
ORIGINAL RESEARCH

Population Research and Policy Review (2024) 43:31
https://doi.org/10.1007/s11113-024-09874-7

Abstract
Sparsely populated areas of developed countries are regions of great demographic 
diversity and dynamism. While they remain strategically and economically impor-
tant, trends in urbanization and technology have increased their relative sparsity and 
isolation making centralized government, service delivery and planning a challenge. 
Populations of their sub-jurisdictions are small and often exhibit significant het-
erogeneity in key demographic characteristics, not least between their Indigenous 
first residents and non-Indigenous citizens. Development of projection models for 
these areas is challenged by significant input data paucity, biases and structural 
issues related to the data collection and estimation architectures in place to gather 
input data across diverse and small populations. While this is the case, the demand 
for and importance of projections is no less for sparsely populated areas than else-
where. Variants of the cohort component model are important tools for population 
projections for SPAs, with their grounding in the demographic accounting equation 
and modest input requirements. Nevertheless, to attain fit-for-purpose input data 
requires demographers to consider and select from a growing number of methods 
for smoothing issues with input data for projections for these regions. In this article 
we analyze the contributions of recent advances in methods for estimating fertility, 
mortality, and migration rates for small and diverse populations such as those in 
SPAs, focusing on the very sparsely populated jurisdiction of the Northern Terri-
tory of Australia. In addition to the contributions of our method itself, results at the 
detailed level demonstrate how abnormal and challenging ‘doing’ projections for 
sparsely populated areas can be.
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Introduction

Deriving accurate input data for sub-national population projections is critically 
important to their accuracy and shelf-life (see Simpson et al., 2019). At sub-national 
levels, demographers face a range of impediments in transitioning raw fertility, mor-
tality and migration data into smoothed and fit-for-purpose input data for projections. 
In examining mortality data, for example, Wilson (2018) identified a paucity of time 
series data on consistent geographical boundaries; small numbers of occurrences 
(births and deaths) across some areas and cohorts; and costs, complexities and time 
demands for statistically modeling in preparing data for inputting to projections and, 
indeed, the time and skills demands needed to program and develop the model itself 
(Wilson, 2018, p. 2). These challenges extend to fertility data (Dyrting, 2018; Saha et 
al., 2023) and migration data (Dyrting, 2020; Raymer et al., 2020) at the sub-national 
level, even for nations such as Australia which has a comparably robust national sta-
tistical system underpinned by a central statistical agency.

One cause of these issues is that often data is provided in abridged age groups 
which must be expanded into single year ages to provide a suitable fertility or mortal-
ity schedule for projections which are for single-year of age based outputs (Dyrting, 
2018; Dyrting & Taylor, 2023). This is the case, for example, in Australia for sub-
national jurisdictions with age specific death rates and overseas migration (see ABS, 
2022a, 2022c). The choice of method for the expansion of abridged data into single 
year ages is important to the results of the projections as different methods will pro-
duce differential outcomes over time. At the sub-national level, choice of method can 
have a big influence on comparative projection results.

While an abundance of methods for estimating complete schedules from abridged 
data are available (for example, Baili et al., 2005), demographers continue to work 
to augment existing techniques or develop new ones. The main aim is, of course, 
to improve accuracy, however important secondary conditions are at play includ-
ing ensuring flexibility in the application of the method and developing tools with 
relatively easy computational parameters and requirements (Schmertmann, 2014). 
The science of smoothing and expanding data is, therefore, an ongoing continuous 
improvement process for demographers.

For sparsely populated sub-national jurisdictions with comparably small popula-
tions, reliable population projections for planning, policy making, investment deci-
sions and evaluative work are no less important than for more populous states. While 
not all sparsely populated areas (herein SPAs) have small populations (northern Rus-
sia, for example, has significantly sized major cities), in general their populations, 
and thus population data, are hallmarked by small numbers across all demographic 
components. This is reflective of settlement patterns for SPAs in nations such as 
Canada, the USA, Australia and the Scandinavian North. By and large, these feature 
one city which is relatively large in population size in comparison to the entire SPA, 
but which is also very small in comparison to the major cities within the same nation. 
The remaining population outside of such cities is spread very thinly over a very large 
land mass (Taylor, 2014). The Northern Territory (herein NT or Territory), Australia’s 
least populated State or Territory with a resident population of just 250,600, as the 
focus for this study, capaciously meets this description.
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Literature on projection models for small areas highlights there are additional and 
substantial challenges for the demographer (Baffour & Raymer, 2019), or as Wilson 
and colleagues (2022) put it, demographers have a limited toolbox from which to 
project for small populations. Input data are generally of poorer quality, trends in 
such data may be highly variable over successive time periods, and small differences 
in accuracy can produce large errors soon into the projection horizon (Taylor, 2011; 
Wilson et al., 2022). This means the shelf-life for projections or the point at which 
levels of uncertainty relative to population size become too high, is inversely related 
to size of the population being projected (Simpson et al., 2019; Wilson & Shalley, 
2019).

In spite of these challenges and the likelihood that uncertainty will creep into the 
projections in a relatively short time interval from the base, Taylor (2011) identified 
there are secondary benefits to developing population projections for SPAs. Impor-
tantly, the coalescing of key stakeholders like governments, academics and projec-
tions users around developing the model, its assumptions and the input data provides 
the opportunity for input data quality to be collectively reviewed and for techniques 
to be applied or variations of methods to be developed to improve input data quality 
and, thus the accuracy of projections.

To highlight some of the challenges inherent in developing population projections 
for SPAs and to demonstrate the importance of new or enhanced methods to meet 
such challenges, in this paper we utilize a cohort component model to produce pro-
jection outputs for the NT by applying a smoothing and expansion method known as 
P-TOPALS, which has been developed by demographers to help minimize impacts 
from statistical noise on projections and general demographic modeling and analysis. 
We initially outline the core demographic attributes of the NT and provide context 
around some population projections work already undertaken. We then give an over-
view of the P-TOPALS method and highlight some of its salient properties. We then 
describe the methods associated with data preparation using P-TOPALS as well as 
the projections model and assumptions used to produce outputs with and without 
smoothing which can be compared to highlight the benefits and discuss these in rela-
tion to the amount and complexity of work required to assess and comment on the 
value of such work in the context of SPAs.

Population Projections and the Northern Territory of Australia

With a population of just 250,600 (ABS, 2022 g), the NT is the least populous and 
most sparsely populated of Australia’s eight States and Territories. While it accounts 
for 17.5% of the national landmass, its population is just 1% (ABS, 2022 g; Geosci-
ence Australia, 2004). The NT’s demographic composition is markedly different to 
the other seven jurisdictions. First, it has a one-third population share of Indigenous 
Australians, way above the national share at 3.8% (ABS, 2022d). With comparably 
high fertility rates, especially for young mothers, and higher mortality rates at all ages, 
that population is far younger than the non-Indigenous population. Partly because of 
this, but also derived from the age profile for internal migration exchanges, the NT 
has a young population with a median age of 33.4 for men and 33.7 for women (ABS, 
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2023a), compared to the national median of 37.7 and 39.4. A further distinguishing 
feature is the population’s male bias – with 103.3 men per 100 women compared to 
98.5 nationally (ABS, 2023a).

The non-Indigenous population of the NT have high rates of internal migration 
exchanges and it generally loses population to elsewhere in Australia on a net basis 
(Dyrting et al., 2020). Nevertheless, a more stable population of long-term residents 
is evident and the age profile of these, combined with aging in the Indigenous popu-
lation are underpinning a notable structural aging process (Taylor & Payer, 2017; 
Temple et al., 2020; Zeng et al., 2015). Still, the NTs annual rate of population turn-
over, or ‘churn’ is comparably high at around 20%. Contributing to this, and com-
plicating notions of who is resident for projection purposes, several types of ‘special 
populations’ have ongoing representation. Defense force personnel (navy, air force 
and army) are one, including contingents of overseas forces such as the US Marines 
who maintain a permanent rotation of more than 2,000 troops in the north of the 
NT. Recent defense reviews and announcements indicate that the size of the defense 
workforce will grow significantly in the coming decade (for example, Australian 
Government, 2023). Other special populations include workers engaged on large and 
major projects, especially in the construction phase. For example, a recently con-
structed liquid natural gas processing facility in Darwin engaged more than 7,000 
workers during construction, equating to 3% of the population at the time. Most of 
these lived elsewhere and it is not clear how many were captured in the 2016 Census 
which was undertaken at the same time as the peak of construction. Finally, there 
are always Fly-in-fly-out (FIFO) and drive-in-drive-out (DIDO) populations present 
across the NT, including in the resources and government or service sectors which 
are prominent.

In aggregate, the demographic characteristics and presence of heterogeneous 
populations outlined above make population estimation and projections for the NT 
a comparatively difficult task. As well as the issue of past swings in fertility, mortal-
ity and migration data from sparsity of numbers, biases in input data are prominent. 
Included are pre-existing biases in Census data, from which estimates are derived 
and subsequently used for jump-off populations (Wilson & Shalley, 2019) and intro-
duced bias from the methods used to transform Census data into Estimated Resident 
Population data. While these biases exist for all States and Territories, the difficulties 
inherent in conducting a Census with a young, geographically dispersed and sparse 
population with a high Indigenous composition and male bias makes input data 
biases an order of magnitude larger for the NT (Taylor, 2011, 2014). This means the 
choice of techniques for overcoming biases and noise evident in input data through 
smoothing techniques is important.

Population projections for the Northern Territory are produced by the Austra-
lian Bureau of Statistics every five years, with the jump-off year based on rebased 
population estimates derived from the five-yearly Australian Census of Population 
and Housing (see for example, ABS, 2017). However, these do not disaggregate 
by Indigenous status; a critical issue for the Northern Territory given the one third 
Indigenous population and interactions between the Indigenous population and oth-
ers (i.e., partnering and childbirth). Rather, the ABS produces a separate set of ‘esti-
mates and projections’ for Indigenous Australians each five years (see ABS, 2019). 
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The absence of a model which concurrently projects by Indigenous status led to 
a partnership between local academics and the Northern Territory Government in 
2009 which aimed to develop a locally suited cohort component projections model 
in which Indigenous population is projected separately and interactions between the 
two populations are facilitated (see Wilson, 2009). Over time, the model was continu-
ously improved and has been used to produce three iterations of bi-regional (NT and 
Australia) and sub-NT regional projections by Indigenous status (NT Department of 
Treasury and Finance, 2019).

While the NT has locally developed model which is tailored to the needs of gov-
ernment and other users, the size of the task in updating the projections and the need 
to continually work on improving their accuracy means it is necessary to assess the 
relative strengths and accuracy of smoothing techniques for the input data sets.

P-TOPALS

In this section we give an overview of the P-TOPALS method and those of its prop-
erties useful to preparing inputs for a population projection. The method estimates 
a complete schedule of age-specific quantities rx  for single year of ages from x = 0 
to a maximum age x = ω  (equal to 60 for fertility and 110 for other rates) from g  
observed rates n

∼
ri  for i = 1, . . . , g . The observed quantity can be subject to noise 

(due to finite sample size or disclosure avoidance processes), and age abridgment 
(n > 1).

P-TOPALS (Penalised Tool for Population Analysis with Linear Splines) is a non-
parametric relational framework that expresses the quantity of interest rx  at age x  
as a product of a standard curve r̂x  and the exponential of a weighted sum of spline 
functions Bx

	 rx = r̂xexp (Bx · θ) , (1)

where the weights θ  are chosen to fit the observed rates by maximizing an objec-
tive function that balances fitting errors and smoothness of that age profile (Dyrting, 
2018; Dyrting et al., 2020, 2022)

	
L (θ) = Lr (θ)−

λ

2
θ′ ·D′ ·D · θ, (2)

where D  is the first-order difference matrix (Eilers & Marx, 1996), and Lr (θ) is the 
log likelihood function for a Poisson (for mortality, fertility, internal migration, and 
emigration rates) or normal (for immigration numbers) process

	

Lr (θ) =





nN

′ ·
(
n
∼
r lognr − nr

)
, Poisson

−ι′ · 1
2σ2

(
n
∼
r −nr

)2

, Normal
(3)
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Here nr  is the abridged rate calculated from the smoothed curve, ι  is a vector of 
ones, and nN  is the observed sample size (population exposed). After specifying the 
smoothness penalty λ , the optimal set of spline weights θ  can be found by iterated 
linear regression (see Dyrting et al. (2020) for details). There are several criteria for 
choosing the optimal value for λ  (Eilers & Marx, 1996). Two popular methods are to 
minimize the Akaike information criterion (Akaike, 1974) or the Bayesian informa-
tion criterion (Schwarz, 1978). These methods seek to balance the smaller deviance 
of an improved fit against the increase in effective dimension needed to achieve it, 
giving a small penalty when uncertainty is small (nN  is large or σ2 small) and a large 
penalty when it is large (nN  small or σ2 large) (Dyrting et al., 2020).

P-TOPALS can be viewed as both a non-parametric method, through the spline 
component B · θ , and a relational method, where the schedule is specified as modi-
fied version of an exogenous standard r̂ . When viewed as a non-parametric method, 
the role of the B-spline is to improve the fit of the standard to the observed rates 
(Dyrting et al., 2020). This allows any method (e.g. parametric) to be included in the 
estimation problem via the standard. As a relational method, the role of the standard 
profile r̂  is bounded by the two extremes of a small and large penalty (Dyrting et al., 
2020). For a small penalty its use is to model those parts of the age-specific profile 
that are non-polynomial. Examples of such features can be found in most inputs, and 
include for vital processes the rapid drop in death rates after birth and the rapid rise 
in fertility rates in young adults (Dyrting, 2018), for internal migration the student 
peak (Dyrting et al., 2020), and for the population age distribution stationary features 
from special populations and non-stationary features such as the change in numbers 
from the pre to post baby boom cohorts (Dyrting et al., 2022). For a large penalty, the 
standard determines the entire age profile up to a constant factor. This latter role of 
the standard also occurs when extrapolating rates into the open age interval because 
a constant set of weights over this age interval will have both a zero smoothness pen-
alty and be sufficient to fit the rate referencing this interval (if any).

Data and Methods

The principal inputs to a population projection model are the jump-off population by 
age and sex and the age-specific rates for the four components of change, fertility, 
mortality, internal migration and overseas migration, all of which we estimate from 
data available on the ABS website (ABS, n.d.). For the Northern Territory the rela-
tively small numbers in either the numerator or denominator means that estimates 
of rates as ratios of events and exposed populations will display significant random 
variations with age due to sample noise. Additional uncertainty in these quantities 
can be the result of disclosure-avoidance processes used by national statistical agen-
cies when preparing data for publication. Examples of these processes include noise 
injection, abridgment, age top-coding, and rounding (ABS, 2021; USCB, 2022). 
Methods designed to protect the anonymity of small populations will have a larger 
impact on the estimation of rates for sparsely populated areas as well as numbers in 
advanced ages than for more populous jurisdictions and younger ages.
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To estimate the components of changes from noisy data we use primarily 
P-TOPALS. In addition to P-TOPALS we use the calibrated splines estimator (CS) to 
estimate a standard for fertility and mortality data. CS is a non-parametric method for 
smoothing and expansion that produces demographically plausible profiles by penal-
izing fits that deviated significantly from a reference set of shapes derived from his-
torical fertility and mortality datasets (Dyrting & Taylor, 2023; Schmertmann, 2014).

After estimating the starting values for the components of change, it is necessary 
to forecast their future values. Three years on from 2020, net overseas migration has 
increased to approximately two-thirds of the 2019 (pre COVID-19) level, However, 
Australian households continue to experience the impacts of the COVID pandemic 
on family formation and living costs (ABS, 2022f, 2023b), so that it is not yet clear 
what the post-pandemic trends in the components of change are or will be in the near 
future. For this reason, we selected future fertility, mortality, migration and immigra-
tion numbers based on 2021 values. Holding rates for input data constant also facili-
tates direct comparisons between outputs based on smoothed data and outputs from 
un-smoothed input data.

Once the input data is estimated, the population by sex and single year of age 
is projected using SASPOPP (State and Substate Population Projection Program), 
a bi-regional cohort-component model (Wilson, 2017). In SASPOPP, populations 
for the Northern Territory and the rest of Australia are projected forward in time at 
one year increments accounting for births, deaths, interstate migration, and over-
seas migration. Births are calculated by multiplying age-specific fertility rates by the 
female population from age 15 to 49. Deaths, interstate out-migration and overseas 
out-migration are calculated by multiplying the corresponding rates and population 
from ages 0 to 105+, and overseas in-migration by age is given by age-specific immi-
gration flows. The population in the jump-off year was given by the 2021 estimated 
resident population by single year of year (ABS, 2022 g) with the 100 + age group 
decomposed into single year of age groups and 105+   using a combination of the 
Extinct Cohort and modified Survivor Ratio methods (Wilson & Terblanche, 2018).

Results

Fertility

State and Territory births and population estimates for 1975 to 2021 by single year 
of age were obtained from ABS (2022b). Births and population for the rest of Aus-
tralia were calculated by aggregating all states and the ACT. Single-year age-specific 
fertility rates for ages 15 to 49 were calculated by dividing births by population. The 
single-year rates were smoothed using fertility P-TOPALS (Dyrting, 2018) using a 
standard obtained by fitting the rates with fertility calibrated splines (Grigorieva et 
al., 2020; Schmertmann, 2014).

Figure 1 shows 2021 raw and smoothed fertility rates for the NT. The most salient 
feature of the NT’s fertility schedule is that it is bimodal, with a peak near age 20 that 
is primarily driven by high fertility rates for young Indigenous women and a non-
Indigenous peak near age 30. The latter is similar to the mode for the remainder of 
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Australia (Fig. 2). For both regions, fertility rates were trending downwards prior to 
2020 and then increased in 2021.

Mortality

State and Territory deaths and population estimates for 1971 to 2021 by single year 
of age were obtained from ABS (2022a). Deaths and population for Australia (ex NT) 
were calculated by aggregating all states and the ACT. Single-year age-specific death 
rates for ages 0 to 99 and the open interval 100 + were calculated by dividing deaths 
by population. Death rates were first smoothed using mortality calibrated splines 
(Dyrting & Taylor, 2023) and the resultant curve then used as a standard for mortality 
P-TOPALS (Dyrting, 2018), but the latter did not lead to a significant improvement 
in fit and so we report here the calibrated spline fit only.

Figure 3 shows 2021 raw and smoothed death rates for the NT. Figure 4 shows 
2021 raw and smoothed death rates for Australian (ex NT). Differences in the size of 
respective populations combined with low absolute rate levels account for the much 
greater levels of noise seen in the NT death rates compared to the rest of Australia, 
with the NT showing some ages with zero death rates. For both regions life expec-
tancy (Table 1) has been increasing over the period 2016 to 2021 driven by reductions 
in adult death rates.

Internal Migration

Northern Territory and rest-of-Australia one-year origin-destination tables for census 
years 2006, 2011, 2016, and 2021 by single year of age were obtained from ABS 

Fig. 1  Fertility rates, Northern Territory, 2021. Based on ABS data
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(2022i). Single-year age-specific out-migration probabilities for ages 0 to 114 were 
calculated by dividing movers by the origin population. Migration probabilities were 
smoothed using migration P-TOPALS (Dyrting, 2020) using a standard obtained by 
fitting probabilities with the Student Peak Model Migration Schedule (Wilson, 2010).

Figures 5 and 6 show 2021 raw and smoothed out- and in-migration probabilities 
for the Northern Territory respectively, illustrating considerable dispersion due to 
the small absolute number of internal migrants at each age over a one-year interval. 
The smoothed schedules highlight some qualitative differences in out-migrants and 
in-migrants, with the former showing prominent student and retirement peaks while 
for the latter the labor force peak is the most significant feature. Migration intensi-
ties have decreased over the period 2016–2021 with the exception of in-migration 
of females in their twenties. From 2006 to 2016 the age at peak migration intensity 
had been increasing but in 2021 it decreased for both female and male in-migration 
(Table 1). Figures 5 and 6 also illustrate the ability in P-TOPALS to use the standard 
to introduce non-polynomial features to the fit, in this case the student peak.

Overseas Migration

State and Territory overseas arrivals and departures for 2004 to 2021 by five-year age 
group and rounded to the nearest multiple of 10 were obtained from ABS (2022c). 
Arrivals and departures for Australia (ex NT) were calculated by aggregating all 
states and the ACT. Abridged age-specific emigration rates for five-year age intervals 
0 to 60 and open interval 65+  were calculated by dividing departures by population 
estimates. Single-year age-specific immigration numbers and emigration rates were 
calculated by expanding abridged numbers and rates using two methods: splines and 

Fig. 2  Fertility rates, Australia (ex NT), 2021. Based on ABS data
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P-TOPALS. The spline method models the age-specific schedules by a polynomial 
function in each age group. For each closed age group we use a cubic polynomial. 
For emigration rates, we use a constant polynomial to extrapolate over the open inter-
val 65+, consistent with observed regularities in migration intensities beyond retire-
ment ages (Rogers et al., 1978). For immigration numbers, we extrapolate with an 
exponential decay, that is, the logarithm of the number is linear in age. The second 
method used population P-TOPALS (Dyrting et al., 2022) for immigration numbers 
(with σ2 = 25/3 in Eq.  (3) to model uncertainty due to ABS rounding) and mor-
tality P-TOPALS for emigration rates (Dyrting, 2018). The standards used in the 

Fig. 3  Death rates, Northern Territory, 2021. The vertical line at age 70 indicates the 1951 birth cohort. 
Horizontal dashes indicate ages where the observed death rate is zero because there were no recorded 
deaths. Based on ABS data

 

1 3

31  Page 10 of 28



Application of P-TOPALS for Smoothing Input Data for Population…

P-TOPALS expansions were derived from single-year age-specific national overseas 
arrival and departure data from ABS (2022 h).

Figures 7 and 8 show 2021 abridged and expanded emigration rates for the North-
ern Territory and the rest of Australia respectively. The most noticeable feature of the 
NT’s emigration is the large difference between female and male rates, in particular 
the peak in out-migration of males aged 20 to 25. In contrast, the rest of Australia 
shows only a small difference in female and male emigration, with a sex ratio of 105 
compared to the NT’s emigration sex ratio of 184 (Table 1). The disparity between 
female and male overseas departures has been a feature of emigration from the NT in 
recent decades, notwithstanding the decreased level of rates nationally for both sexes 

Fig. 4  Death rates, Australia (ex NT), 2021. The vertical line at age 70 indicates the 1951 birth cohort. 
Based on ABS data
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in 2021 compared to the trend over the prior five years. Figures 7 and 8 also illustrate 
the ability in P-TOPALS to extrapolate schedules over open age intervals by ‘borrow-
ing’ the profile of the standard.

Figures 9 and 10 show 2021 abridged and expanded immigration numbers for the 
Northern Territory and the rest of Australia respectively. Similar to emigration, there 
were more male overseas arrivals to the NT than female, although the disparity is 
not as great as for departures, with an immigration sex ratio equal to 132 for the NT 
and 106 for the rest of Australia (Table 1). The gendered nature of the NT’s overseas 
migration has been a persistent feature since at least 2004, although the size of the 
disparity has been decreasing over time.

Projected Population

Figures  11 and 12 show the projected population in 2051 by age and sex for the 
Northern Territory and the rest of Australia. The most noticeable difference between 
the population projections with smoothed and unsmoothed inputs is a tendency for 
latter to be larger, particularly for ages greater than 70, regardless of sex or region. 
We also notice a greater age-on-age variation of the Northern Territory’s population 
pyramid with unsmoothed inputs. This becomes more noticeable when we remove 
the age variation of the jump-off population by focusing on the projection for a single 
cohort. Figures 13 and 14 show the projected population of the cohort born in 1951 
for both the Northern Territory and the rest of Australia. This cohort was 70 in 2021 
(see vertical reference line in Figs. 3, 4, 5, 6, 7, 8, 9 and 10) and those remaining will 
be 100 in 2051. We see from Figs. 3 and 5, and Fig. 7 that for 70 year old Territori-
ans, the three sources of decrement - death, interstate out-migration, and emigration 
- have comparable rates (0.01–0.02 per year) but the latter two show increasing levels 
of difference between unsmoothed and smoothed estimates because of either sample 
noise (out-migration) or abridgement (emigration).

For the rest of Australia, we see from Figs. 4 and 6, and Fig. 8 that for the 1951 
cohort the highest sources for decrement are death and emigration, with the latter 
showing the greatest sensitivity to rate estimation method. Extrapolating past age 
65 with a flat emigration rate means that, relative to the P-TOPALS profile, rates are 
lower below age 80 and higher afterwards which results in a ‘squarer’ shape to the 
otherwise smooth projected cohort profiles seen in Fig. 14.

Component Measure Northern 
Territory

Australia 
(ex NT)

Fertility TFR 1.82 1.70

MAC 29.4 31.3
Mortality eF0

83.3 86.0

eM0
77.9 82.3

Internal migration APIF 26.3 23.6

APIM 26.9 24.4

Overseas migration SRE 184 105

SRI 132 106

Table 1  Population summary 
measures, Northern Territory 
and the rest of Australia, 2021. 
TFR , total fertility rate; 
MAC, mean age at childbear-
ing; eF0 , female life expec-
tancy at birth; eM0 , male life 
expectancy at birth; APIF
, female age at peak migration 
intensity; APIM , male age at 
peak migration intensity; SRE

, emigration sex ratio; SRI , 
immigration sex ratio
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Discussion

Our results highlight that the Northern Territory is a region of great demographic 
complexity where paradigms can be stretched to exaggerated forms. For example, 
as total fertility rate decreases and the mean age at childbearing increases it has 
been observed that some counties develop signs of a bimodal distribution in the age-
specific fertility rates (Chandola et al., 1999, 2002; Lima et al., 2018; Peristera & 
Kostaki, 2007), but few have the two modes as prominent as they are for the North-
ern Territory (see Fig. 1). And, while for Australia (ex NT) the sex ratio of overseas 

Fig. 5  Out-Migration probabilities, Northern Territory, 2021. The vertical line at age 70 indicates the 
1951 birth cohort. Based on ABS data
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migration is close to parity, for the NT there are large differences in gender for both 
the level and the age profile. These demonstrate the need for careful consideration 
of smoothing and abridgement methods, as well as the role the demographer must 
play in carefully explaining projection results using their knowledge on the specifici-
ties of the input data. While this is not necessarily a function of the undertaking of 
projections for SPAs alone, these examples and the study here highlight the potential 
unconformity of input data for SPAs, even after smoothing is applied.

For the Northern Territory it is the post-retirement ages where smoothing methods 
have the greatest impact on forecasting, producing cohort projections that evolve 
smoothly with time as the population decreases. Realistic projections of this age 

Fig. 6  In-Migration probabilities, Northern Territory, 2021. The vertical line at age 70 indicates the 
1951 birth cohort. Based on ABS data
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group are important because they are the fastest growing section of the population, 
representing both a challenge for service provision (Zeng et al., 2015) and an impor-
tant focus of population retention strategies in the Northern Territory (Dyrting et 
al., 2020) and in northern Australia more broadly where the same trend of structural 
aging is underway (Taylor et al., 2022).

Calibrating the inputs to a subnational population projection with a jump-off date 
one year after the onset in Australia of the COVID pandemic highlights the impor-

Fig. 7  Emigration rates, Northern Territory, 2021. Light solid line, abridged emigration rates calculated 
from grouped data; Dashed line, expanded schedule of rates using spline interpolation; Heavy solid 
line, expanded schedule of rates using P-TOPALS. The vertical line at age 70 indicates the 1951 birth 
cohort. Based on ABS data
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tance of smoothing methods that are robust in the presence of significant uncertain-
ties in the underlying rates. For example, to reduce the effect of sample noise the 
ABS publishes complete mortality schedules for Australia’s States and Territories 
using data aggregated over three years (ABS, 2022e). However, it would be unwise 
to apply such averaging to fertility and overseas migration for a period where rates 
for these were an order of magnitude away from the linear trends observed prior to 
the COVID-19 pandemic. Meanwhile, for internal migration reliable data for the 

Fig. 8  Emigration rates, Australia (ex NT), 2021. Light solid line, abridged emigration rates calculated 
from grouped data; Dashed line, expanded schedule of rates using spline interpolation; Heavy solid 
line, expanded schedule of rates using P-TOPALS. The vertical line at age 70 indicates the 1951 birth 
cohort. Based on ABS data
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Northern Territory is only available from census data collected every five years. But 
as shown in Figs. 1, 3 and 5, and Fig. 6 data for a single year is likely to be very noisy.

Migration between the NT and the rest of Australia plays an important role in 
shaping the composition of the NT’s population, with net arrivals of people in their 
twenties and departures in all other ages producing a bulge in the population pyramid 
beginning at age twenty (Fig. 11). Since, from a population perspective, the rest of 

Fig. 9  Immigration numbers by single year of age, Northern Territory, 2021. Light solid line, abridged 
immigration numbers calculated from grouped data; Dashed line, expanded schedule of numbers using 
spline interpolation; Heavy solid line, expanded schedule of numbers using P-TOPALS. The vertical 
line at age 70 indicates the 1951 birth cohort. Based on ABS data
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Australia is practically all of Australia, if we compare Figs. 3 and 4, we see that meth-
ods for producing projection inputs for SPAs must not only be robust in the presence 
of small sample noise but must also be capable of the great level accuracy which is 
required for national populations.

One of the strengths of the P-TOPALS method is that it is able to automatically 
adjust from a non-parametric to a relational method as the exposed population 
decreases by, in terms of the Eq. (2), trading goodness-of-fit for smoothness. This is 

Fig. 10  Immigration numbers by single year of age, Australia (ex NT), 2021. Light solid line, abridged 
immigration numbers calculated from grouped data; Dashed line, expanded schedule of numbers using 
spline interpolation; Heavy solid line, expanded schedule of numbers using P-TOPALS. The vertical 
line at age 70 indicates the 1951 birth cohort. Based on ABS data
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illustrated in Table 2, which compares the performance of the input smoothing for the 
NT and the rest of Australia using the sum of squared standardized errors.

	
gof =

1

g

g∑

i=1

(
n
∼
ri −nri

)2

σ2
i

, (4)

as a measure of goodeness-of-fit. Here we use the factor 1/g  to adjust for the different 
number of observed rates, and σ2

i  is the variance of the i th observed rate, equal to 
nri/nNi  for the Poisson variables and σ2 for normal variables. We see that in 7 of the 
9 cases gof decreases when going from the smaller to the larger population.

Methods for estimating inputs to population projection models for SPAs need to 
be both flexible enough to capture the demographic diversity of SPAs, and robust 
in the presence of noisy and incomplete data. They must be able generate plausible 

Fig. 11  Projected population for 2051, Northern Territory. Dashed line, projection from unsmoothed 
rates; Solid line, projection from smoothed rates. Based on ABS data
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rate schedules across the full range of ages within the limits imposed by sample 
noise and anonymization. Recently developed methods such as P-TOPALS and CS 
are well suited to balancing these competing requirements because they are highly 
parameterized (through splines) as well as constrained in the profiles they generate 
when accuracy is low.

In developed countries, national migration trends are still advancing the share of 
population living in major cities, and this continues to be the case in Australia. By 
contrast, a lower proportion of internal migrants who move across State or Terri-
tory boundaries are selecting SPAs as their residential destination (Taylor & Carson, 
2017). Since the end of the national mining ‘boom’, which took place in Australia 
during 2002 to around 2012, the whole of the north of the country has stagnated 
population-wise, and in many areas, population has declined (Taylor et al., 2022). 
Technology developments in the resources (notably automation) and other sectors, 
along with the widespread adoption and acceptance of remote working as a legacy 

Fig. 12  Projected population for 2051, Australia (ex NT). Dashed line, projection from unsmoothed 
rates; Solid line, projection from smoothed rates. Based on ABS data
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Fig. 14  Projected population for 1951 cohort, Australia (ex NT). Dashed line, projection from un-
smoothed rates; Solid line, projection from smoothed rates. Based on ABS data

 

Fig. 13  Projected population for 1951 cohort, Northern Territory. Dashed line, projection from un-
smoothed rates; Solid line, projection from smoothed rates. Based on ABS data
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of the COVID-19 pandemic, mean that numbers associated with the demographic 
components for SPAs will continue to be small and noisy in the foreseeable future.

In addition to small numbers, levels of vital processes and internal migration are 
decreasing and there is an increasing focus by national statistical agencies such as the 
Australian Bureau of Statistics on maintaining the privacy of individuals in the face 
of advances in methods for database reconstruction. This means that demographic 
data for subnational areas like the Northern Territory will likely become more noisy 
not less. Methods for enhancing the estimation of rates through smoothing will, 
therefore, be increasingly important to the production of realistic population projec-
tions for these regions. Not least, given the amount of work demographers face in 
updating and continually improving projections, ensuring projections have a viable 
shelf-life (where projection errors are kept to a minimum for as far as possible into 
the horizon) for the benefit of users becomes particularly important. For SPAs and 
other subnational regions, critical investment and policy decisions are founded on 
projection outputs, making tools such as the smoothing methods deployed here a 
valuable investment in the process of ‘projection making’ in their own right.

Demographers preparing inputs for a cohort-component model have an number of 
methods they can choose from within the four broad classes of parametric (Bermúdez 
et al., 2012; de Beer & Janssen, 2016; Wilson, 2020), polynomial (Campbell, 1996; 
Grigoriev & Jdanov, 2015; Hsieh, 1991; McNeil et al., 1977), relational (Booth, 
1984; Brass, 1971; Smith et al., 2013), and non-parametric (Bernard & Bell, 2015; 
Kostaki et al., 2009, 2011; Rizzi et al., 2015) methods. We have seen that for project-
ing the population of an SPA, a method must have a number of desirable features: 
producing plausible profiles in the presence of large uncertainty in observed rates 
(large noise), producing accurate profiles for the rest of the country (small noise), the 
ability to include non-polynomial features into the profile such as jumps or spikes in 
a rate (non-polynomial), flexibility in controlling the profile over an open age interval 
(extrapolate), the ability to include views on what a profile should look like (expert 
view), and the ability to handle deviations from orthodox profiles (flexibility).

Table 3 is a survey of the four main classes of methods for estimating population 
projection inputs together with P-TOPALS, summarizing the inputs they are used on 
(the first four rows) and whether the properties desirable for preparing inputs to a 
population projection for an SPA are normally present (Y), absent (N), or contingent 

Component Sex Northern 
Territory

Aus-
tralia 
(ex 
NT)

Fertility Female 1.10 1.35
Mortality Female 1.62 0.78

Male 1.22 0.55
Internal migration Female 1.00 1.09

Male 1.36 0.96
Overseas out-migration Female 0.51 0.37

Male 0.40 0.28
Overseas in-migration Female 0.09 0.001

Male 0.19 0.002

Table 2  Goodness of fit measure 
Eq. (4) for smoothed inputs, 
Northern Territory and the rest 
of Australia, 2021
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(-). Parametric methods are available for all types of inputs except population counts. 
In terms of uncertainty in observed rates they do not automatically adjust to the level 
of noise, and can be over-parameterized when noise is large (relational models being 
favored in this case) and under-parameterized when noise is small (where polyno-
mial and non-parametric methods are used). Parametric methods do not readily allow 
views on the form of the schedules, and are the least flexible of methods in that they 
make strong assumptions on shape of the profiles. Polynomial methods are not stable 
when there is large uncertainty in the observed rates because they interpolate rather 
than smooth. They, by design, cannot model non-polynomial features in the profile, 
are poor at extrapolating into open intervals because make they strong assumptions 
on the profile after the end of the last closed interval (often constant or linear), and 
are closed to expert views because estimated profiles are fully determined by the 
observed rates.

The main weakness of relational methods is their lack of flexibility, in that all age-
specific structure is taken from a standard curve and their consequent difficulty in 
fitting observed rates when uncertainty is small. Non-parametric methods generally 
perform well when uncertainty is small or moderate, although there are exceptions 
(Dyrting & Taylor, 2023; Grigorieva et al., 2020), and they are similar to polynomial 
methods in not being easily adjustable to expert views or auxiliary sources of infor-
mation. However, if we consider relational and non-parametric method together in 
Table 3 we see that where one is negative or indeterminate the other is positive, and 
it is this complementarity of properties of the two methods that, when combined in 
P-TOPALS, make the latter well suited to estimating inputs for a SPA population 
projection model.

Property Parametric Polynomial Rela-
tional

Non-
Para-
met-
ric

P-
TO-
PALS

Mortality Y Y Y Y Y
Fertility Y Y Y Y Y
Migration Y Y - Y Y
Counts N Y Y Y Y
Large 
noise

- N Y - Y

Small 
noise

- Y N Y Y

Non-poly-
nomial

Y N Y N Y

Extrapolate Y N Y - Y
Expert 
View

- N Y N Y

Flexible N Y N Y Y

Table 3  Properties of a smooth-
ing method for preparing inputs 
to a population projection model 
for sparsely populated areas, 
four classes and P-TOPALS.
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Conclusion

Providing accurate data for the input to population projection models is critical to 
both the accuracy and shelf-life for projections outputs. Users must be confident that 
output data on which significant decisions might be made is as accurate as it can be. 
This challenges the demographer to be diligent and detailed in the application of 
smoothing and adjustment methods which are applied to input data across the com-
ponents, regardless of the type of model used. For sparsely populated areas, a range 
of biases mean there are additional challenges for the demographer in preparing fit-
for-purpose input data. Not least, small exposure and event counts make the data par-
ticularly susceptible to uncertainty from sample noise and anonymization. Second, 
the presence of heterogeneity in the population can cause the age schedules to take 
on exaggerated forms, significantly different from the national age structure. And 
third, strong interaction with the remainder of the country through internal migra-
tion means that methods must also be accurate for national level data. These issues 
certainly apply to population data for Australia’s most sparsely populated State or 
Territory; the Northern Territory, which was the focus of this study. We have found 
that, through projecting using the cohort component model SASPOPP, advances in 
the estimation of demographic rates through smoothing and expansion are effective 
in mitigating and meeting these challenges and can be used to improve population 
projections for sparsely populated areas. Benefits from the methods applied here are 
particularly notable for the post-retirement ages because, in these ages death, internal 
out-migration, and emigration rates are comparable.

In comparing smoothed and unsmoothed input and output data for the Northern 
Territory, the primary contribution of this article is to prosecute the case that modern 
quantitative methods are useful for improving population projections for subnational 
regions which might be described as ‘edges’. Conversely, the need for key users 
such as planners, investment decision makers and policy makers for high quality 
and accurate projections can serve as inspiration to applied demographers for future 
innovations. For example, one of the limitations of the approach taken in this article 
is that population is not disaggregated by Indigenous status. Estimating inputs to 
an accurate projection of the Northern Territory’s Aboriginal population at single 
year of age would need to confront additional issues such identification uncertainty 
in vital registrations, census data quality issues related to remoteness, notable age 
heaping, the age structure for internal migration, age misstatement, and non-western 
paradigms of mobility. The application of P-TOPALS can certainly assist but is by no 
means a simple remedy for the spectrum of data issues that demographers developing 
projections for SPAs face. For example, demographers have highlighted the parallels 
between sparsely populated areas in Arctic and non-Artic countries in relation to 
input data biases and the challenges in developing projections and population esti-
mates (Karacsonyi & Taylor, 2023; Peters et al., 2016), emphasizing there are oppor-
tunities to apply the P-TOPALS method to comparative work for populations in the 
Arctic and beyond. A process of continual improvement and leaning on techniques 
and innovations applied in other SPAs, and in the demographic scholarly community 
more broadly, therefore remains the preferred approach.
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