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The bayesPop R package can be used to produce probabilistic population projections on a national as well
as a subnational level. In this vignette we will show how bayesPop can be used in subnational settings,
using annual single age (1x1) data. For instructions how to use bayesPop to generate national projections,
see Ševčíková and Raftery (2016). This vignette is available as pdf (included in the package), as well as in
html format.

We will use example data for 19 subnational (NUTS 2) units in Finland to demonstrate the various
functionalities. To briefly contextualise these data, the Finnish regions are responsible for organising health,
social, and rescue services in the country (with the exception of the largest region, Uusimaa), making
subnational population projections highly relevant for them. The median population is 180 thousand, with a
range of 31 thousand to 1.8 million. All regions have seen falling fertility levels (nationally total fertility rate
of 1.25 in 2024) and increasing life expectancy at birth (84.8 years for females and 79.7 years for males in
2024). There are substantial regional differences: the eastern regions of the country has lower life expectancy
and fertility levels than the western part of the country. The map below shows the geographic location of the
regions and its population in 2024.

To organize our work, let’s set up a working directory for all inputs and outputs:
wrk_dir <- "bayesPopSubnatProj"

Downloading Data
Next, set a directory to hold the input data and create it if it does not exist:
data_dir <- file.path(wrk_dir, "inputs")

if(!dir.exists(data_dir)) dir.create(data_dir, recursive = TRUE)

Subnational example data
The subnational data needed to follow examples in this vignette are in the GitHub repository
“PPgp/bayesPopFINdata” and can be downloaded as follows:
repo_file <- file.path(data_dir, "main.zip")
download.file("https://github.com/PPgp/bayesPopFINdata/archive/refs/heads/main.zip",

repo_file)
unzip(repo_file, exdir = data_dir)
unlink(repo_file)

It creates a directory “bayesPopFINdata-main” which contains text files with among others total fertility rates
(“tfr.txt”), sex-specific life expectancy at birth (“e0F.txt”, “e0M.txt”), net migration rates (“mig_rates.txt”),
net migration counts (“mig_counts.txt”), sex- and age-specific population (“popM.txt”, “popF.txt”), sex-
and age-specific mortality rates (“mxM.txt”, “mxF.txt”), and percent age-specific fertility (“pasfr.txt”). The
directory also contains the map of the regions shown above.
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For the purpose of accessing these dataset, we create an object pointing to this directory:
data_dir_reg <- file.path(data_dir, "bayesPopFINdata-main")

National projections
To project subnational total fertility rate (TFR) and life expectancy at birth (e0) we will need probabilistic
national projections of the corresponding country. Such projections, generated using the bayesTFR and
bayesLife R packages, which align well with the United Nations projections published in the World Population
Prospects can be downloaded from our website as follows:
options(timeout = 600)
tfr_world_file <- file.path(data_dir, "TFR1simWPP2024.tgz")
download.file("https://bayespop.csss.washington.edu/data/bayesTFR/TFR1simWPP2024.tgz",

tfr_world_file)
err <- untar(tfr_world_file, exdir = data_dir)
if(err == 0) unlink(tfr_world_file)

e0_world_file <- file.path(data_dir, "e01simWPP2024.tgz")
download.file("https://bayespop.csss.washington.edu/data/bayesLife/e01simWPP2024.tgz",

e0_world_file)
err <- untar(e0_world_file, exdir = data_dir)
if(err == 0) unlink(e0_world_file)

Note that these are big files. Therefore, if you are on a slow network and/or get a timeout error, you might
want to increase the timeout option. Alternatively, download these files manually outside of R and place
them into the data_dir directory. Then in the above code you can skip the download.file() call and
continue with the untar() command.

Outline
To generate probabilistic population projections for all Finnish regions, we will proceed in the following steps:

1. Generate future trajectories of total fertility rates.
2. Generate future trajectories of life expectancy at birth for female and male.
3. Generate future trajectories of net migration rates.
4. Generate future trajectories of age- and sex-specific population.

Results of each of the steps will be stored in its own directory in the parent working directory wrk_dir.

We will work with four R packages, namely bayesTFR, bayesLife, bayesMig, and bayesPop. Loading
bayesPop pulls also the first two packages into the namespace. Thus, loading the last two packages will be
sufficient.
library(bayesPop)
library(bayesMig)

We will also use the R package wpp2024 containing datasets from the United Nations World Population
Prospects 2024. To install this package, please follow the instructions at PPgp/wpp2024.

Next, we decide on how many trajectories we’d like to generate in each step. The more trajectories, the
smoother the results, but the longer the processing time in some cases, especially in step 4. Thus, for steps 1.
to 3., we choose 1000 trajectories, while for step 4., to keep the processing time low we will generate only 50
trajectories. Note however, that in a real world simulation one would need to increase it to at least 1000.
nr_traj_comp <- 1000
nr_traj_pop <- 50
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Total Fertility Rate
The probabilistic projection of subnational TFR is generated using the methodology by Ševčíková et al. (2018)
and implemented in the bayesTFR package. It is based on the idea that TFR in subnational units closely
follow the corresponding national projections. Thus, we base our projections on the probabilistic projections
for Finland that approximate the United Nations’ official projections from the World Population Prospects
2024 (UN WPP 2024). These projections which we downloaded in the previous step were generated using the
methodology and software described in Liu et al. (2023).

The directory pointing to these national projections for all countries of the world is
world_dir_tfr <- file.path(data_dir, "TFR1unc", "sim20241101")

One can explore the Finnish projections with various functions from the bayesTFR package. For example
as a graph:
tfr_world_pred <- get.tfr.prediction(world_dir_tfr)
tfr.trajectories.plot(tfr_world_pred, country = "FIN", nr.traj = 10,

half.child.variant = FALSE, uncertainty = TRUE)
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Here, for the country argument the ISO-3 code is used. An ISO-2 or a numerical UN code (which is 246
for Finland) is also accepted. In addition to the predictive distribution (shown as grey trajectories) with
its probability intervals (shown as red lines), the graph also shows uncertainty around the observed data
(controlled by the argument uncertainty), which is in the case of Finland very narrow. Numerical values
from this graph can be seen using the function tfr.trajectories.table(). For more information on how
to explore such national projections see Liu et al. (2023).

To generate subnational projections for the Finnish regions, we will use observed TFR data in “tfr.txt” that
we downloaded above.
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tfr_subnat_file <- file.path(data_dir_reg, "tfr.txt")
read.table(tfr_subnat_file, sep= "\t", header = TRUE, check.names = FALSE) |> head()
#> country_code reg_code name include_code 1990 1991 1992 1993
#> 1 246 1 Uusimaa 2 1.677 1.705 1.763 1.740
#> 2 246 2 Southwest Finland 2 1.710 1.724 1.758 1.744
#> 3 246 4 Satakunta 2 1.792 1.712 1.794 1.687
#> 4 246 5 Kanta-Häme 2 1.753 1.882 1.896 1.762
#> 5 246 6 Pirkanmaa 2 1.762 1.729 1.823 1.791
#> 6 246 7 Päijät-Häme 2 1.755 1.749 1.848 1.782
#> 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006
#> 1 1.763 1.693 1.641 1.616 1.555 1.594 1.595 1.575 1.591 1.645 1.666 1.655 1.705
#> 2 1.750 1.748 1.708 1.665 1.645 1.701 1.648 1.595 1.574 1.579 1.649 1.613 1.626
#> 3 1.825 1.830 1.816 1.726 1.702 1.783 1.728 1.743 1.752 1.762 1.863 1.848 1.974
#> 4 1.858 1.874 1.826 1.880 1.799 1.887 1.824 1.787 1.800 1.892 1.887 1.792 1.952
#> 5 1.799 1.752 1.706 1.702 1.655 1.694 1.665 1.689 1.630 1.692 1.774 1.768 1.799
#> 6 1.836 1.775 1.734 1.703 1.620 1.704 1.759 1.737 1.717 1.688 1.804 1.833 1.804
#> 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
#> 1 1.676 1.700 1.693 1.704 1.652 1.604 1.579 1.547 1.509 1.446 1.378 1.327 1.279
#> 2 1.649 1.680 1.691 1.750 1.677 1.646 1.619 1.610 1.565 1.454 1.420 1.321 1.273
#> 3 1.831 1.779 1.915 1.913 1.907 1.833 1.856 1.819 1.746 1.657 1.608 1.459 1.395
#> 4 1.929 1.947 1.993 1.855 1.881 1.823 1.829 1.800 1.679 1.589 1.613 1.470 1.441
#> 5 1.786 1.826 1.828 1.797 1.774 1.831 1.703 1.652 1.609 1.510 1.417 1.336 1.282
#> 6 1.778 1.843 1.800 1.829 1.739 1.821 1.691 1.659 1.653 1.517 1.511 1.443 1.314
#> 2020 2021 2022 2023 2024
#> 1 1.302 1.411 1.257 1.219 1.229
#> 2 1.297 1.415 1.269 1.175 1.203
#> 3 1.400 1.535 1.398 1.327 1.321
#> 4 1.412 1.492 1.417 1.302 1.244
#> 5 1.275 1.384 1.229 1.170 1.204
#> 6 1.409 1.494 1.364 1.252 1.225

It contains TFR for 19 Finnish regions, from 1990 to 2024. A unique identifier of the regions is given by the
column “reg_code”. The column “country_code” defines the corresponding country, here 246 for Finland.
The column “include_code” specifies if the region should be included in the prediction (value 2) or not (value
0). Here, the last entry of the dataset corresponds to the national values and therefore has “include_code” of
0. Note that the data can contain missing values at the beginning or/and the end of the time series. In our
case, no missing values are present.

The subnational TFR predictions will be stored in the sub-directory “tfr” of our working directory:
dir_tfr <- file.path(wrk_dir, "tfr")

The chosen number of trajectories (1000) is the same as in the national simulation, obtained via
summary(tfr_world_pred), which is the upper bound for this choice.

To launch the predictions, we use the function tfr.predict.subnat():
tfr_pred <- tfr.predict.subnat(countries = 246, sim.dir = world_dir_tfr,

output.dir = dir_tfr, annual = TRUE,
start.year = 2025, end.year = 2050,
nr.traj = nr_traj_comp, my.tfr.file = tfr_subnat_file,
verbose = TRUE
)

Here, we are directing the function to generate 1000 trajectories of future annual TFR from 2025 until 2050
for regions found in the file given by argument my.tfr.file, that is, for regions that belong to country 246
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(i.e. Finland). Argument annual determines that the function expects annual subnational data, as oppose to
5-year data. Argument sim.dir points to the national projections, while argument output.dir determines
where the results are to be stored.

Since the tfr.predict.subnat() function allows to run predictions for multiple countries at once (given by
the vector countries), the return value is a list with names corresponding to the country codes. Thus, to
extract the list item for Finland, we do:
tfr_pred_reg <- tfr_pred[["246"]]

Alternatively, if the predictions are accessed at a later time point, one can obtain the same object by pointing
to the simulation directory:
tfr_pred_reg <- get.regtfr.prediction(dir_tfr, country = 246)

Now various bayesTFR functions for analyzing results can be used. For example, to view the projected
TFR for two different regions (here historically high and low fertility regions Central Ostrobothnia and
Kymenlaakso, respectively), do:
par(mfrow = c(1,2))
for (loc in c("Central Ostrobothnia", "Kymenlaakso")){

tfr.trajectories.plot(tfr_pred_reg, loc, half.child = FALSE, nr.traj = 10, pi = 95,
ylim = c(0.5,2.5))

abline(h = 2.1, col = "grey")
}
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In each graph, we have also drawn a grey horizontal line at the replacement level of 2.1. One can see that
while Kymenlaakso have almost zero probability that TFR will reach the replacement level before 2050, for
Central Ostrobothnia there is a somewhat larger chance that TFR will get to or even above the replacement
level.

Tabular results can be viewed using either the summary() function which returns among others the mean and
standard deviation, or the tfr.trajectories.table() function which can return any quantile of interest of
the given location:
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tfr.trajectories.table(tfr_pred_reg, "Lapland") |> tail()
#> median 0.025 0.1 0.9 0.975 -0.5child +0.5child
#> 2045 1.393597 0.8087440 1.035248 1.758969 1.948215 0.8935971 1.893597
#> 2046 1.389057 0.7912435 1.050727 1.768238 1.965819 0.8890574 1.889057
#> 2047 1.396876 0.8258493 1.041540 1.779298 1.974555 0.8968756 1.896876
#> 2048 1.408430 0.8482060 1.046457 1.796854 1.990039 0.9084303 1.908430
#> 2049 1.401237 0.8080254 1.038755 1.794299 1.980200 0.9012371 1.901237
#> 2050 1.401098 0.7970399 1.046003 1.798282 1.974949 0.9010984 1.901098

One can extract all trajectories as a matrix, for example to be used as an input to downstream models, or to
compute probabilities of events of interest:
trajs <- get.tfr.trajectories(tfr_pred_reg, "Central Ostrobothnia")
dim(trajs)
#> [1] 27 1000

The dimensions of the resulting matrix correspond to the number of time points (27) x number of trajectories
(1000).

To quantify our statement above, we now compute the probability that the TFR in Central Ostrobothnia
will be above the replacement level by 2050. One can approximate that by computing the frequency of the
event happening among the available trajectories:
sum(trajs["2050", ] > 2.1) / ncol(trajs) * 100
#> [1] 13.7

Note that since the bayesTFR package was originally designed to work on the national level, many functions
accept the argument country or have “country/ies” in its name. When using in the subnational context, a
“country” means a region. For example, to view all regions included in the projection, including their codes,
one can use:
get.countries.table(tfr_pred_reg) |> head()
#> code name
#> 1 1 Uusimaa
#> 2 2 Southwest Finland
#> 3 4 Satakunta
#> 4 5 Kanta-Häme
#> 5 6 Pirkanmaa
#> 6 7 Päijät-Häme

Or, to obtain the code or index of a specific region:
get.country.object("Kainuu", country.table = get.countries.table(tfr_pred_reg))
#> $name
#> [1] "Kainuu"
#>
#> $index
#> [1] 17
#>
#> $code
#> [1] 18

Similarly, searching by code or index:
get.country.object(21, country.table = get.countries.table(tfr_pred_reg))
get.country.object(19, country.table = get.countries.table(tfr_pred_reg), index = TRUE)

The working directory now should contain a sub-directory “tfr” that contains a directory “subnat/c246”

6



which holds the prediction info and TFR trajectories for each region.

Life Expectancy at Birth
The probabilistic projections of subnational life expectancy at birth (e0) is generated using the methodology
of Ševčíková and Raftery (2021) which is implemented in the bayesLife package. Similarly to modeling
subnational fertility, e0 in subnational units can be also modeled by following closely the national projections,
in our case the probabilistic projections of the Finnish e0 which we generated to approximate the UN
WPP 2024 and which we downloaded previously. They were produced using the methodology of Raftery et
al. (2013).

As in the national case, we first project female e0. Then the male e0 is projected using the gap model as
described in Raftery et al. (2014).

The directory pointing to the national e0 projections for all countries is
world_dir_e0 <- file.path(data_dir, "e01", "sim20241101")

To explore the Finnish projections one can use various functions from the bayesLife package. For example:
par(mfrow = c(1,1))
e0_world_pred <- get.e0.prediction(world_dir_e0)
e0.trajectories.plot(e0_world_pred, country = "FIN", nr.traj = 10, both.sexes = TRUE)
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For subnational observed data we will use the two files we downloaded earlier, one for female and one for
male.
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e0F_subnat_file <- file.path(data_dir_reg, "e0F.txt")
e0M_subnat_file <- file.path(data_dir_reg, "e0M.txt")
read.table(e0F_subnat_file, sep= "\t", header = TRUE, check.names = FALSE) |> head()
#> country_code reg_code name include_code 1992 1993 1994 1995 1996
#> 1 246 1 Uusimaa 2 78.9 79.2 79.6 80.0 80.3
#> 2 246 2 Southwest Finland 2 79.5 79.8 80.1 80.5 80.7
#> 3 246 4 Satakunta 2 79.7 79.7 80.3 80.7 80.8
#> 4 246 5 Kanta-Häme 2 80.1 80.1 80.4 80.7 80.9
#> 5 246 6 Pirkanmaa 2 79.5 79.6 79.7 80.0 80.3
#> 6 246 7 Päijät-Häme 2 78.9 79.3 79.2 79.7 80.0
#> 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011
#> 1 80.4 80.5 80.7 80.9 81.2 81.3 81.5 81.7 81.9 82.3 82.7 83.1 83.2 83.2 83.3
#> 2 80.9 81.2 81.5 81.5 81.6 81.7 82.1 82.3 82.5 82.8 82.9 83.1 83.3 83.4 83.7
#> 3 80.5 80.7 80.9 81.1 81.3 81.3 81.9 82.1 82.5 82.7 82.7 83.0 82.9 83.0 83.1
#> 4 80.8 80.8 81.1 81.0 81.0 81.3 81.6 81.9 81.8 82.4 82.3 82.7 82.5 82.9 83.2
#> 5 80.4 80.9 81.2 81.4 81.3 81.4 81.7 82.1 82.4 82.7 82.6 83.0 83.2 83.2 83.2
#> 6 80.4 80.2 80.5 80.8 81.3 81.5 81.4 81.5 81.8 82.5 82.8 82.9 82.4 82.3 82.6
#> 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
#> 1 83.4 83.7 83.9 84.1 84.1 84.3 84.5 84.6 84.7 84.7 84.4 84.3 84.4
#> 2 83.7 83.8 83.9 84.2 84.3 84.4 84.4 84.6 84.9 85.1 84.7 84.6 84.6
#> 3 82.8 82.9 82.8 83.2 83.4 83.6 83.6 83.7 83.9 84.2 83.6 83.4 83.7
#> 4 83.6 83.5 83.6 83.6 84.0 84.2 84.4 84.7 84.6 84.5 84.3 84.0 84.3
#> 5 83.3 83.7 83.9 84.1 84.4 84.4 84.6 84.7 84.9 84.9 84.5 84.3 84.4
#> 6 82.9 83.1 83.1 83.5 83.5 83.4 83.4 83.5 83.9 83.9 83.7 83.6 83.5

For each region, the files contain e0 from 1992 through 2024. The meaning of the remaining columns
(reg_code, country_code, include_code) is the same as in the case of TFR.

We set the directory for storing the subnational prediction of e0 to “e0”, located inside the main working
directory:
dir_e0 <- file.path(wrk_dir, "e0")

Now we can launch the e0 predictions:
e0_pred <- e0.predict.subnat(countries = 246, sim.dir= world_dir_e0, output.dir = dir_e0,

annual = TRUE, start.year = 2025, end.year = 2050,
nr.traj = nr_traj_comp, my.e0.file = e0F_subnat_file,
predict.jmale = TRUE, my.e0M.file = e0M_subnat_file
)

Here, we are generating 1000 trajectories of annual future e0 from 2025 until 2050 using data found in the
file given by the my.e0.file argument, which in our case is female e0. However, setting the argument
predict.jmale to TRUE, we are directing the function to also predict male e0 by applying the female-male
gap model using the male e0 found in the file given by the my.e0M.file argument.

As in the TFR case, the resulting object from the above call is a list and we can extract the Finnish results by
e0_pred_reg <- e0_pred[["246"]]

Or, if the predictions are accessed at a later time point:
e0_pred_reg <- get.rege0.prediction(dir_e0, country = 246)

For analyzing results, various bayesLife functions can be used. Here for two regions, we view the projected
marginal e0 for both sexes, using the national female projections as a background (grey lines) for a comparison:
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par(mfrow = c(1,2))
for (loc in c("Åland", "Lapland")){

# plot the national female projections in grey
e0.trajectories.plot(e0_world_pred, country = "FIN", nr.traj = 0,

xlim = c(1970, 2050), ylim = c(70, 93), pi = 80,
show.legend = FALSE, main = loc, col = rep("grey", 4))

# add sub-national projections
e0.trajectories.plot(e0_pred_reg, loc, nr.traj = 0, pi = 80,

both.sexes = TRUE, add = TRUE, show.legend = FALSE)
legend("topleft", legend = c("female", "male", "FIN female", "median", "80% PI"),

bty = "n", col = c("pink", "darkgreen", "grey", "black", "black"),
lty = c(1, 1, 1, 1, 2), lwd = 2, cex = 0.7)

}
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This marginal distribution may suggest that crossovers between female and male e0 are possible. However,
when viewing the joint distribution between male and female e0, here for three different years, it is obvious
that it is not the case:
par(mfrow = c(1,2))
for (loc in c("Åland", "Lapland"))

e0.joint.plot(e0_pred_reg, loc, years = c(2025, 2035, 2050),
xlim = c(75, 95), ylim = c(75, 95), nr.points = 100)
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The minimum and maximum gap between female and male e0 is controlled via an optional argument gap.lim
that can be passed to the e0.predict.subnat() function. Its default value is c(0, 18), meaning that the
difference cannot be negative and cannot be larger than 18 years. However, if one would replace it for example
with c(-2, 18), trajectories where male e0 is larger than female e0 by up to 2 years would be allowed. By
default, values outside of the gap.lim range are re-sampled.

Functions e0.trajectories.table() and summary() can be used to explore tabular results. When passing
the e0_pred_reg object to them, the operation is performed on the female prediction object. To retrieve the
male prediction object, do:
e0M_pred_reg <- get.e0.jmale.prediction(e0_pred_reg)

To retrieve the values of all male trajectories, for example for Lapland, do
trajLapland <- get.e0.trajectories(e0M_pred_reg, "Lapland")

It is an array of time x trajectories. These can be used to create other summaries, or for computing various
probabilities. For example, what is the probability that Lapland male e0 by 2050 reaches the 2024 national
value of 79.4?
sum(trajLapland["2050", ] >= 79.4)/ncol(trajLapland) * 100
#> [1] 94.9

Note that the 2024 male national e0 was retrieved via
e0M_world_pred <- get.e0.jmale.prediction(e0_world_pred)
e0.trajectories.table(e0M_world_pred, "FIN")["2024", "median"]
#> [1] 79.37551

Migration
In this third step, we will generate probabilistic projection of net migration rates (NMR) for all regions, using
the bayesMig package. First, we will use our example historical data (downloaded above) to estimate the
Bayesian hierarchical (BHM) model by Azose and Raftery (2015).
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The units in our historical estimates are the number of migrants per population. Here are the first few lines
in that dataset:
mig_subnat_file <- file.path(data_dir_reg, "mig_rates.txt")
mig_data <- read.table(mig_subnat_file, sep= "\t", header = TRUE, check.names = FALSE)
tail(mig_data)
#> country_code name include_code 1990 1991
#> 15 16 Central Ostrobothnia 2 -0.0031225262 -0.0008466782
#> 16 17 North Ostrobothnia 2 -0.0002822129 0.0015448137
#> 17 18 Kainuu 2 -0.0030824474 -0.0046968218
#> 18 19 Lapland 2 -0.0018736857 -0.0008380775
#> 19 21 Åland 2 0.0085351975 0.0055942367
#> 20 246 Finland 0 0.0014166312 0.0025883863
#> 1992 1993 1994 1995 1996
#> 15 -0.0006532437 0.0004616605 -0.0012495153 -0.0082687413 -0.0091890252
#> 16 0.0010474078 -0.0004061953 -0.0010753253 0.0001097565 -0.0015673724
#> 17 -0.0044560374 -0.0043684772 -0.0079693487 -0.0086361684 -0.0097961904
#> 18 -0.0003853127 -0.0016954582 -0.0066378352 -0.0071445949 -0.0073387543
#> 19 0.0036810307 -0.0001593499 0.0004769855 -0.0022617253 0.0008314527
#> 20 0.0016813116 0.0016522539 0.0005764153 0.0006380909 0.0005274418
#> 1997 1998 1999 2000 2001
#> 15 -0.0068384984 -0.0067177526 -0.0099348892 -0.0072444601 -0.008733431
#> 16 -0.0029181105 -0.0026499992 -0.0012952002 0.0020797608 0.001068815
#> 17 -0.0132851872 -0.0117823845 -0.0103516097 -0.0124918354 -0.013124726
#> 18 -0.0096357215 -0.0140658134 -0.0128529678 -0.0142985274 -0.013471535
#> 19 0.0028749212 0.0058146341 0.0036178324 0.0026769088 0.006536450
#> 20 0.0007207594 0.0006541146 0.0005371955 0.0004987343 0.001116864
#> 2002 2003 2004 2005 2006
#> 15 -0.0050520764 -0.004389022 -0.003829655 -0.0006359818 -0.0032528980
#> 16 -0.0008778793 -0.001016091 0.001223179 0.0007666161 -0.0003330579
#> 17 -0.0100386933 -0.006224016 -0.004585594 -0.0070601213 -0.0073075875
#> 18 -0.0076846472 -0.004440474 -0.002874873 -0.0038697524 -0.0044393976
#> 19 0.0084168031 0.003757544 0.006520920 0.0076589703 0.0032685808
#> 20 0.0010028245 0.001102547 0.001275061 0.0017098018 0.0019602214
#> 2007 2008 2009 2010 2011
#> 15 -2.651035e-04 -1.676693e-03 -0.0022897066 -0.0007464762 -0.0014017873
#> 16 5.640476e-05 1.782749e-05 0.0002351394 0.0001079493 0.0008823507
#> 17 -4.687227e-03 -4.354373e-03 -0.0036095616 -0.0050061624 -0.0057062987
#> 18 -2.977385e-03 -1.962351e-03 -0.0013660013 -0.0017003837 -0.0009054710
#> 19 6.518617e-03 9.032634e-03 0.0091223769 0.0079980005 0.0117443747
#> 20 2.563162e-03 2.902007e-03 0.0027185272 0.0025544735 0.0031142693
#> 2012 2013 2014 2015 2016
#> 15 -0.0015741146 -0.0020530891 -0.0009007438 0.0008257040 -0.0026945978
#> 16 0.0001633987 0.0007503444 -0.0001811346 -0.0008633009 -0.0005715676
#> 17 -0.0037321625 -0.0054700320 -0.0055439509 -0.0055493601 -0.0022191623
#> 18 -0.0016133972 -0.0009588306 -0.0026795343 -0.0030908226 -0.0003773438
#> 19 0.0062103084 0.0051280262 0.0081961544 0.0025532209 0.0080098583
#> 20 0.0032124649 0.0033107881 0.0029279465 0.0022672319 0.0030568948
#> 2017 2018 2019 2020 2021
#> 15 -0.003954638 -0.0057863436 -0.0040347428 -0.0022356887 -0.0006773172
#> 16 -0.000954217 -0.0008758713 0.0002834096 0.0009375831 0.0036886163
#> 17 -0.005273192 -0.0057759954 -0.0040937128 -0.0005162983 0.0021472177
#> 18 -0.002633591 0.0003921085 -0.0033923945 0.0010528401 0.0032409034
#> 19 0.007935162 0.0097687066 0.0027774060 0.0071359819 0.0061297126
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#> 20 0.002688854 0.0021683899 0.0028043767 0.0032191302 0.0041283354
#> 2022 2023 2024
#> 15 0.0003982007 0.001919216 0.0016537956
#> 16 0.0026527873 0.004564747 0.0008916384
#> 17 0.0002694233 0.005629668 0.0014646965
#> 18 0.0028044029 0.007732047 0.0054612236
#> 19 0.0036233078 0.005991945 0.0074052326
#> 20 0.0061759859 0.010334679 0.0083483396

The methodology and the bayesMig package itself have been designed for a model hierarchy of countries
-> world. However, we found that the model also works well when applied to sub-national units, in our
case using the hierarchy regions -> Finland. Thus, when using within bayesMig we are pretending that
the Finnish regions are countries and call the unique identifier country_code. The include_code column
specifies if the corresponding location should be included in the BHM and its data should influence the global
parameters (value 2), or if only location-specific parameters will be estimated using the global experience
without back-influencing it (value 1), or not be included at all (value 0). The second case (value 1) is to be
used for locations with unusual patterns, or simply for very small locations without a representative historical
experience. In our dataset we set include_code to 2 for all regions and 0 for the national data. In our
dataset we don’t have locations with small population and thus, we don’t have records with value 1.
subset(mig_data, include_code != 2)[, 1:3]
#> country_code name include_code
#> 20 246 Finland 0

To estimate the model to derive region-level parameters, we will run Markov Chain Monte Carlo (MCMC)
for which we set the number of iterations per chain, the thinning interval and the number of chains:
mig_iter <- 3000
mig_thin <- 3
mig_nr_chains <- 2

Normally in a real-world example, about 3 x 50,000 iterations would be needed. For our toy example, we
will only iterate 2 x 3000 times and keep every 3rd iteration. The simulation results will be stored in the
sub-directory “mig” of our working directory:
dir_mig <- file.path(wrk_dir, "mig")

To launch the MCMCs with these settings, we use the function run.mig.mcmc() as follows:
mig_mcmc <- run.mig.mcmc(nr.chains = mig_nr_chains, iter = mig_iter,

thin = mig_thin, output.dir = dir_mig,
my.mig.file = mig_subnat_file,
annual = TRUE, present.year = 2024,
verbose.iter = 500, replace.output = TRUE)

The function also accepts an optional argument exclude.from.world. This can be used in addition to the
include_code column to explicitly specify additional locations to be excluded from influencing the global
parameters. The function get.countries.table(mig_mcmc) can help to see the location codes. Locations
excluded from influencing the global parameters would be sorted at the end of that list. In Yu et al. (2023)
which generates population projections for all counties in the Washington State, all counties below population
of 25,000 were passed to the exclude.from.world argument.

An optional argument start.year could be used to limit the time span of the observed data used for the
estimation. Here we use all available data from 1990 to 2024.

Now various bayesMig functions can be used to explore the results of the estimation. For example,
mig.partraces.plot(mig_mcmc, burnin = 1000) for plotting the traces of global parameters, or
mig.partraces.cs.plot for traces of the state-specific parameters. See ?bayesMig for more info.

12

https://doi.org/10.1215/00703370-10772782


We will now use the MCMC results which are stored in dir_mig to generate future trajectories of NMR for
each region from 2025 to 2050:
mig_pred <- mig.predict(sim.dir = dir_mig, end.year = 2050,

nr.traj = nr_traj_comp, burnin = 1000,
save.as.ascii = nr_traj_pop)

We are using the same number of trajectories as for TFR and e0, namely 1000 while discarding first 1000
iterations from each chain as burnin. Note that after applying the burnin, our toy MCMCs will contain 2 x
(3000 - 1000) = 4000 iterations. These will be then collapsed and thinned by 4 to yield 1000 trajectories. In
a real-world simulation with 3 x 50,000 iterations, we would recommend to use about 20,000 burnin.

The last option, save.as.ascii, causes that the projection directory “{dir_mig}/predictions” contains a file
called “ascii_trajectories.csv” which will be used as input to the population projection in the next section.

To retrieve the MCMC object and the prediction from disk, for example at later time, one can use:
mig_mcmc <- get.mig.mcmc(dir_mig)
mig_pred <- get.mig.prediction(dir_mig)

As in the case of TFR and e0, various functions can be used to analyze the prediction, for example as plots:
par(mfrow = c(1,1))
mig.trajectories.plot(mig_pred, "Kanta-Häme", nr.traj = 20)
abline(h = 0, col = "grey")
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One can see that for Kanta-Häme, the NMR is projected likely to be positive, which is in line with the
historical experience. However, the results of this toy example do not exclude the possibility of having
negative net migration in this region, which was also observed in the past.
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Population
Inputs
The inputs for probabilistic population projections consist of the three probabilistic components we just
generated, namely future

• TFR
• male and female e0
• net migration

Let’s create objects that will serve as pointers to these inputs. First, pointing to the simulation directories
with subnational TFR and e0:
dir_tfr_reg <- file.path(dir_tfr, "subnat/c246")
dir_e0_reg <- file.path(dir_e0, "subnat_ar1/c246")

Second, for migration we point to the ASCII file of trajectories generated during the migration prediction
above:
file_mig_traj <- file.path(dir_mig, "predictions/ascii_trajectories.csv")

In addition to the probabilistic inputs, the following deterministic datasets are needed, most of which we
downloaded in the first section:

• Initial population estimates by sex and age (files “popM.txt” and “popF.txt”).
– Only population at the present time is required, but longer series are helpful for viewing trends of

various output indicators.
• Historical estimates of sex- and age-specific mortality rates (files “mxM.txt” and “mxF.txt”).

– These are needed to estimate Lee-Carter parameters in order to match future mortality rates to
future e0.

• Historical estimates of percent age-specific fertility (file “pasfr.txt”).
– Should include ages from 10 to 54.

• Historical migration counts (files “migrationM.txt”, “migrationF.txt”).
– Can be given as totals, totals by sex, or age- or sex-specific counts. We use the latter, namely

age-specific female counts (“migrationF.txt”) and age-specific male counts (“migrationM.txt”).
If only totals are provided, they are distributed into ages via one of the methods given in the
arguments. These datasets are only used for viewing trends. They do not influence projected
migration.

• Historical estimates of sex-ratio at birth.
– An optional dataset. We will use the national values for all regions.

• Dataset of locations (file “locations.txt”).
– Regions with “location_type” of 4 will be processed, while the rest will be ignored. The last entry

(Finland) is needed for aggregations.

In all of these deterministic input datasets, the region-specific ID column is called “reg_code”.

Before launching the population predictions, we set the location for storing the results. It will be sub-directory
“pop” of our working directory:
dir_pop <- file.path(wrk_dir, "pop")

In addition, we create a pointer to the location file containing codes for all regions:
file_locs <- file.path(data_dir_reg, "locations.txt")

Generating Population Projections
Now we generate future population sex- and age-specific trajectories for all regions of Finland:
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pop_pred <- pop.predict.subnat(output.dir = dir_pop,
locations = file_locs, default.country = 246,
annual = TRUE, wpp.year = 2024,
present.year = 2024, end.year = 2050,
nr.traj = nr_traj_pop, verbose = TRUE,
inputs = list(

popM = file.path(data_dir_reg, "popM.txt"),
popF = file.path(data_dir_reg, "popF.txt"),
mxM = file.path(data_dir_reg, "mxM.txt"),
mxF = file.path(data_dir_reg, "mxF.txt"),
pasfr = file.path(data_dir_reg, "pasfr.txt"),
migM = file.path(data_dir_reg, "migrationM.txt"),
migF = file.path(data_dir_reg, "migrationF.txt"),
migtraj = file_mig_traj,
tfr.sim.dir = dir_tfr_reg,
e0F.sim.dir = dir_e0_reg,
e0M.sim.dir = "joint_"

),
mig.age.method = "rc", mig.is.rate = c(FALSE, TRUE),
keep.vital.events = TRUE, pasfr.ignore.phase2 = TRUE, replace=TRUE

)

The default.country argument determines the country to which the regions belong to, as it is used for
extracting default datasets in case some input datasets are missing. Such datasets would be pulled from a
wpp package given by the wpp.year argument. In our example, since there is no entry for the dataset of
sex-ratio at birth, it is taken from the values for Finland in the wpp2024 package.

The annual argument determines that this is a 1x1 simulation. If it is FALSE, it is assumed that the simulation
is 5x5. In such a case however, all input datasets, including the probabilistic inputs, must be on a 5x5 scale.

By default total migration is distributed into ages using a basic Rogers-Castro function (argument
mig.age.method). An alternative method is implemented in bayesPop, the Flow Difference Method
(Ševčíková, Raymer and Raftery, 2024), which might be more suitable for subnational units that experience a
different pattern than Rogers-Castro, for example, regions with high migration of retirees.

The given method is used for both, historical migration and projected migration, if these datasets are not
provided by age. In our case, we have provided historical data by age (via the elements migM and migF),
therefore no age-splitting is applied to historical data. However, if we would have passed total counts of
historical migration, e.g. mig = file.path(data_dir_reg, "mig_counts.txt") instead of providing migM
and migF, the method given in the argument mig.age.method would be applied.

In addition to historical time periods, the datasets given in migM, migF or mig can contain future time periods
as well. In such a case, and if the component migtraj is not given, future migration is considered to be
deterministic.

The two elements in the argument mig.is.rate determine that 1. the observed migration data are on the
scale of counts (FALSE), and 2. the predicted migration trajectories are on the scale of rates (TRUE).

If keep.vital.events is set to FALSE, only population results are stored and thus, can save significant
amount of space on the hard drive. However, if you want to have an access to other indicators than population,
such as the projected number of births and deaths, set this argument to TRUE.

If the current total fertility rate of all regions already passed the fertility transition, set the argument
pasfr.ignore.phase2 to TRUE as in this example. It has an impact on predicting the future fertility age
distribution.

Note that this is a toy simulation where the number of trajectories (nr.traj) is set to a small number, here
50. Normally we would want to generate 1000 or more trajectories.
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Now we will aggregate over all regions.
pop_aggr <- pop.aggregate.subnat(pop_pred, regions = 246, locations = file_locs)

To access the projection and aggregation objects from disk, e.g. at a later time point, one would do
pop_pred <- get.pop.prediction(dir_pop)
pop_aggr <- get.pop.aggregation(sim.dir = dir_pop)

Results
The function get.countries.table() work with both, the pop_pred and pop_aggr objects:
get.countries.table(pop_pred) |> tail()
#> code name
#> 14 15 Ostrobothnia
#> 15 16 Central Ostrobothnia
#> 16 17 North Ostrobothnia
#> 17 18 Kainuu
#> 18 19 Lapland
#> 19 21 Åland

get.countries.table(pop_aggr)
#> code name
#> 1 246 Finland

Projection results can be viewed either as a function of time, as a function of age, as well as by individual
cohorts. These will be described below. See Ševčíková & Raftery (2016) for more detailed explanations and
more examples.

Projections by time

One can plot population projections by time for individual regions or for the aggregated geography (here the
country):
pop.trajectories.plot(pop_pred, "Kanta-Häme", nr.traj = 20)
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pop.trajectories.plot(pop_aggr, 246, nr.traj = 20)

1980 2000 2020 2040

50
00

00
0

60
00

00
0

Finland

P
op

ul
at

io
n 

pr
oj

ec
tio

n

median
80% PI
95% PI
observed

Tabular results can be viewed for example via
pop.trajectories.table(pop_pred, "Satakunta") |> tail()
#> median 0.025 0.1 0.9 0.975
#> 2045 188091.8 166509.9 172777.4 203767.6 224008.2
#> 2046 187387.1 164927.0 170722.5 204226.6 224147.5
#> 2047 186179.5 162845.7 168799.1 204847.7 224439.1
#> 2048 185051.1 160634.5 166555.0 205933.2 224984.8
#> 2049 183272.6 158528.6 164502.8 207020.4 225567.6
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#> 2050 182198.8 156673.1 162650.7 207819.9 225788.9

Both functions accept an argument pi specifying the probability intervals to be viewed. To generate
projections plots for all regions at once, use the function pop.trajectories.plotAll().

Projections by age

To view projections as a function of age, one would use the function pop.byage.plot(). Here is an example
of comparing the projected age structure for 2050 with the observed age structure in 2024 for Uusimaa:
pop.byage.plot(pop_pred, "Uusimaa", year = 2050, nr.traj = 20)
pop.byage.plot(pop_pred, "Uusimaa", year = 2024, add = TRUE,

col = "blue", show.legend = FALSE)
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To view these results as a table, do
pop.byage.table(pop_pred, "Uusimaa", year = 2050) |> head()
#> median.2050 0.025 0.1 0.9 0.975
#> 0 17114.70 10818.63 13562.13 23583.77 31835.14
#> 1 17088.76 12070.37 12610.37 23491.39 30902.92
#> 2 17133.82 11662.44 13567.56 25255.24 30516.97
#> 3 18218.29 11917.57 13199.98 25514.52 31382.64
#> 4 18418.25 12980.75 13824.21 24564.93 30280.23
#> 5 18194.17 12219.91 12989.22 24065.30 28184.45

Here too, one can use the argument pi to specify probability intervals, and use pop.byage.plotAll() to
plot all regions at once.

Functions to view probabilistic population pyramids are available. Here for example, comparing two years on
proportional scale.
pop.pyramid(pop_pred, "Kainuu", year = c(2050, 2024), proportion = TRUE)
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Cohort projections

One can view population projections for specific cohorts. For example, the following call will show projections
of population born in ten different years:
pop.cohorts.plot(pop_pred, "Kainuu",

cohorts = seq(2000, 2045, by = 5))
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The underlying data can be extracted via the function cohorts().

Using expressions to retrieve other indicators

To retrieve other quantities of interest, bayesPop offers a simple expression language. An expression is a
collection of basic components connected by arithmetic operations. A basic component has four parts, two of
which are optional. They are summarized in the following figure.

A basic component starts with a letter that defines what kind of indicator it is (e.g. “G” for net migration),
which is followed by an indication of a location. In a national context, one could use 2- or 3-character ISO3166
codes or numerical codes. In the subnational context, these should be numerical identifiers only. Another
option is to use “XXX”, which is a wildcard for all locations. In our example, “G19” means net migration
for Lapland. The location identifier can be followed by either “_M” or “_F”, specifying male or female,
respectively. Finally, a basic component can be concluded by a definition of age, enclosed either in square
brackets or curly braces. In an 1x1 simulation, age is given by the actual age values, starting with 0. In a
5x5 simulation it should be an index, as explained in Ševčíková & Raftery (2016). Square brackets trigger a
summation of the given ages, while curly braces keep the ages disaggregated. If the age definition is not used,
the default behaviour is summing over all ages. If curly braces do not contain any age specification, i.e. they
are left empty, it is the same as all ages would be given.

Basic components can be connected by arithmetic operations. Here are some example of expressions that
could be used in our simulation:

• “P1”: Total population of Uusimaa
• “P6_F / P6_M”: Sex ratio of Pirkanmaa
• “P18[20:64] / P18[65:130]”: Potential support ratio in Kainuu (ratio of 20-64 years old to 65+)
• “B19 / D19”: Births to deaths ratio in Lapland
• “log(MFIN_M{})”: log of male age-specific mortality rates for Finland

Additional pre-defined functions are available, for example for computing group means and medians, or for
the mean age of childbearing. See ?pop.expressions for more detail.
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Visualizing expression results Various functions in the package accept these expressions via the
argument expression. They can be used to view projection trajectories by time using functions
pop.trajectories.plot() and pop.trajectories.table(), as well as trajectories by age using functions
plot.byage.plot() and pop.byage.table().

For example, to view the potential support ratio for Uusimaa, one can use
pop.trajectories.plot(pop_pred, expression = "P1[20:64] / P1[65:130]",

nr.traj = 20,
main = "Potential Support Ratio for Uusimaa")
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Or quantities by combining areas, here the population in Eastern vs. Western Finland:
par(mfrow = c(1,2))

pop.trajectories.plot(pop_pred, expression = "P10+P11+P12",
nr.traj = 20,
main = "Eastern Finland")

pop.trajectories.plot(pop_pred, expression = "P2+P4+P6+P13+P14+P15+P16",
nr.traj = 20,
main = "Western Finland")
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Or quantities by age, here log of female probability of dying in Southwest Finland in 2050:
par(mfrow = c(1,1))

pop.byage.plot(pop_pred, expression = "log(Q2_F{})", nr.traj = 20, year = 2050,
main = "2050 Female prob. of dying in Southwest Finland")
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Similarly, one can use expressions for aggregated locations. Here, we’ll show a few examples when using pre-
defined functions. These can be used to apply expressions to the various dimensions of the basic components.
For example, to compute the median age of women in childbearing ages, one would use the pop.apply
function which applies the given function (here group median) to the age dimension. When applied to our
aggregated object, one can use the ISO3166 character code for Finland as follows:
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expr <- "pop.apply(PFIN_F{10:54}, gmedian, cat = 10:55)"
pop.trajectories.plot(pop_aggr, nr.traj = 20, expression = expr,

main = "Median age of women in childbearing ages (Finland)")
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The cat argument to be passed to the gmedian function defines the brackets of the age categories. Note
that in an 1x1 simulation, childbearing ages are 10-54, while in a 5x5 simulation it is 15-49. Similarly, the
average age in Finland could be expressed as “pop.apply(PFIN{}, gmean, cat = 0:131)”, or equivalently as
“pop.apply(age.func1(PFIN{}), fun = sum) / PFIN”.

Regarding the latter expression, the age.func1() by default multiplies the middle of each age category with
the result of its first argument. The pop.apply() function then sums along the age dimension.

An example of an indicator by age for Finland is age-specific fertility rate, here for two different years:
expr <- "F246_F{10:54}"
pop.byage.plot(pop_aggr, nr.traj = 20, expression = expr, year = 2050,

main = "Age-specific fertility (Finland)")
pop.byage.plot(pop_aggr, expression = expr, year = 2024, add = TRUE,

col = "blue", show.legend = FALSE)
legend("topright", legend = c(2050, 2024), col = c("red", "blue"),

lty = 1, bty = "n")
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Note that expression “F246”, i.e. fertility summed over ages, is the total fertility rate of Finland.
For mean age of childbearing in an 1x1 simulation, one could use the expression-generating function
mac.expression1(code) where code is the unique identifier of the location, and pass it to a function that
returns results by time, e.g. pop.trajectories.plot().

The cohort functions also accept expressions. For example, showing births to mothers of three different
cohorts in North Ostrobothnia (code 17), one could do:
pop.cohorts.plot(pop_pred, expression = "B17{}", cohorts = c(1990, 2010, 2030))
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Note that when passing an expression the cohort functions, it has to contain curly braces (“{}”).

Extracting expressions results The values of a basic component can be extracted via the get.pop()
function, which returns a four dimensional array of locations x ages x time x trajectories. The location
dimension in most cases will be one, as a location must be specified when using this function. In an 1x1
simulation, fertility related indicators (F, R, B) have an age dimension 45 (ages from 10 to 54), while all
other indicators have a dimension 101 for observed data and 131 for projected data. However, if the basic
component is defined as a summation over ages, the age dimension is one. The time dimension depends
if we are extracting projected data or observed data, which is controlled by the argument observed. The
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trajectories dimension will be one on observed data, while for projected data it corresponds to the number of
trajectories in the prediction object.

Given that in our toy simulation, we have 27 projected time points (including the present year), 53 time
points of historical population data, and 50 trajectories, observe the dimensions of the arrays resulting from
the following basic components:
get.pop("P13{}", pop_pred) |> dim()
#> [1] 1 131 27 50
get.pop("P13{}", pop_pred, observed = TRUE) |> dim()
#> [1] 1 101 53 1
get.pop("P19", pop_pred) |> dim()
#> [1] 1 1 27 50
get.pop("P19", pop_pred, observed = TRUE) |> dim()
#> [1] 1 1 53 1
get.pop("D1_M[0:10]", pop_pred) |> dim()
#> [1] 1 1 27 50
get.pop("D1_M{0:10}", pop_pred) |> dim()
#> [1] 1 11 27 50
get.pop("B19{}", pop_pred) |> dim()
#> [1] 1 45 27 50
get.pop("F2{}", pop_pred, observed = TRUE) |> dim()
#> [1] 1 45 53 1

Knowing the resulting dimensions is important when combining different basic components into one expression,
as any combined arrays should have the same dimensions. However, the pre-defined function pop.combine()
can help if it’s not the case, see ?pop.expressions for more detail.

There are two convenience functions that can handle more complex expressions, as well as can drop unnecessary
dimensions. These are get.pop.ex() for retrieving expression results by time, and get.pop.exba() for
retrieving results by age. These two functions can also handle retrieving data for all locations at once and
thus, they allow to use the wildcard “XXX”.

For example, to retrieve data on the percent of total population in Uusimaa (code 1) within the country, one
would use the get.pop.ex() function which drops the location and age dimension:
get.pop.ex("P1 / P246 * 100", pop_pred) |> dim()
#> [1] 27 50

Applying the same computation to all locations at once, the location dimension is retained:
get.pop.ex("PXXX / P246 * 100", pop_pred) |> dim()
#> [1] 19 27 50

In such a case, the order of the locations along the first dimension is the same as in the table returned by
get.countries.table(pop_pred).

Note that the above mentioned expressions that use the pre-defined function pop.apply() that performs
operations along the age dimension, e.g. mean age, could be passed to the get.pop.ex() function, as they
result in an indicator by time.

To extract values by age, e.g. the sex ratio in Åland (code 21), the get.pop.exba() function retains the age
dimension:
get.pop.exba("P21_M{} / P21_F{}", pop_pred) |> dim()
#> [1] 131 27 50

Both functions also accepts the logical argument observed to indicate if the values should be for the past or
future time periods. In addition, a logical argument as.dt can be used to return the results as a data.table
format, instead of an array. E.g.,
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get.pop.exba("PXXX_M{} / PXXX_F{}", pop_pred, observed = TRUE,
as.dt = TRUE) |> head()

#> country_code year age indicator
#> <int> <int> <num> <num>
#> 1: 1 1972 0 1.085357
#> 2: 1 1972 1 1.025959
#> 3: 1 1972 2 1.048423
#> 4: 1 1972 3 1.035422
#> 5: 1 1972 4 1.064043
#> 6: 1 1972 5 1.049975

Trajectories may be useful to combine, explore, and use in downstream analyses, for example, in prevalence-
based projections of older adults’ residential care needs. Trajectories of population components may also be
combined to understand the sources of uncertainty. Below, we scatter the uncertainty in the support ratio in
Kainuu (code 18) in 2050 against the uncertainty in the development of life expectancy at birth, TFR, and
migration in the region.
mean_mig_NMR <- get.pop.ex("G18/P18 ", pop_pred) |> colMeans()
mean_tfr <- get.pop.ex("F18", pop_pred) |> colMeans()
e0 <- get.pop.ex("E18[0]", pop_pred)
support_ratio_Kainuu <- get.pop.ex("P18[20:64] / P18[65:130]", pop_pred)

par(mfrow = c(1,3))
plot(e0["2050", ], support_ratio_Kainuu["2050", ], xlab = "e0 (2050)",

ylab = "Potential Support Ratio (2050)", main = "Kainuu PSR vs e0")
plot(mean_tfr, support_ratio_Kainuu["2050", ], xlab = "mean TFR",

ylab = "Potential Support Ratio (2050)", main = "Kainuu PSR vs TFR")
plot(mean_mig_NMR, support_ratio_Kainuu["2050", ], xlab = "mean net migration",

ylab = "Potential Support Ratio (2050)", main = "Kainuu PSR vs net migration")
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