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Abstract  

In this paper we describe a new approach to local and national population forecasting. It is 

based on Bayesian hierarchical models which are able to efficiently solve small 

area/population issues as well as to account for complex (auto-) correlation structures and 

to incorporate qualitative and quantitative prior information and even expert assumptions.  

We provide two classes of models, implemented in open source R code, depending on 

training data: individual response models, if input microdata is available and 

aggregated/rates response models if counts data is available. Time and age (auto-) 

correlations are incorporated via Gaussian process priors and/or flexible non-linear smooth 

terms while spatial (municipality identifiers) and social-demographic characteristics are 

included in a natural multilevel model setting.  

As a result, fertility and mortality models show non-significant variation of rates by 

municipality but depend on family related and education characteristics. Stable forecasting 

models by age, time and gender and/or citizenship are straightforwardly built for mortality 

and fertility rates. Migration counts and rates, by contrast, have strong fluctuations and are 

sensitive to a richer set of factors, therefore Gaussian process priors, in addition to 

hierarchical dependence on these factors, performed particularly well for this type of non-

stationary and auto-correlated data. 

 

1. INTRODUCTION 

The goal of population projections is to predict the future values, and their uncertainty 

measures, of regional/total population by age, gender, time and other demographic or 

spatial characteristics, based on past observed values over a reasonably long time. The 

projection method should satisfy the following conditions: to be based on statistical 

modeling and be able to efficiently solve small 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. 

Currently there are three main classes of methods for producing population projections: 

based on assumptions/scenarios, on functional models [1] and based on Bayesian models 

[2]. Statistics Iceland employed in the past a mixture of such methods, by forecasting 

fertility and mortality with functional models while modeling short term migration with 

econometric/ARDL models. In addition, modeling the time correlation between emigration 
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and lagged immigration has been employed in order to further improve the predictions. 

Only national projections were produced until now. 

In this paper we test a new approach to population forecast which can successfully fulfil 

the requirements mentioned above. It is based on Bayesian hierarchical models and it is 

implemented in open source R code (shared at https://github.com/violetacln/SIPP). We 

provide two classes of solutions, depending on data: individual response models, if input 

microdata is available and aggregated/rates response models if only count data is available. 

Time and age (auto-) correlations are incorporated via Gaussian process priors or flexible 

non-linear smooth terms while spatial and social-demographic characteristics are included 

in a natural multilevel model setting. For instance, we show that fertility and mortality 

rates have a non-significant variation by municipality but depend on family related and 

education characteristics. When based on count data, they provide very stable forecast 

models by age, time and gender (in the case of mortality) or citizenship (as in the case of 

fertility). Migration rates, by contrast, are highly fluctuating and sensitive to a richer set of 

factors as described in what follows. Gaussian process priors are thus most useful and they 

are mainly characterized by the mean function, which dominates the long-term behaviour, 

and by the covariance function, which describe the correlation between ant two response 

values. 

2. METHODS 

We formulate the general statistical problem to be solved as estimating and predicting with 

a model for response data which consists either of: (i) Poisson rates, when modelling 

aggregate counts (of death, giving birth and migration in or out of the country events) per 

exposed population and time interval, when the input is count data, or (ii) binomial 

response data, in the case of modelling same type of events, when the input is microdata.   

Our solution is to build generalised additive models with hierarchical structures to account 

for any clustering effects (by location or by other characteristics such as citizenship or 

education) and differences between/within groups of observations. In addition, we required 

the models to have correlation structures such that to account for temporal effects. This 

type of models is estimated in Bayesian framework, with priors chosen according to data 

exploratory analysis and expert knowledge. The Gaussian process priors (over time and 

age) are particularly suitable due to their ability to describe complex dynamics and 

phenomena specific to time series, i.e. non-stationarity or periodic and trend components. 

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, location, gender, citizenship in 

the case of aggregated models and (ii) education, family size, municipality size, in addition 

to time, age, location, gender, citizenship, for event modelling. These functions may be 

smooth one, such as splines and their tensor products or unknown ones, defined by a prior 

stochastic process and updated by the observed data points. 

The implementation was made straightforward by exploiting reliable R-packages such as 

mgcv [3](which accommodates a wide selection of smoothers and Gaussian process 

kernels), lme4 [4] (for frequentist fast estimates and testing multilevel models), and brms 

[5] (Bayesian, based on a stan engine [6]). We also share our R-code on the github page 

of the SIPP (Statistics Iceland’s Population Projections) repository linked in the previous 

section. 

https://github.com/violetacln/SIPP
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3. RESULTS 

In this section we illustrate the age effect on fertility, mortality and migration rates (see 

Figures 1-3) as fitted by hierarchical models. We continue by showing forecasting results 

for some of these rates (Figures 4 only, due to limited space), generated by the models 

described in the previous section. 

 

Figure 1. Age dependence of fertility rates 

Figure 1 shows a well-known pattern of the last almost 20 years, with the most likely age 

of mothers close to 30. Testing for significance of location-dependence of fertility rates 

showed that most municipality effects (very few exceptions) are non-significantly different 

from the national level. A significant effect was however found for citizenship, the 

Icelandic women having higher fertility rates than the ones with foreign citizenship. 

 

Figure 2.  Age dependence of mortality rates 

This confirms both the most likely ages of death and the growing estimation uncertainty 

with age. The models also proved that location (municipality) does not have a significant 

effect on mortality rates. 

 

Figure 3. Age dependence of migration rates 
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The most likely age of migrants is around 25, followed closely by the very young ages of 

their children. Migration in and out of the country show similar patterns, but here we 

showed the emigration only. The rates however depend on municipality, in addition to age, 

citizenship and gender. The models allowed us to estimate and forecast this more involved 

structure. 

 

Figure 4. Estimated and predicted age-time surface of migration rates 

The most complex pattern of age-time variation is displayed by the migration rates, which 

require more involved tests in order to choose the covariance kernels with best 

performance. This variation proved to be dependent on location as well in a statistically 

significant way. By contrast, fertility rates regional variation is non-significant for most 

municipalities and always non-significant for mortality rates. 

4. CONCLUSIONS 

We have analysed, modelled and forecast fertility, mortality and migration time series data 

at local and national levels. We share our R-code and use open source R-packages for 

implementing the hierarchical models with best performance. 
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