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Samantekt

Mannfjéldaspain sem Hagstofa islands birti arid 2022 byggir 4 nyjum télfreedilikénum um friésemi,
danartioni og buferlaflutninga. Framreikningarnir eru byggdir & stodludum tolfreedilegum og lydfraedilegum
adferdum. Med nyja télfreedilikaninu er haegt ad bua til stadbundnar spar par sem komid er { veg fyrir ofmat
ibuafjélda, t.d. vegna peirra sem flytja af landi brott an pess ad tilkynna buferlaflutninga en aaetladur fjldi
beirra iblla sem eru med busetu & Islandi er um 2,5% minni en skradur fiéldi. Nidurstédur nyju
mannfjoldasparinnar syna baedi gildi og évissumeelingar.

Framreikningsadferdin felur ekki i sér &hrif hugsanlegra &falla af nattdrulegum, félagslegum eda
efnahagslegum orsékum og heldur ekki ahrif fjclda fléttamanna. Sem daemi ma nefna ad midgildisspain
fyrir félksfjolgun vegna arsins 2022 er 2,02% a medan skrad folksfjolgun arid 2022 var 3,06%. Munurinn
skyrist ad 6llu leyti af 6venju miklum fléttamannastraumi sem nam 0,96% aukiningu & mannfjolda.
Mannfjoldaspain verdur uppfeerd um leid og nyjar upplysingar verda tilteekar. Notendur eru pess vegna
hvattir til ad veita Hagstofunni endurgjof i formi eigindlegra og/eda megindlegra upplysinga.

Summary

The population projections published by Statistics Iceland in 2022 are based on new statistical models of
fertility, mortality and migration and their combined predictions. The projections are built by applying
standard statistical and demographical methods. The new models and methods described in this paper
allow us, in addition, to produce local projections and to incorporate the probability of overestimating the
resident population. The overestimation effect is due to a lack of deregistration, e.g. the estimated
resident population is about 2.5% smaller than the registered population. The results of the new
population projections consist of predicted values as well as their associated uncertainty measures.

The projection method does not include any effects due to possible crises caused by natural, social or
economic factors, nor the number of refugees. For instance, the predicted population growth for the year
2022 is 2.02% while the observed, register based growth during 2022 was 3.06%. The difference is entirely
explained by the unusually high refugee flow which accounted for a 0.96% additional change in
population. The national and local projections will be updated as soon as auxiliary, prior information
becomes available and users, planning and administration factors and policy makers are invited to provide
feedback of qualitative and/or quantitative type to Statistics Iceland for that purpose.



Statistical Series — Working papers

Contents
1. Introduction 3
What are population projections 4
Why the population projections are important 4
Solution principle 4
What is new 5
Open source code and open data principle 6
2. Description of the method and implementation 7
Main concepts 7
Importance of temporal effects 8
Modelling the demographic rates 9
Stochastic cohort component method 1
3. lllustrative results: national projections 2022-2073 12
Migration 1998-2073 13
4. Building the local projections 2022-2073 16
5. Evaluation of the new method 17
6. Previous population projections published by Statistics Iceland 18
7. Conclusions 19
New population projection methods 19
New type of data, software and results 19
Work in progress 19
References 20
Appendix 1: Model fitting and model validation for demographic rates 21
Posterior checks for model validation 21
Fertility 21
Mortality 23
Migration 24
Appendix 2: Local population projections, experimental results based on non-informative priors................ 25



Statistical Series — Working papers

1. Introduction

In this paper we describe the new models and methods introduced by Statistics Iceland in order to
generate population projections at national level as well as preliminary local (municipality level)
projections, starting with the year 2022. The emphasis is on the interpretation of results, novelty of
methodology, main models and open software sharing, while technical details are kept to a minimum.

Until 2022, Statistics Iceland employed a mixture of several classes of methods for producing population
projections. These were based on: (i) functional models [1, 2], for predicting fertility and mortality rates (ii)
Bayesian models [3] and econometric/ARDL models [4] for short term migration numbers (jii)
assumptions/scenarios (as used by numerous statistical institutes) for long term migration predictions. In
addition, modeling the time correlation between emigration and lagged immigration has been used in
order to further improve the predictions. Only national projections were produced until now.

We have been confronted with several difficulties while using these methods. Firstly, due to the separate
migration models: The short-term models performed well according to our evaluation over the last ten
years but they could not be extended to the 50 years horizon required by population projections, since
they included economic and social predictors which are only available for five years periods in advance.
While the observed migration counts were reasonably stable through time, the short and long-term
predicted migration regimes were smoothly connected in a natural way. However, when extremely high
migration values occurred, as during recent years, the two regimes became disjoint. Additional,
intermediate regime modelling became necessary. Secondly, incorporating prior information and
uncertainty sources, e.g. related to resident versus register population, were also challenging tasks in the
previous set-up. Thirdly, local projections produced according to same methods were not published until
now.

The new models described in the present paper are able to encode in an efficient and systematic way the
key components needed for reliable projections:

- smooth functional relationships between multiple predictors (individual demographical characteristics)
and response (demographic events) which in turn can vary by groups/clusters of similar observations (e.g.
location attributes but also cross-classifying characteristics such as citizenship, direction of international
migration) and

- correlations across these dimensions: not only temporal but also higher dimensional ones, e.g. time-age
or space-time-age correlations which may also vary by cross-classifying characteristics.

In the statistical demography literature, the following models for demographic components such as
migration, mortality or fertility were recently tested [1-3, 5-8]: generalized linear models (GLMs), generalized
additive models (GAMs), state space models (SSM) or even Gaussian Process (GP) models. The proposed
models for these components are simpler than the ones we employ for our projections, since they include
either: (i) time and age smooth dependencies, when using GP or SSM, but no other attributes, or (i) more
characteristics in addition to time and age, such as gender and region in the case of hierarchical GLMs,
although in that case the rates were linear functions of these attributes/interactions and the time priors
were damped linear trends (e.g. in [5]). In addition, not all studies update the exposed population at each
out-of-sample time-step when calculating the predicted demographic rates based on GAMs/GLMs.
Examples of studies which do this operation are based on functional models or on expert assumptions
(see [1-3]).

Note that population projections have also been built without involving the cohort component method.
They were based on assumptions and on Bayesian time series modeling (even model averaged), e.g. using
auto-regressive and stochastic volatility models®. Bayesian and stochastic projections have been
published by UN [17], Statistics New Zealand [5, 18] and Statistics Netherlands [19, 20]. The demographic

'Abel G., Bijak J., Raymer J. (2010) A comparison of official population projections with Bayesian time series forecasts
for England and Wales, E.S.R.C,,

http://cpc2.geodata.soton.ac.uk/docs/2010 WP7 Comparison of Population Projections with Bayesian Time Serie
s Forecasts Abel et al.pdf
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components involved in these stochastic population predictions are based both on assumptions and/or
on forecasts of total demographic rates (as time series) while usually not accounting for the influence of
extra individual or grouping characteristics.

The novelty of our contribution consists of the following:

- all demographic rates are modeled using the same class of, although not identical, up-to-date models?
which perform well for solving the type of difficulties associated with our data, as described in the
following sections

- the models are flexible: their complexity can be gradually increased and they can be systematically
improved when more information and more data become available

- the exposed population is updated at each time step of the calculations and this is done according to the
algorithm for stochastic cohort component method for population projections described in the following
sections.

To our knowledge, there is no paper which combines hierarchical Bayesian models of demographic rates,
via a stochastic version of the cohort component method into consistent population predictions.

Although this is the first time we produce population projections based on these models, and although
this is only their first and simplest version, the results are already very useful and realistic. Better addapted
models could be built in the future, by tuning their structure and by incorporating useful prior information
from experts, local administration, policy makers.

What are population projections

Population projections describe the future population trends and associated degree of uncertainty, i.e. the
trends in the number of people by age, gender, time and other demographic or spatial characteristics. The
projections are based on past observed values over a reasonably long time and/or expert
quantitative/qualitative information.

Why the population projections are important

There is a huge demand, as well as very good feedback in some cases?, for estimated trends of future
population from:

(i) National and local administration and policy makers

(i) Planning of: constructions, heating, water and electricity supply systems
(iii) Planning of: health, pensions and education sectors

(iv) Researchers from academic and industry domains

(V) Individual users

Solution principle

The solution is based on statistical modeling and combining prior/expert information when possible and
available.

"Hierarchical, generalised additive models with Gaussian Process priors components.

2 Aknowledgement: Sl is grateful to our colleagues from Veitur, HMS, Reykjavik Municipality, Byggdastofnum, and
many actuary colleagues in Iceland, for useful discussions.
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What is new

(i) thetype and interpretation of results
- total (national) projections and local (municipality) projections refer to the resident population (as
opposed to registered population). This is done by incorporating the information about de-
registration delays and omissions?. In the 2021 Census of the population, Statistics Iceland
discovered an overestimation of approximately 2.7%, albeit some was due to definitional differences?.

- building a unique model for migration, unlike previous projections which used different models for
short and long-term migration

- the predicted migration series is more conservative and smoother than results of the previous
methods while the predictions for the fertility and mortality rates are almost identical

- the main projection variants are now defined by the median, upper and lower bounds of the 90%
credible intervals® defined as follows:

a. -the probability to find the true value of the population below the median projection value (the 50-th
percentile) is equal to the probability of finding the true value above the median

b. -the bounds of the 90% credible interval indicate that the probability of finding the true value of the
population numbers either below or above these lower/upper limits is 5%
- the uncertainty measures have thus a more intuitive interpretation in this case, i.e. the probability
that the actual value of the predicted variable is contained within the Credible Intervals’ limits
(denoted as the 5% Percentile and the 95% Percentile values), with probability 90%, according to and
conditioning on the model

(i) cautionary remarks
Population projections are not exact predictions of future values but attempts to describe the future
size and structure of the population based on past values and additional expert information.

For instance, the population projections do not include any effects due to possible
crises/interventions caused by natural, social, political or economic factors. The size and effects of
refugees’ migration are not predicted nor included as this are impossible to predict. Since migration
has a strong influence on population projections, important changes of international conditions (with
respect to past observations) may have unforseen effects on the future population.

For instance, the predicted population growth for the year 2022 was 2.02% while the observed,
register based growth during 2022 was 3.06%. The difference is entirely explained by the unusually

high refugee flow which accounted for a 0.96% additional change in population®.

(iiiy Up-to-date, improved methods and models: why are they better

- the available time series data are not big enough to extract the needed patterns by unsupervised
machine learning. In addition, very old data have only a small impact on future trends. Therefore,
modeling and any additional knowledge need to be employed

- the projection method employed by Statistics Iceland satisfies the following conditions: it is based
on statistical modeling and, due to the type of models employed, it is able to efficiently solve small

' Calian V., Zuppardo M., Hardarsson O. (2023) Random Forest algorithm to adjust for Census population over-counts,
NTTS-2023, http://hagstofan.s3.amazonaws.com/media/public/2023/2bc02eaf-e8cb-417a-927a-7cfb77d99a88.pdf

2 Hardarson, O. (2022). Census and housing census Ist January 2021. Statistical series, 14. November 2022.
http://hagstofan.s3.amazonaws.com/media/public/2022/1a02f09f-c76d-40db-9bb9-2239c3c3bd27.pdf

3 The probability valiue is chosen according to the purpose and utility of the study, 90% is not a unique choice.

“In addition to the standard register and modeling errors.
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area/small population and rare events issues as well as to account for complex (auto-) correlation
structures and to incorporate qualitative and quantitative prior information and/or expert
assumptions.

- the models we use are more complex than GLMs, GAMs or functional models, since they include:
- smooth (non-linear and non-/ parametric) terms (just as GAMs do),
- interactions,

- hierarchical/multilevel and (temporal, spatial, grouping) correlation structures. They are mostly
classified as hierarchical, general additive models (HGAMSs)

- a powerful and performant model component, especially appropriate for treating the time series
content of the problem, which consists of Gaussian processes (GP) (see the following section). GPs
provide both a complex and consistent use of data and a tractable modeling solution [10].

When fitted in a Bayesian framework, the models may incorporate prior information in a natural way.
This type of information is critical for predictions out of sample, while model fitting is mainly driven by
data. The priors also become important when using short time series for model training.

Open source code and open data principle

We share the R-code developed for the population projections as open source code via the github-
repository’ titled SIPP (Statistics Iceland’s Population Projections) which is evolving and improving
constantly.

The models are easy to adapt and modify according to the availability in data input. The simplest type of
data structure for births, deaths and migration counts may be easily downloaded from Statistics Iceland
web-site. These data-sets can be used with the simplest versions of the models we provide.

For the production of our most recent population projections we have used a slightly more complex data
structure, involving demographic events over time by age, gender, citizenship, type of migration and
municipality. During the preliminary stages of model building and for exploratory and testing purposes, we
have also included information concerning education levels of individuals, type of family they belong to,
municipality related attributes. The results of these investigations are described in the Appendix 1and are
the basis of the most parsimonious models. For instance, these analyses showed that mortality rates do
not change significantly between municipalities, fertility rates depend on citizenship and less on location
while migration rates vary with both citizenship and region/municipality.

These more complex data sets are not available as open data yet, due to statistical disclosure control
issues: when cross-classifying observations according to multiple criteria, the risk of disclosing sensitive
and confidential information about individuals becomes very high. This limitation may be overcome in the
future, by building synthetic data or creating useful perturbed versions of the true data set.

Prior information needs to be collected in order to improve the local projections and to produce high
quality official statistics in the future. Statistics Iceland will identify the best method to interact with local
administration, policy makers, planning authorities and other economic and social partners, for this
purpose.

' https://github.com/violetacIn/SIPP
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2. Description of the method and implementation

Main concepts
There are two main parts of any population projection exercise.

(i) The first part consists of defining the future development of fertility, migration and mortality by
predicting (as in model based methods) or by making assumptions (as in scenario based methods)
about the numbers of births, deaths and migrants and their distributions by various attributes of
interest (gender, citizenship and many others in principle).

(i) The second part consists of combining (in a deterministic or stochastic way) all these future values,
according to the well-known demographic balance equations such that the future population
numbers and their distributions according to the attributes of interest can be derived.

We formulate the problem of estimating and predicting all demographic components as a unique
statistical problem in terms of demographic rates (of events such as death, giving birth and migration) per
exposed population and time unit, i.e. when the input is count data. This is the main working set-up for the
purpose of population projections.

In addition, we have explored binary response data, when modelling the same type of events described in
terms of microdata. This option was used mostly for analysis and hypothesis testing purposes, e.g. testing
whether fertility depends on education of mothers or varies by municipality.

Our solution is to build (structural) generalised additive models [9] with hierarchical structures to account
for any clustering effects (by location or by other characteristics such as citizenship, gender or education)
and for differences between/within groups of observations. In addition, we impose the condition that the
correlation structures of the models account for temporal effects [10]. This type of models (denoted in this
paper HGAM-T) are also most powerful for solving small counts/small areas as well as missing data issues
since they borrow strength across observations in an efficient way.

The models are estimated in Bayesian framework, with priors chosen according to data exploratory
analysis and expert knowledge when available. The Gaussian process priors (over time and/or age) are
particularly suitable components due to their ability to describe complex dynamics and phenomena
specific to time series, including non-stationarity or periodic and trend components. They can also treat
time and age dimensions on equal footing and incorporate the corresponding correlation structures
accordingly.

The expected value of the response is therefore written, via a link function when needed, as a sum of
functions over a set of predictors:

(i) time, age, gender, citizenship, municipality in the case of modelling aggregated counts of events and

(i) education, family size, municipality size, in addition to time, age, gender, citizenship, municipality, for
modelling binary response type of data.

These functions may be smooth (additive or multi-dimensional) ones, such as splines and their tensor
products or unknown functions defined by a prior stochastic process (e.g. Gaussian process), with
given types of correlation decay (for observations close values of time and/or age) and updated by the
observed data points.

The implementation was made straightforward by using reliable R-packages such as mgev [11] (which
accommodates a wide selection of smoothers and Gaussian process kernels), Ime4 [12] (for
frequentist fast estimates and testing multilevel models), and finally brms [13, 14] (Bayesian, based on
a stan engine [15]).
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Importance of temporal effects

We emphasize and illustrate in this section the importance of accounting for temporal effects when
modeling and predicting the demograhic rates, in a more intuitive way.

Several phenomena compete for influencing the number of births, deaths and migrants, such as the
changes in individuals’ characteristics but also in social and economic conditions. While the changes in
fertility and longevity are rather smooth and take place over long periods of time, the changes in migration
patterns are often very sudden and correspond, mathematically, to non-stationary type of time series, with
extreme values.

A typical example is the immigration of foreign citizens into Iceland for the past 35 years (see the figure
below). We may identify not only the extreme values characterising two recent economic booms, but also
the change in the relation between the migration of males and females: over 1986-2003 the women with
foreign citizenship immigrating to Iceland were more numerous than the men, while over the following
period, 2004-2021, this relation has been completely reversed. Only in the years following the finacial crisis
of 2008 the two migration flows had close values, but only for a brief period.

Figure 1a. Immigration of foreign citizens by gender, 1986-2021
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Similar patterns and few years lagged were observed for the emigration of foreign citizens, while the
migration of Icelandic citizens showed yet another type of evolution, much more balanced and more
stable. Only in years of economic pressure were male emigrants dominating the flow and the immigration
is similar while time lagged and correlated to emigration.
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Figure 1b. Emigration of Icelandic citizens by gender, 1986-2021
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These types of temporal effects, non-stationarity and complex correlations over multi-dimensional
predictors’ surfaces (e.g. age-time or space-age-time') which in addition depend on grouping variables
(such as citizenship or gender and their interaction as exemplified by migration patterns) are captured by
our HGAM-T models described in what follows.

Modelling the demographic rates

The models used for fitting the past data have a hierarchical structure in two respects:

(i)

(ii)

the observations can be grouped into multiple levels / clusters due to sharing attributes (e.g. gender,
citizenship, municipality) and being observed at successive points in time.

the model itself is formulated in “layers” of complexity: the observations are distributed according to
some law (e.g. Poisson?), which is defined by a set of parameters (e.g. rate) depending on certain
variables (e.g. time, age) via known functions (e.g. linear, splines) or unknown ones (non-parametric,
functional). This dependency may in turn be “stratified” by values of some grouping attributes (e.g.
gender or municipality). The hyperparameters involved in defining all the functions may be distributed
according to some prior distributions and the modelling process ends by finding their posterior
distribution via the standard combination of the priors and the data-likelihood. If the functions are
unknown, we may assume that they are sampled from an infinite function space and impose
conditions referring to the decay of the correlations between neighbouring observations (e.g. close in
time, in space, as age) with the distance between them. This kind of specification requires priors like
the Gaussian process priors (distributions over functions) employed in this study.

TWith a special treatment of cohort effects via interaction terms as shown in the next section.

2 This is by no means a unique choice and one may test various other distribution functions. Our choice is motivated
by model fit but also by its interpretability and simplicity.
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The common structure of all demographic rates’ models is described by a unique expression:
N(x,..)~ Poisson(ef® ), Ny(x, ...))
flx,..)=YfMx,...),

where N, (x, ...) are exposed population counts, N(x,...) are the numbers of births, migration or deaths at
each combination of attributes (x, ..), f(x, ...) are the (underlying) Poisson rates, while f,}(x, ...) denote one
or a combination of the following:

- linear, spline or tensor product type of functions of the attribute(s) and their significant interactions
- unknown functions with Gaussian process priors

fix,..) ~GP(u(x,..), T({x, ..}, {x', ..})

depending on time and age (x = (time, age) ), for each combination (1) of categorical variables such as
gender, citizenship, type of migration (i.e. immigration or emigration) and their interaction. The correlation
function F'({x ...}, {x" ... }) is defined via its functional form (e.g. spherical, power exponential, Matérn) with
(a minimum of) hyperparameters determined during model fitting. The mean function pu(x, ...) (defining the
trend of the process) may in turn be built by combining (spline, linear or non-linear) functions of the
attributes and it plays an important role when using the model in forecasting, where the trend dominates.

A Gaussian process (GP) may be seen as a connection between machine learning and modeling based
approaches to statistical inference since it is not able to make anynassumptions about the shape of the
relation between variables on the one hand but it is able to learn from the data the strength of the relation
between observations, on the other hand.

Gaussian processes are related to multiple other statistical methods such as reproducing kernel Hilbert
spaces, (related) relevance vector machines, spatial modeling and even neural networks of specific types.
In addition, most smooth terms like cubic splines or tensor product terms of generalised additive models
may be formulated as particular types of maximum a posteriori estimates of Gaussian processes (see [10]
monograph or useful online materials such as M. Clark’s workshop'). An interesting connection exists
between GPs and recent deep learning tools such as the use of dropout and its variants in neural

networks. This connection actually provides a method for representing model uncertainty in deep learning
[16].

The choice of models was based on model selection and automatic performance optimisation
(implemented by the brms and mgcv R-packages) illustrated in Appendix 1 and on model evaluation
techniques as described in section 5. They were fitted in both frequentist and Bayesian settings and
contain the following terms:

- birth rates: the smooth (unknown) functions are determined by GPs depending on age, one for each
value of citizenship of mothers (Icelandic and non-Icelandic), the model has age and time interaction
terms (similar to including cohort effects), in addition to a citizenship grouping effect.

- mortality rates: the smooth functions are determined by GPs depending on age, one for each gender
value, the model contains age and time interaction terms (similar to including cohort effects), in addition
to a gender (grouping) effect.

- migration rates: smooth functions are determined by GP/tensor product depending on age and time, the
model contains main effects and interaction terms depending on gender, citizenship and direction of
international migration.

The training data used for fitting the main models employed in the production of the national population
projections consists of:

- the number of births by age and citizenship of mother, over the period 1998-2021 and the number of
“exposed” (with the chance of giving birth, i.e. in standard fertility age brackets) women by age and
citizenship.

Thttps://m-clark.github.io/workshops/stars/

10
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- the number of deaths by age and gender, over the period 1998-2021 and the number of “exposed” (with
the chance of dying) population by age and gender.

- the number of migrants by age, gender, citizenship and direction of external migration over the period
1986-2021 and the number of “exposed” individuals (i.e. either the population-source of emigration or, less
obvious, the population-target of the immigration process) by age, gender, citizenship.

The approach to modelling immigration is simplified as it only includes information about the “target” of
the immigration process but not about its source, i.e. the population of other countries. We thus only
model the “pull” factor. There are multiple studies in literature concerning attempts of including this type
of effects with mixed results (see [5], [19] for a detailed discussion). Until now, the approach we adopted
here has been proven most efficient. The reason why it performs rather well is that the detailed past
migration patterns capture the effects of the external influences which are assumed to be similar in the
future.

Microdata analysis, as illustrated' in Appendix 1, has proved that: (i) fertility rates depend on age,
citizenship, education of mothers as well as on municipality and type of family the mothers belong to (ii)
mortality rates do not vary significantly by municipality but do vary by gender and (iii) migration rates vary
by age, gender, citizenship and municipality. The most significant attributes were included in the first
generation of models used for population projections in 2022, which are based on aggregated counts and
not on microdata.

Stochastic cohort component method

Versions of stochastic cohort component method have been previously employed although for different
types of the demographic components’ assumptions/models. In our case, it accompanies the models
described in the previous section. Its main steps consist of:

- the rates of migration, fertility and mortality are sampled from their posterior distributions at each time
step (t + 1) by using the corresponding models and the exposed population numbers at time step t

- these samples from the posterior distributions of the demographic components are combined, at each
time step according to the standard balance equation P,y = P, + M1 — Dygyq + Beeyq o Written forall
cross-classified groups according to the set of used attributes (e.g. age, gender, citizenship). Here P
denotes population numbers while M-migration, D-death and B-birth numbers. The values P, provide the
exposed population numbers at time step (t+ 1)

- the process is repeated a large number of times (e.g. K=10,000) in order to generate the posterior
distributions of population numbers at each value of t > t, where t, is the starting time of projections.

! Several credible intervals and conditional effects plots were generated from the microdata models tested for this
purpose.

N
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3. lllustrative results: national projections 2022-2073

In this section we illustrate the new method by showing the results obtained for all demographic
components (fertility, mortality and migration) as well as their stochastic combination into the population
predictions in 2022.

The population of Iceland is projected to grow from 376 thousand (registered population 1t of January
2022) to an estimated value of resident population between 412 and 525 thousand in the next 50 years,
with 90% probability, according to the models. The median population value in 2073 is 467 thousand. The
upper limit (525 thousand) indicates that there is a 5% chance that the actual number of inhabitants will
be higher than this value and a 95% chance that it will be lower. The lower limit (412 thousand) indicates
that there is a 5% chance that the actual population will be smaller than this value and a 95% probability
that it will be higher.

Figure 2. Population 1998-2073
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The total fertility rate should reach 1.6 children per woman (of 13-55 years of age) in 2073, according to the
median projection. Total fertility rate could have values between 1.5 and 1.7, with 90% probability, in 2073.
The lowest predicted rate (1.5) for Iceland in 2073 is yet higher than the average EU total fertility rate of 1.4
which was reached in 2022.

The following results (detailed in Appendix 1) are important when trying to understand why the total
fertility decreases: (i) women with foreign citizenship tend to have lower fertility rates and their number is
increasing with time and (ii) the strongest decreasing trend in fertility is recorded for women in younger
age groups of both Icelandic and foreign citizenship.

12
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Figure 3. Total fertility rate 1998-2073
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Life expectancy at birth will grow from 84 years in 2022 to 89 years in 2073 for women and from 81 to 84
years for men, according to the median projection, i.e. an increase of about 0.1 years of life per year.

Figure 4. Number of deaths 1998-2073
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Migration 1998-2073

The number of immigrants will be higher than the number of emigrants for the whole period, due primarily
to the migration of foreign citizens. The net migration of Icelandic citizens (i.e. the difference between
arrivals and departures) will preserve its past character, varying around zero for the next 50 years.

13
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Cautionary remark:

The predictions of the migration patterns are very conservative in the current release, even considering
de-registration corrections and the fact that only main trends are predicted by the models. They do not
include the unusual high number of refugees which could not be predicted. Only non-/weakly- informative
priors were used in 2022 and we emphasize again that the priors’ role is much more important when
forecasting than when fitting a model. This is why, although the long-term values of predicted migration
numbers coincide with expert assumptions (as they were described in [4] and yearly publications of
Statistics Iceland), we formulate here the conjecture that these forecast values are too low. This is
primarily because external conditions have changed dramatically during the very recent past with respect
to the rather stable conditions of the previous few decades. More prior information needs to be
incorporated into the models for a more realistic outcome.

Figure 5. Total immigration, emigration, net migration (the difference between immigration and
emigration) 1998-2073, median values
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The main difference between the predictions of the current and previous models is that the Icelandic net
migration should reach positive, although very low, values over long term.

Figure 6. Migration of Icelandic citizens 1986-2073, median values
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As a consequence of the evolution of birth, death and migration numbers, the total population structure is
predicted to change as follows:

(i)  The proportion of the working age population (defined as 16 to 74 years old) will decrease from 74% in
2022 to 68% in 2073, according to the median projections

(i)  After 2055, the older age population (over 65 years) will become more numerous than the youngest
(less than 20 years old), according to the median projections

The change in population age-distribution is illustrated usually by comparing the population pyramids of
the starting and end years of the projection horizon.

Figure 7. Population age distributions 2022 and 2073 (median, 5% and 95% percentiles)

Females Males

90-

60-

age

30-

2000 0 2000 400¢
number of individuals
Population ageing is caused by decreasing fertility and increased life expectancy. However, this
development is still slower in Iceland than in the EU countries, due to high migration and relatively high
fertility compared with the EU average. The median age of the Icelandic population was 36 years in 2021
and is predicted to be 46 years in 2073. In comparison, the median age in the EU countries was already 44
years in 2021, a value which will not be reached in Iceland until 2058, according to the median projection.
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4, Building the local projections 2022-2073

In order to produce the local population projections, one may start by modelling the demographic rates as
described in the sections above while including the dependence on municipality into the model as well.
This would provide local projections and therefore national projections as (stochastic) combinations of all
local ones. It would also be computationally intensive and resource demanding, with increased
uncertainty of estimates due to high number of imputed values and stochastic addition of multiple time
series.

Therefore, we use a different, more robust and simpler approach. The local population “rates”, defined by
the local counts and the “exposed” total population of Iceland, are modelled as smooth functions of
several attributes and/or time. The complexity of this type of model can be increased, while the priors can
be made more informative, as additional information or new analysis become available. The current simple
model of local population rates includes multiple time dependent GPs, one for each municipality as well as
municipality-level smooth intercepts.

Remarks on strengths and limitations of the current, beta version of the local projections (see Appendix
2):

- the local rates are modelled in this first version only by using the national median, resident population
projection, therefore the widths of the credible intervals are underestimated. If we sampled from the
posterior distribution of total population values for each time point of the forecasting horizon, the
generated credible intervals of the local projections would be wider.

- additional information should be collected from users, experts, policy makers. It could be incorporated as
prior information in order to improve the model predictions in the future.

-these is only the first, simplest and agnostic, in terms of priors, version of the local projections. The
projections will be published as experimental statistics' as soon as the additional information is collected.
This will allow us to build informative priors and update both the total population and the predictions of
population numbers by municipality.

- some local predictions have large uncertainty (e.g. many of the municipalities with small populations,
especially if the counts have been oscillating in the recent past) while others look rather confident (e.g.
municipalities with larger population, but also some of the much smaller ones if showing very clear past
development trend). Note also that the reported uncertainty reflects at this point only the predictive
abilities of the models.

- a preliminary evaluation of results by using subjective opinions of various experts showed that some of
the main trends predicted by us are too optimistic while others are too conservative (usually smaller
ones). These cases are also characterised by wide uncertainty limits which show that much higher and
much lower values than the median predictions are also rather likely to occur.

' Experimental statistics is intended to support official statistics and improve their quality by facilitating innovation in
the production of official statistics and give users faster access to interesting statistical information.” — see
https://www.statice.is/publications/experimental-statistics/
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5. Evaluation of the new method

In order to evaluate the performance of the population projection methods, the models of all demographic
components as well as their stochastic combination need to be carefully scrutinised.

The evaluation of these models was performed in two steps:

(i) the model fitting and validation, as exemplified by the posterior checks in Appendix 1 (while
optimization of model components is already included in the automatic fitting and model selection
procedures) and

(i) the "in-sample forecast” method for evaluating the model forecasting performance

The observations used for fitting these models are time-correlated. Therefore, the typical methods for
measuring accuracy, such as cross-validation statistics, should be calculated in a special way' since
leaving out observations does not remove their influences on other data points. The method applied for
such cases is known as the “in-sample” forecast and consists of generating independent (time step=1, ...)
forecasts based on the model which needs to be evaluated, the forecasts being thus performed for shorter
and shorter time series of input data. The errors measured by comparing the predicted and observed

values are then combined into standard measures such as RMSE, MSE, MAEZ2.

The values of the RMSE on the test data, when training of the models was done for the period 1998-2012
and the (in-sample) testing over the period 2013-2022, are:

1.7 (median) for the number of deaths (conditioned on age-group and gender), with 1t and 3" quantiles
equal to 0.8 and 3.9 respectively; 6.8 (median) for the number of births (conditioned on age-group and
citizenship of mothers), with 1t and 3™ quantiles equal to 2.4 and 14.8 respectively; 4.3 (median) for the
number of migrants per age-group, citizenship and movement direction of migrants, with 15t and 3™
quantiles equal to 2.4 and 12.1 respectively.

The RMSE values on the training data, i.e. based on residuals/model fitting are much smaller, ranging from
1.01 for the elementary (conditioned on the other attributes, as above) number of deaths, to 1.3 for
migrants and 1.6 for births, for the whole period 1998-2022.

A detailed comparison between mortality forecasts based on several methods (employing GP similar to
ours and functional models) is described in [7]. It shows narrower confidence intervals of the functional
models (underestimating uncertainty) and small differences between estimates of both models, without a
systematic trend of these discrepancies. It confirms the fact that GPs (over time and age) are trustable
and reliable forecasting tools.

The evaluation of the total population predictions based on multiple in-sample forecast of demographic
components combined via the stochastic cohort component method is work in progress. This exercise is
computationally intensive and time consuming. But since the demographic components perform very
well, we work on the assumption that the stochastic combination of the predicted rates will also do that.
We did however compare the results of all methods used to produce population projections during the
last 10 years, although different since continuously updated, as shown in the following section.

"https://robjhyndman.com/hyndsight/crossvalidation/

2 Notations stand for: root mean square error, mean square error, mean absolute error. respectively.
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6. Previous population projections published by Statistics Iceland

The population projections published during the past ten years have been based on multiple methods and
models which were continuously improved and updated. In the following figure all predictions of 2012-2022
are plotted in addition to the observed population data. One may easily notice that all projections before
2017, when the most recent economic boom has started, have underestimated the population of the years
that followed, especially short-term. The newer projections have incorporated this information and
predicted higher short-term population levels, accordingly. The long-term predictions of all past
projections (main variants) are not very different from each other. They span an interval of about 30
thousand inhabitants in the year 2060 for instance, i.e. less than 7% of the average predicted population
total for that year. The credible interval of the 2022 predictions (not shown in this figure but in the first
figure of this paper) covers this interval.

Figure 8. Population projections (pp2012, ..pp2022) published between 2012 and 2022, compared with
the observed data
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This comparison and the data behind it are available on the dedicated github repository’ where any future
updates will be uploaded as soon as they become available.

Thttps://github.com/violetacln/SIPP
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7. Conclusions

New population projection methods

In this paper we describe the new methods for producing population projections at Statistics Iceland,
including preliminary work regarding projections by municipality. They are based on hierarchical, Bayesian
models of demographic rates and on a stochastic cohort component method of combining the projected
rates in order to provide estimates of future population numbers and associated uncertainty measures.
This is, to our knowledge a first exercise in using this particular type of models for all components and for
producing corresponding stochastic projections.

New type of data, software and results

The main new features of the projections are as the following. The results are defined in terms of median
values and lower/upper bounds of credible intervals (e.g. 90% probability level) instead of low/high variants
based on scenarios. The predictions refer to resident (as opposed to register) future population. The
source code is shared openly and can be easily tested on the open data on Statistics Iceland’s web-site, in
a straightforwardly simplified version. We estimate that if efficient solutions for confidentiality issues are
found, the most detailed data-sets could become open as well.

Work in progress
We are working towards improving and developing the methods along the following lines:

- including prior information, based on feedback from experts, users, policy makers, local administration, in
order to produce informed updates of the total population projections and publish experimental then
official, local projections. This would improve the quality and reduce the uncertainty of predictions

- performing sensitivity analyses for testing the effect of changes in prior distributions
- building a unique model for local and total population projections

- incorporating new significant attributes in the production version, such as education
- testing the use of Markov Random Fields for modelling local effects more accurately
- adding more municipality-level attributes into the model

- testing rigorously the performance of a model averaging approach (still showing mixed results at this
point)

In addition, technical and theoretical refinements are needed for the forecast evaluation step, as well as
increased quality of implementation and use of computational resources.
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Appendix 1: Model fitting and model validation for demographic rates

Posterior checks for model validation

We exemplify this type of validation of the model with the results of posterior checks for the Bayesian
fertility model (brms fitted). This means that one compares the observed data to simulated samples (or
some summary statistics) generated from the model posterior predictive distribution.

Figure 9. Comparing the observed and predicted values (posterior checks)
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The effects of age, time and citizenship according to the models without spatial dependence (i.e. based on
total population counts of the number of births by time, age and citizenship of mothers) are illustrated in
the figure below and display the main trends observed for significant age groups of mothers. The number
(mgev fitted, for speed) model of births shows the strongest decrease with time for the most typical young
age-group (22) while it is slightly increasing with time for the higher age-groups (31 and 40). Women of all
age groups and citizenships had more children around the years 2009-2010.
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Figure 10. Dependence of the number of births on time by citizenship of mothers and significant age-
groups of mothers
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All variants of the tested fertility models show a well-known pattern of the last almost 20 years, with the
most likely age of mothers close to 30. Most municipality effects (few exceptions only) are statistically
non-significant. The tests also showed that women of Icelandic citizenship have higher fertility rates than
the ones with foreign citizenship (see both figures in this section). The uncertainty of model predictions is
highest for data corresponding to small number of events (births) such as the ones recorded for extreme
ages (youngest and oldest) of mothers with foreign citizenship (see the figure below).

Figure 11. Dependence of the number of births on ages of mothers, by citizenship (ISL- Icelandic and
ERL- foreign)
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Same results for (conditional) effects were obtained with/without including spatial attributes
(municipality) in a Bayesian hierarchical model brms fitted.
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The preliminary study based on fertility microdata confirmed (see figure below') that education levels have
an effect (although rather small) on fertility, the variation of municipality population between years (seen
as a characteristic of the municipality) has a non-significant impact but the main factors influencing birth
events are the size of family and the type of partnership between parents.

Figure 12. Effects of education, type of family and characteristics of municipality on fertility (model
parameters) and their uncertainty measures (credible intervals)
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Mortality

Exploratory analysis was conducted for models of mortality as well, based on microdata and on
aggregated counts before validation of the final model. Bayesian models, with and without spatial
dependence, brms-fitted, confirmed both the most likely ages of death and the growing estimation
uncertainty with age. The tested models also proved that location (municipality) does not have a
significant effect on mortality rates while the gender does.

Figure 13. Dependence of the number of deaths on age (conditional effect)
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' This model was fitted using the Ime4 R-package and the credible intervals were generated by simulating with the arm
and bayestestR R-packages.

23



Statistical Series — Working papers

The predicted surface of log-mortality rates as a function of age and time may be generated faster by
using mgcv-package to fit the model, as shown in the following figure:

Figure 14. Mortality rates (log-scale) by age and time
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Migration

Employing a similar methodology to the one used for fertility exploratory and validation stages, Bayesian
models, with and without spatial dependence, were brms-fitted for migration (by type). They show that the

most likely age of migrants is around 27, followed closely by the very young ages of their children. The
rates depend on municipality, in addition to age, citizenship and gender.

Figure 15. Dependence of the number of migrants on age (conditional effect)
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Appendix 2: Local population projections, experimental results based on non-informative
priors

Figure 16. Experimental, local population projections 2022-2073
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