is as follows:

� x =
A � exp(� x )

(1 + A � exp(� x ))
(2.5)

A Kannisto model was �tted to the combined regional data for ages 80 to 95

for males and females respectively and the models were extrapolated to also provide

mortality estimates to age 120. The Kannisto models were implemented using R

package\MortalityLaws" (version 2.0.3) which provides a choice of methods for

�tting the models. The models were �tted using poisson maximum likelihood and

separate models were �tted for males and females. Table 2.2 presents the results of

�tting the models for the males and females respectively.
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Parameters Residual Standard Error
A B

Males 0.0495 0.1444 0.0243
Females 0.0336 0.1496 0.0145

Table 2.2: Parameter values for the Kannisto models and goodness of �t results.

The �nal graduated mortality rates for Ireland and Northern Ireland were ob-

tained by blending the mortality rates from the GAM and the Kannisto models. This

was achieved by interpolating between the GAM rates at age 80 and the Kannisto

rates at age 85 for males and between the GAM rates at age 85 and the Kannisto

rates at age 90 for females. Figure 2.11 presents the �nal estimates of the mortality

rates for Ireland and Northern Ireland for males and females for ages 1 to 120. The

resulting mortality rates appear reasonable with a clear gap in mortality between

the regions for young adults which reduces with age and no obvious discontinuity in

the blending of the mortality rates between the GAMs and Kannisto models. The

mortality rates are coherent both within and between the regions - female mortality

rates are consistently lower than male mortality rates in each region and mortality

rates in Ireland are consistently lower than mortality rates in Northern Ireland for

each gender until convergence between the regions is achieved.

Figure 2.11: Smoothed mortality estimates for Ireland and Northern Ireland
for ages 1-120 for males and females respectively.
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To create life tables for Ireland and Northern Ireland mortality rates at age 0

were obtained from the EUROSTAT life tables (Eurostat (2023)) by averaging the

mortality rates at age 0 for the years 2017-2019 for Ireland and the years 2017 and

2018 for Northern Ireland (no data was available in respect of Northern Ireland for

2019). Life tables were subsequently created for Ireland and Northern Ireland using

a starting population (l0) of 100,000 and extending the life tables untillx > = 0:5

resulting in a �nal life table age of 110 for males and 112 for females. For ages> 0,

the life table mortality rates at agex were calculated from the forces of mortality,

� x , as follows:

qx = 1 � exp(� � x+ 1
2
) for x > 0 (2.6)

Table 2.3 presents the resulting life expectancies at birth and at age 65 for each

region for males and females respectively.

At Birth At Age 65

Males Females Males Females

Ireland 79.7 83.7 18.6 21.3

Northern Ireland 78.8 82.6 18.4 20.8

Table 2.3: Life Expectancy at Birth & Age 65 for Males and Females in Ireland and
Northern Ireland

2.2.5 Impact of Covid-19 on mortality in Ireland and North-

ern Ireland in 2020 & 2021

The SARS-Cov-2 (Severe Acute Respiratory Syndrome Coronavirus 2), commonly

referred to as CoVid-19, pandemic emerged in China in late 2019 and resulted in

an estimated 14.9 million excess deaths worldwide in 2020 and 2021 (WHO (2022)).

Mortality was highest amongst the elderly and those with underlying health con-

ditions with the impact varying by gender and socio-economic factors as discussed

by Bennet et al (2021), Choi (2022), Faramarzi et al (2022) and Wong et al (2023).

Research suggests that CoVid-19 should be classi�ed as a syndemic rather than a
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pandemic where the impact of CoVid-19 depends both on the disease itself and its

interactions with other diseases and social, economic and political factors (Horton

(2020), Boes et al. (2021), and Fronteira et al. (2021)).

Figure 2.12 and Figure 2.13 present the trend in the total number of monthly

deaths during the pandemic years 2020 and 2021 for males and females combined for

Ireland and Northern Ireland respectively. Monthly deaths were obtained from the

Central Statistics O�ce (CSO) for Ireland and from the Northern Ireland Statistics

and Research Agency (NISRA) for Northern Ireland. The monthly deaths are based

on date of occurrence for Ireland compared to date of registration for Northern

Ireland. As a check, we veri�ed that the annual totals of monthly deaths for the

regions were equal to the corresponding annual deaths obtained from the Human

Mortality Database as discussed in section 2.2.2. Mortality varies throughout the

year, being noticeably higher during the winter months, and for comparison, Figures

2.12 and 2.13 also plot the corresponding average monthly deaths for the pre-Covid

period (2017-2019). The average monthly deaths were obtained by calculating the

average of the deaths for that month across 2017, 2018, and 2019 for each region.

Both Ireland and Northern Ireland experienced noticeable peaks in excess deaths

during the initial wave of the pandemic in April 2020. Large peaks in excess deaths

were also seen in Ireland in January 2021 and in Northern Ireland in the second half

of 2021.

Figure 2.12: Total monthly deaths in 2020 for Ireland and Northern Ireland
compared to the corresponding average monthly deaths for the period 2017-
2019.
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Figure 2.13: Total monthly deaths in 2021 for Ireland and Northern Ireland
compared to the corresponding average monthly deaths for the period 2017-
2019.

Analysis of all-cause excess mortality is the most common approach for assess-

ing the impact of the Covid-19 pandemic on the mortality of a region and allows

assessment of both the direct and indirect e�ects (e.g. reduced access to healthcare,

reduced road tra�c accidents) of the pandemic on mortality. We analysed excess

mortality by comparing the total number of deaths that occurred during the pan-

demic with the total deaths which would have been expected to occur if, instead,

mortality matched that experienced during the immediate pre-pandemic baseline

period 2017-2019. Mortality rates from the life tables of section 2.2.4, which re
ect

the mortality experience of 2017-2019, were used to calculate the expected deaths

in 2020 and 2021 for each region and gender. Table 2.4 presents the resulting excess

mortality for Ireland and Northern Ireland during the years 2020 and 2021. The

excess deaths are expressed as a percentage of the expected deaths to allow for com-

parisons between the regions. As can be seen, Northern Ireland experienced higher

excess mortality during the pandemic compared with Ireland for both males and

females. Noticeably, the analysis demonstrates that Ireland experienced no excess

mortality in 2020 and 2021 which is consistent with wider research which indicates

that the Covid-19 pandemic had little or no impact on mortality in Ireland (Daly

et al. (2024) and Morgan et al. (2023)).
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Actual Deaths Expected Deaths
Excess Deaths

(Actual - Expected)
Excess Deaths

Expected Deaths � 100

2020 2021 2020 2021 2020 2021 2020 2021

IRL
Male 17,323 18,532 17,990 18,726 -667 -194 -3.7% 1.0%

Female 16,002 16,716 16,340 16,874 -338 -158 -2.1% -0.9%

NI
Male 8,733 8,838 8,315 8,511 418 327 5.0% 3.9%

Female 8,881 8,720 8,321 8,449 560 271 6.7% 3.2%

Table 2.4: Excess mortality during the Covid-19 pandemic years 2020 and 2021 for
Ireland (IRL) and Northern Ireland (NI), where the expected deaths were calculated
using the 2017{2019 life table mortality rates.

As previously discussed, Ireland experienced exceptional improvements in mor-

tality since the start of the century which, in the absence of the Covid-19 pandemic

would have been expected to continue in 2020 and 2021. In an analysis of the e�ect

of the pandemic on life expectancy in 27 countries Huang et al. (2023) show that the

impact was more pronounced if year on year intrinsic changes/variations in mortal-

ity are considered particularly for countries which experienced greater improvements

in life expectancy in recent years. Consequently, we also calculate excess mortality

as the di�erence between the actual deaths and the deaths that would have been

expected to occur if the pre-pandemic mortality trends had continued into 2020 and

2021. The pre-pandemic mortality trends for Ireland and Northern Ireland were

modelled by �tting the Lee-Carter (Lee (2000), Lee and Carter (1992), and Li and

Lee (2005)) model to death data for 2000-2019 and projecting the mortality rates

for 2020 and 2021 to obtain the expected deaths in those years.

Projections from the Lee-Carter model can be volatile particularly when project-

ing by single year of age and for small populations (Basellini, Camarda, and Booth

(2023)). Rabbi et al. (2021) discuss various smoothing techniques which have been

employed to overcome this limitation and propose the use of LASSO-type regulariza-

tion to smooth the observed mortality rates prior to �tting the Lee-Carter model.

This paper proposes pre-smoothing the observed mortality rates for Ireland and

Northern Ireland for the period 2000-2019 using 2-dimensional Generalized Addi-

tive Models (2-D GAMs). As before, the GAMs were implemented using R (version

4.2.2) library package \mgcv" (version 1.8-41 (Wood (2001b)). Deaths were assumed

to follow a Poisson distribution and the following GAM was �tted to the mortality
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data for each region:

dxy � Poisson(E c
xy � 0

xy ) (2.7)

log(� 0
xy ) = � 0 + f (Age; Y ear) + log(E c

xy ) (2.8)

wheredxy represents the number of deaths agedx in year y and E c
xy represents

the corresponding central exposed to risk. As before, the central exposed to risk

was approximated using the mid-year population estimates and� 0
xy represents the

central mortality rate which approximates the force of mortality, � , at agex + 1
2 in

year y. f is a 2-dimensional smooth function by age and year implemented using

thin plate regression splines. The GAMs were �tted to data for ages 0-95 for years

2000-2019 and separate models were implemented for males and females respectively

in each region. Table 2.5 presents the resulting �tted 2-D GAMs. The degrees of

freedom for the smooth function in each model were set at 500 (via the parameter

\k") and, as before, the appropriateness of the chosen degrees of freedom was checked

by repeatedly re�tting the models with \k" set to 750 and 1,000. In each case, there

was minimal impact on the resulting e�ective degrees of freedom of the smooth

functions by increasing the degrees of freedom speci�ed.

� 0

E�ective Degrees of
Freedom for the 2-D
Smooth Functions

R2 Adjusted

Males
Ireland -5.4714 416 99.4%

Northern Ireland -5.4125 338 98.9%

Females
Ireland -6.0128 385 99.6%

Northern Ireland -5.9440 344 99.3%

Table 2.5: Results of �tting the 2-D GAMs to ages 0-95 for years 2000-2019 for
smoothing the mortality trends for Ireland and Northern Ireland prior to �tting the
Lee-Carter model.

The Lee-Carter model was �tted to the resulting smoothed mortality data for

2000-2019 and mortality rates projected for 2020 and 2021. The Lee-Carter model

was implemented using R package StMoMo (Villegas, Kaishev, and Millossovich

(2018)) which �ts the model using poisson maximum likelihood and forecasts were
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generated using the default random walk with drift approach. The basic form of the

Lee-Carter model has three parameters:� x represents age-speci�c mortality levels,

� x represents the sensitivity of mortality at each age to changes in the time index,

and � t is the time index capturing the overall level of mortality over time (Lee and

Carter (1992)). Figures 2.14 and 2.15 show the parameter values for the �tted Lee-

Carter models for males and females in Ireland and Northern Ireland. While the

shape of the graphs between Ireland and Northern Ireland are broadly similar, the

slope of the time index graph (� t ) is much larger for Ireland compared to Northern

Ireland con�rming Ireland experienced more rapid mortality improvements over the

period 2000-2019. Furthermore, in contrast to Northern Ireland, males and females

in Ireland show very similar projected values for parameter� t in 2020 and 2021.

Figure 2.14: Parameter values from the Lee-Carter models �tted to the pre-
smoothed mortality rates for the period 2000-2019 for males and females in
Ireland (IRL) including the projected � t values for 2020 and 2021.
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Figure 2.15: Parameter values from the Lee-Carter models �tted to the pre-
smoothed mortality rates for the period 2000-2019 for males and females in
Northern Ireland (NI) including the projected � t values for 2020 and 2021.

Applying the same approach as in section 2.2.4, mortality rates at older ages

were obtained by �tting the Kannisto model to the projected rates in 2020 and 2021

for ages 80-95 for each region and gender separately and extrapolating to age 120.

Subsequently, life tables for 2020 and 2021 were obtained by blending the mortality

rates from the Lee-Carter and Kannisto models as previously described. Expected

deaths, allowing for pre-pandemic trends, were then calculated for each region and

Table 2.6 shows the resulting excess deaths for 2020 and 2021. Comparing with

the results in Table 2.4, it can be seen that the number of excess deaths in each

region increases when we allow for the projection of the pre-pandemic mortality

trends. In particular, Ireland now records overall excess deaths in both pandemic

years though the excess deaths as a percentage of expected deaths still remains

lower than that for Northern Ireland. Under both approaches for calculating excess

mortality, the pandemic is generally shown to have had a more severe overall impact

on the mortality of Northern Ireland relative to Ireland.
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Actual Deaths Expected Deaths
Excess Deaths

(Actual - Expected)
Excess Deaths

Expected Deaths � 100

2020 2021 2020 2021 2020 2021 2020 2021

IRL
Male 17,323 18,532 17,250 17,477 73 1,055 0.4% 6.0%

Female 16,002 16,716 15,571 15,726 431 990 2.8% 6.3%

NI
Male 8,733 8,838 7,818 7,831 915 1,007 11.7% 12.9%

Female 8,881 8,720 8,060 8,072 821 648 10.2% 8.0%

Table 2.6: Excess mortality during the Covid-19 pandemic years 2020 and 2021 for
Ireland (IRL) and Northern Ireland (NI), where the expected deaths are based on
mortality projections from the Lee-Carter model applied to pre-smoothed mortality
rates for 2000-2019.

2.2.6 Discussion/Conclusion

Ireland experienced signi�cant improvements in mortality in the early decades of the

21st century. The economy of a country in
uences its mortality through spending

on healthcare and general living conditions and since the 1990s the Irish economy

has experienced rapid economic growth (albeit with 
uctuations). As discussed by

O'Gr�ada and O'Rourke (2022) Ireland transitioned from \one of the poorer coun-

tries in Europe" in the 1980s to one of the richest economies in the world in 2021.

Healthcare expenditure correspondingly rose with real public health spending per

capita in Ireland increasing by 800% over the 25 years to 2019 (Casey and Carroll

(2021)). In contrast, mortality in Northern Ireland generally disimproved relative

to Ireland over the course of the 21st century. By 2019, immediately prior to the

CoVid-19 pandemic, Northern Ireland experienced higher relative mortality except

for the very oldest age group where mortality between the regions had e�ectively

converged. While the reasons for the current higher mortality Northern Ireland

are not fully understood research indicates that Northern Ireland experiences high

rates of chronic diseases and long-term health related limitations relative to both

the Republic of Ireland and Britain (McDaid et al. (2013), Sheehan and O'Sullivan

(2020), and Baraniuk (2021)). In general, mortality improvements in both regions

were higher in the �rst decade of the century relative to the second decade. The

lower improvements witnessed in the second decade of the 21st century (2010-2019)

are consistent with international trends. Research indicates that post 2010 and prior
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to the emergence of Covid-19 many countries experienced a slowdown in mortality

improvements. The e�ects of austerity post the Great Recession of 2008-2009 and

noticeably higher winter mortality in certain years are the main reasons proposed for

this stalling of mortality improvements (Public Health England (2018), Continuous

Mortality Investigation (2020), Jones (2020), and Djeundje et al. (2022)).

Jointly modelling the mortality rates for Ireland and Northern Ireland produces

more coherent mortality estimates for the regions which bene�t from borrowing

strength across the populations. We have presented a simple method for jointly

modelling Irish and Northern Irish mortality rates across the majority of the age

range using Generalized Additive Models. The relatively small size of the population

for Northern Ireland increases the volatility of the crude mortality rates for the

region. In particular, for the three-year period, 2017-2019, zero deaths were recorded

at age 9 for females in Northern Ireland and separately modelling the mortality of

the regions using GAMs resulted in an unrealistic mortality pattern for Northern

Irish females at younger ages. The use of a di�erence model to model the mortality

of Northern Ireland relative to Ireland recognises the relative di�erence in population

size between the regions and can improve the credibility of mortality estimates where

a consistent mortality pattern between the regions exists. At older ages, we exploited

the convergence of the mortality rates between the regions by modelling aggregated

regional mortality data using a Kannisto model, which allows for extrapolation

to high ages. The resulting life tables provide smooth, coherent, region-speci�c

mortality rates which extend well beyond the age range of the current, national life

tables for the regions and provide a more appropriate basis for mortality assumptions

for actuarial applications, particularly for aging populations.

Small populations can experience relatively volatile mortality rates and, con-

sequently, can bene�t from using smoothed mortality rates to estimate expected

deaths when calculating excess mortality. Therefore, the 2017-2019 life tables were

subsequently used to calculate expected deaths in 2020 and 20201 to provide im-

proved estimates of excess mortality for the regions during the Covid-19 pandemic.
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Furthermore, in the absence of the pandemic the mortality improvement trends of

the �rst two decades of the 21st century would have been expected to continue into

2020 and 2021 and excess mortality for the regions was also calculated based on

projected mortality rates for 2020 and 2021. The projected mortality rates were

obtained by �tting the Lee-Carter model to the pre-pandemic period 2000-2019.

Again, to allow for the relatively small size of the populations and the resulting

mortality volatility the mortality rates for 2000-2019 were pre-smoothed using 2-

dimensional GAMs. Compared to directly �tting the Lee-Carter to the mortality

of the regions this simple method for pre-smoothing the mortality rates resulted in

more reasonable overall mortality projections for 2020 and 2021 and hence improved

excess mortality estimates.

The impact of the Covid-19 pandemic varied between the regions re
ecting di�er-

ences in public health restrictions between the regions in response to the pandemic

(lockdowns, social distancing, work from home advice, school and college closures,

closure of non-essential services etc). Overall, however, Ireland experienced lower ex-

cess mortality relative to Northern Ireland during the pandemic years 2020 and 2021.

This is consistent with a report by the Health Information and Quality Authority

(HIQA) which noted that Irish government policies to reduce the transmission of

the virus as measured using the Oxford Stringency Index (Mathieu et al. (2020))

between March 2020 and May 2021 (i.e. prior to widespread high vaccination rates

for the over 70s) were regularly among the most stringent in Europe (Health In-

formation and Quality Authority (2022)). Similarly, Cazelles et al (2021) modelled

the transmission of the Covid-19 virus in Ireland and concluded that Ireland signif-

icantly reduced transmission of the virus during the main waves of the pandemic in

2020 and early 2021 through a variety of mitigation measures, physical distancing

and lockdowns and thereby \avoided the saturation of healthcare infrastructure . . .

and likely reduced mortality". While the future impact of Covid-19 on mortality is

uncertain analysis from other European countries, suggests, that in line with past

mortality shocks (such as the 1918 In
uenza pandemic) mortality is expected to
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return to, or close to, pre-pandemic levels in the coming years (Huang et al. (2023),

O�ce for National Statistics (2022), and CBS Netherlands (2022)).

In summary, in the absence of industry speci�c life tables, jointly modelling the

mortality of Ireland and Northern Ireland can provide improved region-speci�c mor-

tality estimates which are more appropriate for actuarial applications. The improved

mortality estimates would also be of bene�t to wider, demographic applications and

can help identify signi�cant mortality disparities between the regions which may

bene�t from targeted government interventions.

38



Appendix: Comparison of Recent Pre-Pandemic O�cial Life

Tables for Ireland and Northern Ireland

Figure 2.16: Mortality rates for ages 0-70 from Irish Life Table 17 for Ireland
(IRL) covering the period 2015-2017 and the National Life Table for 2015-
2019 for Northern Ireland (NI).

Figure 2.17: Mortality rates for ages 70+ from Irish Life Table 17 for Ireland
(IRL) covering the period 2015-2017 and the National Life Table for 2017-
2019 for Northern Ireland (NI).
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Appendix 2: Implications of the New Life Tables in Ireland

and Northern Ireland

Cross-subsidies in pension pricing are increasingly viewed as unacceptable, partic-

ularly in the context of increasing regulatory requirements and consumer fairness

standards. With improved access to granular demographic data and advances in

actuarial modelling techniques, there is an increasing need to re�ne pricing models

to more accurately re
ect individual risk characteristics.

As shown in Figure 2.11, the newly developed life tables for Ireland and Northern

Ireland present smooth, consistent and region-speci�c mortality rates. These tables

extend signi�cantly beyond the age range covered by the existing life tables, o�ering

a more stable and appropriate basis for setting mortality assumptions in actuarial

applications. Figures 2.18 and 2.19 compare the existing national life tables with

the new graduated tables for both Ireland and Northern Ireland. As is evident, the

new tables exhibit signi�cantly reduced volatility and extend well beyond the age

limits of the existing tables|an increasingly important feature in the context of an

ageing population such as Ireland and Northern Ireland.

(a) Ireland: Age 0-65 (b) Northern Ireland: Age 0-65

Figure 2.18: Comparison of existing life tables for Ireland (ILT17) and Northern
Ireland (National Life Table 2015-2017) with the new graduated tables for ages 0-65
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(a) Ireland: Age 65+ (b) Northern Ireland: Age 65+

Figure 2.19: Comparison of existing life tables for Ireland (ILT17) and Northern
Ireland (National Life Table 2015-2017) with the new graduated tables for ages 65+

From an actuarial perspective, the �nancial implications of these updated tables

are important. Table 2.7 presents annuity values for males and females retiring at

age 65 based on both the new and existing life tables, assuming a �xed interest rate

of 3% per annum. To ensure comparability, annuity values were calculated using

a maximum age of 100 for Northern Ireland and 105 for Ireland, aligning with the

upper age limits of the respective existing life tables.

Male ROI
•a65: 40

Female ROI
•a65: 40

Male NI
•a65: 35

Female NI
•a65: 35

Existing Table 14.05 15.58 13.96 15.32
New Table 14.27 15.77 14.11 15.43

% Di�erence 1.5% 1.2% 1.1% 0.7%

Table 2.7: Comparison of annuity rates at age 65, assuming a �xed 3% p.a. interest
rate, between the periods 2015{2017(Existing Table) and 2017{2019 (New Table).
The Existing Life Table is titled ILT17 for Ireland National Life Table 2015-2017
for Northern Ireland.

The results show an increase in the cost of providing pensions in both regions,

with a more pronounced rise observed in Ireland. Speci�cally, annuity rates have

increased between 0.7% and 1.5%, depending on gender and region. While these

increases changes may appear relatively modest, even small increases in annuity

rates can materially a�ect the funding requirements of private occupational pension

schemes particularly those with large member populations. In the public sector, the
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upward revision in life expectancy assumptions may lead to budgetary pressures,

particularly in the context of long-term pension sustainability.

Beyond actuarial practice, these re�ned mortality estimates have important im-

plications for broader demographic and public policy analysis. By revealing sys-

tematic di�erences in mortality trends between Ireland and Northern Ireland, the

models can help identify underlying socioeconomic, healthcare, or environmental

factors contributing to these disparities. This, in turn, can support the develop-

ment of more targeted and e�ective government interventions aimed at improving

population health outcomes and reducing regional inequalities in life expectancy.

Finally, beyond the implications of the revised life tables for both Ireland and

Northern Ireland, the substantial mortality improvements recorded between 2000

and 2017 have considerably increased the cost of providing pensions. Table 2.8

compares annuity factors at age 65 for the periods 2001{2003 and 2017{2019, using

the o�cial life tables applicable to each region in 2001{2003, together with the newly

graduated rates for 2017{2019 as outlined earlier. The results show a signi�cant rise

in pension costs in both regions, with the increase being particularly pronounced in

Ireland.

Male ROI
•a65: 40

Female ROI
•a65: 40

Male NI
•a65: 35

Female NI
•a65: 35

2001-2003 12.29 14.20 12.56 14.38
New Table 14.27 15.77 14.11 15.43

% Di�erence 16.1% 11.1% 12.3% 7.3%

Table 2.8: Comparison of annuity rates at age 65, assuming a �xed 3%
p.a. interest rate, between the periods 2001{2003 and 2017{2019 (New
Table). The 2001{2003 table is titled ILT14 for Ireland and National Life
Table 2001{2003 for Northern Ireland.
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2.3 Additional Mortality Trend Measures between

Ireland & Northern Ireland

2.3.1 Mortality by Cause of Death 2017-2019

Mortality varies by cause of death and geographical variations by cause of death

can assist in understanding di�erences in disease prevalence and mortality between

regions. Northern Ireland has classi�ed deaths by cause using the World Health

Organisation (WHO) International Classi�cation of Diseases revision 10 (ICD-10)

since 2001. Ireland, however, did not move to ICD-10 until 2007. Consequently,

trends in mortality by cause of death were not analysed for Ireland and Northern

Ireland. Instead, mortality by cause of death was only investigated for the most

recent (pre-Covid) period by averaging deaths over the three years 2017-2019.

The Central Statistics O�ce (CSO) provided data on deaths in Ireland by cause

of death over the period 2017-2019 and were grouped in 5-year age bands up to age

84, with a combined category for ages 85 and over (CSO (2021)). The CSO also

supplied population estimates over the same period by gender (e�ective 01st April),

which are assumed to approximate mid-year estimates (CSO (2024d)). Comparable

death data for Northern Ireland were provided by the Northern Ireland Statistics and

Research Agency (NISRA). Population estimates for Northern Ireland were sourced

from the Human Mortality Database (HMD), as described in section 2.2.2. These

population estimates, e�ective 01st January were averaged across consecutive years

to derive mid-year population estimates by gender for the period 2017{2019.

Figure 2.18 presents the proportion of deaths for the �ve main causes of death

for all ages combined over the period 2017-2019 for males and females respectively

in Ireland and Northern Ireland. With the exception of males in Ireland the �ve

main causes of death are: Neoplasms (C00-D48), Circulatory Diseases (I00-I99),

Respiratory Diseases (J00-J99), Dementia and Alzheimer's (F00-F03, G30) and all

Other causes combined. For males in Ireland external causes of injury and poisoning
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(including intentional self-harm)(V00-Y98) is the 5th leading cause of death replac-

ing Dementia and Alzheimer's. Neoplasms was the primary cause of death across

both genders and regions followed by Circulatory Diseases.

Figure 2.20: Proportion of deaths in Ireland (IRL) and Northern Ireland
(NI) for all ages by major cause of death for males and females over the
3-year period 2017-2019.

Figure 2.19 presents the corresponding ASMR for each of the main causes of

death. The ASMR by cause of death was calculated based on deaths by 5-year age

group up to age 84 and for ages 85+ combined. Dementia/Alzheimer's show the

largest gap between Ireland and Northern Ireland for males and females with a 71%

higher mortality rate for males and 75% higher rate for females. Additionally, for

both Northern Ireland and Ireland, Dementia/Alzheimer's is the only cause of death

where the mortality rate is higher for females compared to males.

Figure 2.21: ASMR in Ireland (IRL) and Northern Ireland (NI) by major cause of
death for males and females over the 3-year period 2017-2019.
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The proportion of deaths by cause varies by age group. Figure 2.20 presents the

proportion of deaths for the �ve main causes of death for age groups 0-59, 60-79

and 80+ for the period 2017-2019 for males and females respectively in each region.

The main causes of death were consistent between the regions within each age group

and gender combination. Neoplasms was the primary cause of death for age groups

0-59 and 60-79, with the exception of males in Northern Ireland in the youngest

age group, for whom the primary cause of death was external causes of injury and

poisoning. In particular, Neoplasms accounted for almost 50% of all female deaths

in age group 0-59 in Ireland. For the oldest age group, 80+, circulatory diseases

constituted the primary cause of death.

Figure 2.22: Proportion of deaths in Ireland (IRL) and Northern Ireland
(NI) by major cause of death and age group over the 3-year period 2017-
2019 for males and females.

2.3.2 Premature Mortality

Crude and speci�c measure of mortality describe the death rates in a population

but they fail to quantify the burden of loss resulting from premature mortality. The

concept of Years of Potential Life Lost (YPLL) involves estimating the average time

a person would have lived had he or she not died prematurely. This measure is used

to help quantify social and economic loss owing to premature death (Gardner and
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Sanborn (1990)). YPLL is based on the assumption that that the younger a person

dies the greater the loss of life and therefore the calculation of YPLL weights those

who die at the younger ages heavier than those who die at later ages. To calculate

the years of potential life lost, an arbitrary upper reference called the standard age

must be chosen. The YPLL calculation does not include people who died at the

standard age or older and the most common method is to calculate a YPLL rate per

1,000 (or 10,000 or 100,000) population known as the Years of Potential Life Lost

Index (YPLLI).

The calculation of the YPLL is as follows:

LX

i = l

(L � i ) � di (2.9)

where: l=lower age limited established,

L=upper age limited established,

i = age of death

di = number of deaths at agei

The calculation of the YPLLI is based on the following formula:

Y PLL
N

� 1; 000 (2.10)

where: N is the population between the lower and upper age limits

For this analysis, a lower age limit of 0 and an upper age limit of 65 was assumed

and the data used was the same as described in section 2.2.2. Table 2.7 shows the

YPLLI (per 1,000 population) for the 3-year period 2017-2019 (averaged), 2020 and

2021 for both Ireland and Northern Ireland for males and females.

As can be seen the YPLLI is signi�cantly higher in Northern Ireland compared

to Ireland for both males and females. The YPLLI in Northern Ireland has been

increasing steadily from 2017-2021.
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Ireland Northern Ireland
Year Male Female Male Female

2017-2019 28.8 18.0 35.4 21.6
2020 27.7 17.1 36.4 21.8
2021 28.1 17.2 38.0 23.6

Table 2.9: The YPLLI for males and females in
Ireland & Northern Ireland for 2017-2019 (aver-
aged), 2020 and 2021

2.3.3 European Comparison

The impact of the pandemic varied widely across Europe re
ecting di�erences in

the timings of the arrival of the Covid-19 virus in each country and subsequent

government strategies for mitigating the impact of the virus. For context, this

section compares the impact of the pandemic in Ireland and Northern Ireland with

a range of other European countries. Death and population data for all countries was

obtained from the Human Mortality database as of 06 February 2025 (HMD (2025)).

Deaths and population estimates were obtained by single year of age and gender for

the years 2017 to 2022. The population estimates were e�ective on the 1st January

and mid-year population estimates by gender for ages 0-99 for the years 2017 - 2021

were obtained by averaging the HMD population estimates across consecutive years.

The comparison considered the change in the ASDR for a selection of European

countries in 2020 and 2021 relative to the average ASDR for the pre-pandemic period

2017-2019. The change in the ASDR for each country was calculated as follows:

1 �
ASDR XY Z

Average ASDRXY Z for 2017-2019
(2.11)

where x represents the age range (0-99), y represents the year (2020 or 2021)

and z represents the country. A positive value represents an improvement or a drop

in mortality relative to the 2017-2019 average while a negative value represents a

disimprovement or a rise in mortality.

Figures 2.21 presents the changes in ASDR rates for the age group 0-99 across 13

European countries (including both Ireland and Northern Ireland) for the years 2020
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and 2021. In 2020, Ireland exhibited a mortality improvement for males and females

compared to Northern Ireland which experienced a signi�cant dis-improvement.

The majority of the other European countries in the analysis experienced a dis-

improvement in 2020 for males and females, with the exception of Denmark and

Norway which like Ireland witnessed an improvement. Belgium, Italy, and Spain ex-

hibited the most signi�cant mortality dis-improvements while Norway experienced

the most substantial mortality improvement. The rates of change in mortality rates

in 2021, compared to the average mortality rates from 2017 to 2019, were less pro-

nounced than that experienced in 2020. Out of the 13 countries considered, 6 showed

improvements in 2021 including Ireland, Belgium, Denmark, Norway, Sweden and

Switzerland. Norway and Sweden experienced the most substantial improvements

in 2021 whereas Italy, the Netherlands, and Portugal witnessed the biggest deteri-

oration. Similar to 2020, Northern Ireland experienced a decline in 2021, although

the magnitude of the decline was signi�cantly smaller than what was experienced in

2020. Finally among the 13 countries analysed, 7 countries (France, Italy, Nether-

lands, Portugal, Spain (males only) Northern Ireland, and England & Wales) ex-

perienced a consecutive dis-improvident in mortality for 2020 and 2021 whereas 3

countries (Denmark, Ireland and Norway) experienced consecutive improvements.

Figure 2.23: Changes in the ASDR rates for 2020 and 2021 compared to the
average ASDR in 2017-2019, for 13 European counties, over the age range
0-99 for males and females respectively.
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Chapter 3

Seasonal Mortality at Older Ages

in Ireland

3.1 Introduction

Mortality varies by season with the seasonal di�erences in mortality increasing with

increasing age. Seasonality of mortality is a source of demographic basis risk and

trend risk for insurers and pension providers contributing to their overall mortality

and longevity risk (Hall and Naqvi (2023)) in the winter with the increase mainly

attributable to cold (poor) housing and in
uenza (Fowler et al. (2015). While the

magnitude of seasonal di�erences in mortality has declined in recent decades across

Europe factors such as the increased likelihood of extreme temperatures due to

climate change and the emergence of SARS-CoV-2 in 2019 have the potential to

directly increase the variability of seasonal mortality di�erences over both the short

and the long term (Murtas and Russo (2019), Hajat (2017), Ballester et al. (2011),

and Liu et al. (2021). Management of mortality and longevity risk bene�ts from

understanding the impact of seasonality on annual mortality trends.

Despite its relatively mild winters, Ireland experiences signi�cant seasonal vari-

ations in mortality among older age groups compared to its European counterparts

(Clinch and Healy (2000)). As one of the fastest-aging member states in the EU
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(Commission (2024)), understanding the impact of seasonality on mortality in Ire-

land is becoming increasingly important. The proportion of the population aged 65+

is projected to rise to between 28% and 32% of the total population by 2057, depend-

ing on migration trends (CSO (2024b) and CSO (2024c)). Furthermore, people are

living longer, between 1990 and 2018 the life expectancy for both males and females

in Ireland increased signi�cantly, from 74.8 to 82.1 years (HMD (2024)). Seasonal

variations in mortality contribute to the uncertainty surrounding future mortality

projections, highlighting the growing need to better understand these trends as the

population continues to age.

Ireland experienced signi�cant improvements in mortality at older ages during

the period commonly referred to as the `Celtic Tiger' from approximately the mid

1990s to 2007 when the Irish economy underwent an unprecedented boom (achieving

an average GDP growth of 6.5% per annum(Macrotrends (2024))). In the 30 years

preceding the Celtic Tiger, Ireland's health expenditure was considerably below the

EU average, particularly for capital expenditure, amounting to just 66% of the EU

average over the period 1970{1996 (Wren (2004)). Health expenditure soared during

the Celtic Tiger era increasing to 7.7% of GDP in 2007 (Statista (2024), Appendix

3). The \Celtic Tiger" was followed by the global �nancial crisis of 2008/2009 which

had a severe impact on the Irish economy. Ireland entered recession in 2008 and

was forced to accept an EU/IMF bailout in November 2010 (European Commission

(2019)). Successive budgets implemented measures to reduce public expenditure,

including cuts to health spending. For instance, the total public health budget

decreased from¿ 15.4 billion in 2008 to¿ 13.9 billion in 2012 (Thomas et al. (2012),

Nolan et al. (2014), and Department of Public Expenditure and Reform (2012)).

Ireland began to recover from the recession in 2012 and by 2014, recorded a

GDP growth rate of 8.6% (Macrotrends (2024)). This growth was signi�cantly bol-

stered by substantial foreign direct investment, particularly in the technology sector,

leading to the development of Dublin's 'Silicon Docks' where major technology com-

panies like Google and Facebook established their European headquarters (Silicon

50



Docklands (2025) and Wikipedia (2025)).

Figure 3.1 presents the annual mortality improvements attained pre the Celtic

tiger era (1988-1997), during the Celtic Tiger era (1998-2007) and post the Celtic

Tiger era (2008-2017) in Ireland for ages 60-90 for males and females respectively.

As shown in Figure 3.1, mortality improvements were most pronounced during the

Celtic Tiger era for both males and females. Since this age group are the most

impacted by seasonal variations in mortality, analysing how these improvements

di�ered by season can enhance our understanding of the factors in
uencing mortality

trends in older populations.

(a) Males (b) Females

Figure 3.1: Annual Mortality Improvements for the 10 years pre, during
and post the Celtic Tiger for ages 60{90 for males and females respectively.

In Europe seasonal di�erences in mortality vary between the countries. The rea-

sons for seasonal di�erences in mortality across Europe are complex and their impact

varies over time but research suggests di�erences in housing standards, macroeco-

nomic factors, and public health action as contributing factors (Clinch and Healy

(2000), Healy (2003), and Fowler et al. (2015)). Multipopulation models are becom-

ing increasingly common in modelling and projecting mortality rates (Haberman

et al. (2014)). Factors a�ecting mortality such as lifestyle improvements, medical

advances and public health policy exert a similar in
uence on related populations.

By jointly modelling the mortality of two or more related populations or sub popu-
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lations multipopulation models aim to improve the consistency and accuracy of the

mortality forecasts for each (sub) population. Multipopulation models typically as-

sume that the spread or the relative di�erence in mortality between the population

forecasts will tend to the mean historical di�erences between the populations (Li and

Lee (2005) and Cairns et al. (2011b)). At older ages changing seasonal trends be-

tween populations may, potentially, invalidate such assumptions, increasing the risk

associated with future projections. Furthermore, climate change may be expected

to in
uence regional disparities in seasonal mortality.

This chapter provides a detailed analysis of seasonal mortality among older ages

in Ireland and is structured as follows:

ˆ Section 3.2 { Describes the data used in the analysis.

ˆ Section 3.3 { Details the methodology used in the analysis.

ˆ Section 3.4 { Analyses seasonal mortality trends for males and females aged

60-90 in Ireland between 1986 and 2017.

ˆ Section 3.5 { Analyses future forecasts of non-winter mortality rates and

conducts sensitivity tests for winter mortality

ˆ Section 3.6 { Examines the impact of di�erent institutional living arrange-

ments on seasonal mortality variations in the elderly from 2013 to 2017.

ˆ Section 3.7 { Explores the relationship between marital status and excess

winter mortality.

ˆ Section 3.8 { Discusses the results and provides overall conclusions.
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3.2 Data

To analyse the seasonal mortality trends in Ireland data on the number of deaths

by age, gender, month and year were obtained from the Central Statistics O�ce

(CSO) Ireland for the period 1986-2018. Given seasonal mortality has the greatest

impact at older ages deaths are analysed for ages 60-89 with deaths for those who

died at older ages excluded from the analysis due to low data volumes. Deaths are

based on date of occurrence of death. Exposure data for the period 1986-2017 was

obtained from the Human Mortality Database (HMD (2019)) - the exposure data

for 2018 was unavailable at the time of carrying out the analysis. Figure 3.2 presents

the increase in the exposure data over the period. The population exposed to the

risk of death are based on annual (01st January) population estimates, with small

corrections that re
ect the timing of deaths during the interval (HMD (2021)).

(a) Males (b) Females

Figure 3.2: Exposures for the 32-year period 1986{2017 by age group for
males and females respectively.

Table 3.1 presents the change in exposures between the years 1986 and 2017 by

age group and gender. As can be seen from both Figure 3.2 and Table 3.1, the

number of people between the ages 60-89 increased substantially over the 32-year

period for both males and females. The total exposures increased by c.79% for males

(235,197 to 420,190) and c.59% for females (286,319 to 454,292) in the period 1986

to 2017, with the greatest increase seen at older ages.
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Males Females

1986 (000's) 2017 (000's) % increase 1986 (000's) 2017 (000's) % increase

Age 60-69 128 226 77% 141 229 62%

Age 70-79 84 140 67% 103 149 43%

Age 80-89 23 54 135% 42 76 81%

Total 235 420 79% 286 454 59%

Table 3.1: Change in exposures from 1986 to 2017 by age group for males and
females respectively.

Furthermore, to analyse the impact of seasonal mortality on institutional type

living arrangements among the elderly, data on the number of deaths by place of

occurrence of death was obtained from the CSO for the period 2013-2017 split by

5-year age bands (ages 60-99), month and year. Finally, data on the number of

individuals by marital status from 1986 to 2017, divided into 5-year age bands, as

well as information on the month of death from 2014 to 2018, were obtained directly

from the CSO. This data was used to assess the impact of marital status on seasonal

mortality.

Studies of seasonal mortality in the Northern Hemisphere tend to de�ne winter

as the period December to the following February or March. To analyse the seasonal

mortality and mortality improvement trends for Ireland the monthly death data for

each year was allocated to the four (meteorological) seasons as follows:

Season Months
Spring March, April, May

Summer June, July, August
Autumn September, October, November
Winter December, January, February

Table 3.2: Seasons and corresponding months

The winter season, therefore, spans two calendar years. Accordingly, the length

of meteorological seasons are �xed: 92 days each for spring and summer, 91 days

for autumn and 90 (or 91 in leap years) days for winter. As winters do not nest

into calendar years, seasonal mortality data begins with spring 1986 and ends with

winter 2016/17 inclusive. Throughout this chapter, year will refer henceforth to the
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year in which a season begins e.g. winter 1986 will refer to December 1986, January

1987 and February 1987.

3.3 Methodology

To provide an overview of the seasonality of Irish mortality the monthly death

data is �rst analysed using the Excess Winter Mortality Index (EWMI). Mortality

trends are then presented using standardised mortality rates calculated for each

season before �tting generalised additive models to the data to model the seasonal

mortality trends

3.3.1 Excess Winter Mortality

The Excess Winter Mortality Index (EWMI) is a simple method widely used to

illustrate the relative di�erence between winter and non-winter deaths (Healy (2003)

and ONS (2017)) Based on our three-month de�nition of winter, the Excess Winter

Mortality spanning the year x and yeary, quanti�es the additional deaths occurring

in the winter months compared to the average number of deaths during non-winter

months and is de�ned as follows:

EWM xjy = Winter Deaths xjy � Average Non-Winter Deathsxjy (3.1)

where:

Winter Deathsxjy = Deaths(Dec)year x + Deaths(Jan)year y + Deaths(Feb)year y (3.2)

Average Non-Winter Deathsxjy:

Deaths(Aug-Nov)year x + Deaths(March-June)year y +
Deaths(July) year x +Deaths(July) year y

2

3
(3.3)

The Excess Winter Mortality Index expresses the EWM as a percentage of the
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average non-winter deaths, illustrating the relative increase in mortality during win-

ter and is de�ned as:

EWMI xjy =

 
EWM xjy

Average Non-Winter Deathsx=y

!

� 100 (3.4)

For the n-year period i jj to kjl , the n-year EWMI (EWMI i j j ! kjl ) is calculated

based on the sum of the winter deaths and the sum of the average non-winter deaths

over the n years. The winter and average non-winter deaths for the yearsi jj to kjl

are calculated as:

Winter Deathsi j j ! kjl =
kjlX

mjn= i jj

Winter Deathsmjn (3.5)

Average Non Winter Deathsi j j ! kjl =
kjlX

mjn= i jj

Average Non Winter Deathsmjn (3.6)

Therefore, for the n-year periodi jj to kjl , the n-year EWMI is de�ned as:

EWMI i j j ! kjl =

 
EWM i j j ! kjl

Average Non-Winter Deathsi j j ! kjl

!

� 100 (3.7)

where the n-year Excess Winter Mortality is de�ned as:

EWM i j j ! kjl = Winter Deaths i j j ! kjl � Average Non-Winter Deathsi j j ! kjl (3.8)

Using the normal approximation for large samples, and assuming that deaths are

statistically independent and follow a Poisson distribution, and that EWM is �xed

(given its based on population-level data), the 95% con�dence interval for EWMI is

calculated as:

EWMI � 1:96�
EWMI
p

EWM
(3.9)

where the EWMI and the EWM refer to the n-year EWMI and the n-year EWM
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respectively.

3.3.2 Seasonal Standardised Mortality Rates (SSMRs)

All cause mortality trends by season are compared using directly age standardised

mortality rates standardised to the 2013 European Standard Population (Eurostat

(2013)) . The Seasonal Standardised Mortality rates (SSMR) is calculated as follows:

SSMRs;x;t =

P

x

ds;x;t

Ex;t
� SPx

P

x
SPx

(3.10)

where dx;s;t is the number of deaths at agex in seasons in year t, Ex;t is the

exposed to risk at agex in year t, and SPx is the 2013 European standard population

at agex.

For the winter season, which spans two consecutive calendar years, the exposed

to risk is calculated as the weighted average of the exposure for the two consecutive

calendar years. Deaths in each season were standardised to 92 days in length. The

2013 European standard population is provided in �ve-year age bands between ages

60 and 89, and for calculation purposes, it is assumed that the population was split

equally across all �ve ages in each age band. Using the normal approximation for

large samples, and assuming that deaths are statistically independent and that the

SSMR follows a Binomial distribution, the 95% con�dence interval for EWMI is

calculated as:

SSMRs;x;t � 1:96
q

Var(SSMRs;x;t ) (3.11)

where Var(SSMRs;x;t ) =
X

2

4

0

@
ds;x;t

Ex;t

�
1 � ds;x;t

Ex;t

�

Ex;t

1

A �

0

@ SPxP

x
SPx

1

A

23

5 (3.12)
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The SSMR's averaged over n years provide a smoother estimate of the mortality

rates. The n-year average SSMR in yeart for seasons and age groupx is calculated

as:

SSMRs;x;t;n =

t+ n� 1P

k= t
SSMRs;x;k

n
(3.13)

A mortality improvement factor measures the reduction in mortality rates from

one time period to the next. The n-year mortality improvement factor in yeart for

seasons and age groupx is de�ned as:

SMI s;x;t;n = 1 �
�

SSMRs;x;t

SSMRs;x;t � n

� 1
n

; n � 5 (3.14)

Using the 5-year average SSMRs (equation 3.13), the annualised summer and

winter improvements for age groupx over the entire period (1986{2016 for summer

and 1986/87{2016/17 for winter) is de�ned as:

Summer: SMI summer,x ;1986� 2016 = 1 �

 �
SSMRsummer;x;2012;5

�

�
SSMRsummer;x;1986;5

�

! 1
26

(3.15)

Winter: SMI winter,x ;1986=87� 2016=17 = 1 �

 �
SSMRwinter ;x;2012=13;5

�

�
SSMRwinter ;x;1986=87;5

�

! 1
26

(3.16)

3.3.3 Generalised Additive Models

Generalised Additive Models (GAMs) are used to smooth the seasonal mortality

data to analyse trends by season. GAMs were originally developed by Trevor Hastie

and Robert Tibshirani in 1986 (1986,1993). The GAM framework is based on the

following assumptions:

ˆ Relationships between the individual predictors and the dependent variable

58



follow smooth patterns that can be linear or nonlinear;

ˆ You can estimate these smooth relationships simultaneously and then estimate

the dependent variable by adding up these relationships.

GAMs extend generalized linear models (GLM) which are widely used for mod-

elling mortality. Generalized linear models (McCullagh and Nelder (1989b) and

Nelder and Wedderburn (1972)) are mathematical extensions of linear models for

distributions of non-normal response variables and non-linear transformations, pro-

viding a method of estimating a function of the mean of the conditional response

variable as a linear combination of the set of predictor variables,x i , or

g(E[Y j X ]) = g(� ) = � (x) = � 0 +
pX

i =1

� i x i (3.17)

where the function of the conditional response mean,g(� ), is referred to as the

link function and is considered to be a linear function of the predictor variables,

� (x), which is referred to as the linear predictor.

GAMs relax the linearity assumptions of GLMs and by allowing the linear predic-

tor to include smooth functions of the covariates GAMs allow complex relationships

to be implemented while still retaining a simple linear relationship amongst the

predictor variables. Deaths are assumed to follow a Poisson distribution and the

following 2-Dimensional GAM was �tted to the mortality data for each season:

dij � Poisson(E c
ij � ij ) (3.18)

� ij = log( � ij ) = � 0 + f (Agei ; Yearj ) + log( E c
ij ) (3.19)

where i and j indicate the current age and year respectively,d is the number of

deaths, � is the force of mortality, E is the years of exposure, andf is a two-

dimensional smooth function implemented using thin plate regression splines (Wood

(2003) and Wood (2006)). Separate models were implemented for each season for

males and females, and the number of days in each season was standardised to 92
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days. The GAMs were implemented using R (R Development Core Team (2014)),

version 3.1.2 packagemgcvversion 1.8-32 (Wood (2020)).

The smooth functions are implemented using thin plate regression splines (Wood

(2003) and Wood (2006)). Unlike other spline-based smoothing functions, thin plate

regression splines avoid the need to choose \knot" locations, and they extend rela-

tively easily to multiple dimensions. The degrees of freedom (DOF) in the model

speci�cation determine the smoothness of the smooth functions. When specifying

the DOF for a smooth function in a GAM, a trade-o� is needed between a su�-

ciently high DOF to correctly capture variations in the data and a low DOF to allow

the overall trend in the data to be modelled.

The models were �tted using penalised maximum likelihood, where the model

likelihood is modi�ed by the addition of a penalty for each smooth function, pe-

nalising its \wiggliness." Each penalty is multiplied by an associated smoothing pa-

rameter, which controls the trade-o� between goodness of �t and smoothness. The

application of the penalties during �tting reduces the DOF in the model speci�cation

to yield the e�ective DOF for the smooth functions. The smoothing parameters are

estimated automatically from the data. The DOF in the model speci�cation place

an upper limit on the 
exibility of a smooth function, while the smoothing param-

eters determine the e�ective DOF within that limit. The lower the e�ective DOF,

the smoother the resulting smooth function will be.

The choice of DOF for the smooth functions in the GAM speci�cation is not

generally critical as long as they are su�ciently large to model the underlying smooth

structure, as the penalisation process determines the e�ective DOF. DOF in the

R packagemgcvare speci�ed using the parameterk in the gamfunction, where

k = DOF � 1. The GAMs were initially �tted with k = 100. The resulting models

were checked for appropriateness using the provided functiongam.check() and the

residual plots were checked for randomness.
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3.4 Results

3.4.1 Excess Winter Mortality Index

Figure 3.3 plots the n-year EWMI for three age groups 60-69, 70-79 and 80-89 for

males and females respectively and is calculated for the 3 time periods 1986{1995

(n = 10 years), 1996{2005 (n = 10 years) and 2006{2017 (n = 12 years).

Figure 3.3: EWMI plots for age groups 60-69, 70-79, and 80-89 for males
and females, respectively, for the three durations 1986-1995, 1996-2005, and
2006-2017.

The results from Figure 3.3 highlight that for both males and females, excess

winter mortality increases with age. While all age groups experience excess mortality

during winter months, the magnitude of this increase is more pronounced among

older age groups. This trend underscores the vulnerability of older individuals to

winter conditions (Hajat (2017)). Furthermore, females were generally more a�ected

by excess winter mortality compared to males, except for those aged 60{69 during the

2006{2017 period. This trend aligns with �ndings in the literature, which indicate a

greater vulnerability of females to winter-related mortality risks (Campbell (2017)

and Bogdanovi�c et al. (2013)).

Over time, a general decline in excess winter mortality has been observed for both

genders. This reduction could be attributed to various factors, including improved
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healthcare, better housing insulation, vaccination programs, and increased public

awareness about the risks associated with cold weather (Healy (2003), Davie et al.

(2007), and Kunst, Looman, and Mackenbach (1991)).

Table 3.3 presents the numerical values of the EWMI �gures shown in Figure 3.3,

along with their 95% con�dence intervals, indicating the variability of these values.

Period Duration (years) 60-69 70-79 80-89
Males

1986-1995 10 11.9 (� 0.75) 17.9 (� 0.71) 20.8 (� 0.91)
1996-2005 10 12.4 (� 0.86) 18.0 (� 0.77) 19.0 (� 0.85)
2006-2017 12 9.9 (� 0.74) 14.1 (� 0.69) 19.1 (� 0.75)

Females
1986-1995 10 15.7 (� 1.11) 21.6 (� 0.83) 21.9 (� 0.83)
1996-2005 10 13.3 (� 1.17) 19.0 (� 0.91) 21.4 (� 0.79)
2006-2017 12 9.2 (� 0.89) 17.1 (� 0.90) 21.9 (� 0.75)

Table 3.3: EWMI values for age groups 60-69, 70-79, and 80-89 for males and females
across the periods shown.

3.4.2 Seasonal Standardised Mortality Rates (SSMRs)

Figure 3.4 presents the seasonal standardised mortality rates (SSMRs) for males and

females for age groups 60-69, 70-79 and 80-89 over the period 1986-2016 for spring,

summer and autumn and the period 1986/87 { 2016/17 for winter. As expected,

mortality rates have declined for both males and females across all age groups and

in each season over the entire period. Mortality is highest in the winter followed in

descending order by mortality in the spring, autumn and summer. Mortality in these

age groups therefore tends to be higher in the �rst half of the year relative to the

mortality in the second half of the year and the assumption of uniform distribution

of deaths (UDD) does not hold at these ages. For both males and females, the gap

between summer and winter mortality increases with increasing age.
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(a) Ages 60-69

(b) Ages 70-79

(c) Ages 80-89

Figure 3.4: SSMR's for age groups 60{69, 70{79, and 80{89 for males (| ) and fe-
males(-- ) with associated 95% Con�dence Intervals (-- ) from 1986{2016 for Spring,
Summer, and Autumn, and from 1986/1987{2016/2017 for Winter.
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Figures 3.5 and 3.6 present the corresponding 5-year average annual improve-

ments in the standardised summer and winter mortality rates for males and females

for age groups 60-69, 70-79 and 80-89. The improvement factors were averaged over

a 5 year period to provide a smoother estimate (see equation 3.14). For all age

groups the range of the annualised improvements was more volatile in the winter

ranging from approximately -4.0% to 7.0% for both males and females. The corre-

sponding range of annualised summer improvements was approximately -2.0% to 4%

for both males and females. Winter mortality improvements dominated the period

1998 { 2003 for all ages bands for both males and females.

(a) Age 60-69 (b) Age 70-79 (c) Age 80-89

Figure 3.5: 5-year average annual mortality improvements for males in age groups
60-69, 70-79, and 80-89 during summer (1986-2016) ( ) and winter (1986/87 -
2016/17) ( ).

(a) Age 60-69 (b) Age 70-79 (c) Age 80-89

Figure 3.6: 5-year average annual mortality improvements for females in age groups
60-69, 70-79, and 80-89 during summer (1986-2016) ( ) and winter (1986/87 -
2016/17) ( ).
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Mortality rates are highest in the winter and improvements in winter mortality

will therefore have a greater impact than summer mortality improvements on the

overall annual improvement rates. Table 3.4 presents the annualised improvements

for the summer and winter seasons for the complete period (using equations 3.15

and 3.16). From Table 3.4 we can see that overall improvements were greater for

males relative to females in both the summer and winter seasons. As a result of the

higher rates of improvement for males the gap between male and female mortality

declined in both seasons. Overall improvements were higher in the winter relative

to the summer for all age groups for both males and females.

Summer Winter

Age Group Males Females Males Females

60-69 3.22% 2.54% 3.36% 2.91%
70-79 2.76% 2.52% 3.02% 2.69%
80-89 1.72% 1.58% 1.97% 1.80%

Table 3.4: Annualised summer and winter mortality improvements
for males and females by age group for the period 1986-2016 (sum-
mer) and 1986/87-2016/17 (winter).

3.4.3 Generalised Additive Models

Seasonal mortality by age and year was modeled using Poisson 2-Dimensional GAMs

for the period 1986{2016 (spring, summer, autumn) and 1986/87{2016/17 (winter),

separately for males and females, based on equation 3.19. Separate models were

�tted for each season and gender. Results are presented in Tables 3.5 and 3.6 for

males and females respectively.
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Time
Period
Fitted

Intercept
Value of

k in GAM
model

E�ective degrees
of freedom for

smooth functions

Adjusted
R2

Deviance
Explained

Spring 1986-2016 -4.290880 200 41.50 0.907 98.6%
Summer 1986-2016 -4.418250 100 28.13 0.894 98.4%
Autumn 1986-2016 -4.374328 100 21.07 0.888 98.3%
Winter 1986/87-2016/17 -4.216639 200 48.65 0.888 98.3%

Table 3.5: Parameter values and goodness of �t statistics for the 2D GAMs used to
smooth seasonal mortality rates for males in Ireland.

Time
Period
Fitted

Intercept
Value of

k in GAM
model

E�ective degrees
of freedom for

smooth functions

Adjusted
R2

Deviance
Explained

Spring 1986-2016 -4.762897 200 34.50 0.943 98.7%
Summer 1986-2016 -4.889606 100 21.90 0.940 98.6%
Autumn 1986-2016 -4.852680 100 24.53 0.936 98.5%
Winter 1986/87-2016/17 -4.676692 200 55.08 0.937 98.6%

Table 3.6: Parameter values and goodness of �t statistics for the 2D GAMs used to
smooth seasonal mortality rates for females in Ireland.

Figures 3.7 and 3.8 present the corresponding residual plots for males and females

by season. Residuals exhibited a random pattern, indicating an adequate model �t.

(a) Spring (b) Summer (c) Autumn (d) Winter

Figure 3.7: Residual plots for males by season after �tting 2D GAMs.

(a) Spring (b) Summer (c) Autumn (d) Winter

Figure 3.8: Residual plots for females by season after �tting 2D GAMs.
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For comparative purposes, Figures 3.9 and 3.10 present the crude rates, SSMRs,

and �tted GAM rates for winter and summer, for both males and females at ages

65, 75, and 85. The �tted rates from the GAM are relatively smooth across all

ages and genders. However the female crude rates and SSMRs tend to show higher

volatility than the corresponding rates for males. As previously identi�ed, the crude

mortality rates in the winter are generally more volatile than the summer across all

ages for both males and females. For males, the di�erence or gap between summer

and winter mortality increases with increasing age and a similar trend can be seen

for females. The smooth GAM rates show a steady decline in the summer season

for all ages and genders but this is not the case for the winter season.

Figure 3.9: Comparison of crude rates ( ), SSMRs ( ), and �tted
GAM rates ( ) for ages 65, 75, and 85 for males for the summer over
the period 1986-2016 & the winter over the period 1986/87-2016/17.
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Figure 3.10: Comparison of crude rates ( ), SSMRs ( ), and �tted
GAM rates ( ) for ages 65, 75, and 85 for females for the summer over
the period 1986-2016 & the winter over the period 1986/87-2016/17.

Figures 3.11 and 3.12 present heatmaps of the mortality improvements from the

GAM's in the summer season (over the period 1986-2016) and winter season (over

the period 1986/87-2016/17) for males and females respectively. The heatmaps

were generated using the Continuous Mortality Investigation (CMI) of the Institute

and Faculty of Actuaries, UK Excel macro for heatmaps (CMI (2015)). Winter

mortality improvements peaked around the turn of the century for both males and

females. The peak of the summer improvements was slightly later and was less

signi�cant than the winter peak. Throughout the period, improvement rates were

generally higher for males than females in both summer and winter, with the most

pronounced di�erences occurring during the summer season.

One potential reason for the mortality improvements at the turn of the century

was the rapid economic growth during this period. As described in section 3.1, Ire-

land saw substantial economic growth in the 1990s and early 2000s, which led to

signi�cant increases in public health expenditure. In particular, in July 2001 free

medical cards were introduced for individuals aged 70 and over, providing automatic
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entitlement to a medical card regardless of income (Kenneally (2009)). Addition-

ally, following a particularly bad European winter 
u season in 1999/2000 (Houston

(2001), Boseley (2008), and Gregoriadis (1999)), the seasonal 
u vaccine became

freely available to all at-risk groups (Crosbie (2000)).
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