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Abstract.   Using a Geographic Information Systems approach to analyse the Baltic Sea drainage basin
allows us to rationally merge economic and ecological data and thus aid in developing efficient coastal
management policies.  The objective of this study is to develop a model which can estimate population density
within the Baltic Sea drainage basin area.  The three Baltic States, Estonia, Latvia, and Lithuania, were used
as a test area to develop the initial population density model.  The model was developed using sub-national
population statistics together with digital data on land use and infrastructure.  Digital data were compiled
from various sources including ESRI’s Digital Chart of the World and the European Space Agency’s Remote
Sensing Forest Map of Europe.  We use a single objective, multi-criteria model which assumes that settlement
is influenced in varying degrees by land cover, road and railroad infrastructure, and the location of urban
areas.  Output from the model is in the form of a population density map.  We conclude that the population
density model is an improvement over other methods used to analyse population density in this region and that
it is particularly useful for estimating the population of a drainage basin area.

INTRODUCTION AND OBJECTIVE
Human activity in the drainage basin strongly impacts the Baltic Sea (Ambio, 1990; Helsinki Commission,

1992).  Despite this, no coherent source of information exists which provides the population distribution within
the Baltic Sea drainage basin.  Population statistics at the county or municipality level are available for all
countries within this region.  These data however, provide no information on the population within the drainage
basin in the cases where   the drainage basin only partially covers the administrative region.

The objective of this study is to estimate population density in the Baltic Sea drainage basin.  Using a
Geographic Information System (GIS) approach, we have developed a  model which can be used to estimate
population density (persons/km2).  The three Baltic States, Estonia, Latvia, and Lithuania, were used as a test
area to develop the initial model.  We use a single objective, multi-criteria model which assumes that settlement
is influenced in varying degrees by land cover, road and railroad infrastructure, and the location of major urban
areas. Output from the model is in the form of a digital population density map which can be overlaid with a
digital drainage basin map in order to assess population density within the nine meso-scale sub-drainage basins
which cover the three Baltic States.  This paper describes the data and methodology used to develop the
population density model and presents the results of the model.

PRIMARY DATABASES
The population density model was developed using IDRISI (version 4.1), a raster-based GIS software

package.  The model uses raster data at a one square kilometre resolution.  Model inputs include population
statistics and six raster maps: administrative regions, proximity to roads, proximity to railroads, proximity to
major cities, constraint areas, and land cover.  The land cover map consists of the following categories: forest,
open lands, urban areas, lakes, land-lake interface, and glaciers.   The input maps were created by compiling
data from several sources which are briefly described in this section.

Digital Chart of the World (DCW)
Much of the data for this study were extracted from the Digital Chart of the World (DCW) database, a

1:1,000,000-scale vector basemap of the world produced by Environmental Systems Research Institute, Inc.
(ESRI).  The DCW consists of 17 data layers related to the following themes: national and ocean boundaries,
populated areas, railroads, roads, utilities, drainage, hypsography, land cover, ocean features, physiography,
aeronautical features, cultural landmarks, transportation structure, and vegetation.  The primary data source for
the DCW was the Operational Navigation Chart (ONC) series, a group of 1:1,000,000 scale paper maps created
by the United States Defence Mapping Agency.  These paper maps were scanned, vectorised, and edited by
ESRI and are available in ARC/INFO format.  For a detailed description of the production process, see ESRI
(1992).
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The ONC charts were designed to assist pilots flying at medium or low altitudes and are also used for U.S.
military operational planning, intelligence briefings, and preparation of visual cockpit displays (DMA, 1981).
The DCW coverages show some bias due to the navigational and military slant of its source data.  In general,
ground features with distinctive and consistent visual patterns such as roads, railroads, utility lines, lakes,
rivers, and the perimeter of urban areas are highly detailed and well represented in the DCW.  Features with
less distinct or inconsistent borders such as wetlands or cultivated areas, have little significance to a military
pilot and thus are not well represented in the DCW.  In addition, tertiary roads as well as urban roads and
railroads are not included in the DCW.  At the scale of this study, we felt the military-navigational biases of the
DCW data did not compromise the quality of the roads, railroads, populated areas, and lakes coverages.  All the
other classes we had expected to extract from the DCW, such as wetlands, cultivated areas, and vegetation,
were inconsistent or inaccurate and therefore rejected for use in this study.

ESA Remote Sensing Forest Map of Europe
The European Space Agency (ESA) Remote Sensing Forest Map of Europe was a contribution to the World

Forest Watch project of the International Space Year 1992 (ISY 92).  The main objective of the work was to
develop a map depicting the forest areas of Europe. The primary data source for the forest map was 1km2

satellite data from the National Oceanic and Atmospheric Administration (NOAA-11) Advanced Very High
Resolution Radiometer (AVHRR) satellite sensor system. A total of 72 different AVHRR images were used,
the majority being from 1990-92. Only images from the summer months of June, July and August were applied.
Images were classified into forest /non-forest using a supervised classification approach (Bayesian maximum
likelihood) and various ancillary map information.  An accuracy assessment was carried out by comparing the
classified AVHRR images to classified Landsat MSS images for 32 randomly selected 100x100km areas within
Europe.  The summed overall accuracy  (OA)parameter for all 32 test areas were 82.5%.   Further details about
the procedure used and accuracy assessment are given in ESA (1992) and GAF (1992). The final digital forest
map, available as public domain data, is a vector ARC/INFO coverage to which major lakes were added.

Administrative Regions
A digital map of administrative units at the same level as the population statistics is required for the model.

In the three Baltic states, the most detailed population statistics available are at the district level.  District maps
for these countries were obtained from three different sources.  Digital maps were provided by the Estonian
Environment Information Centre and the Latvian Ministry of Regional Development and Environment
Protection.  The Lithuanian district borders were digitized from a 1:600,000 scale paper map (Valstybinis
Zemetvarkos Institutas, 1990).  The three digital maps were merged to form a single district-level
administrative region map covering the Baltic States.

Population statistics
Population statistics for Estonia, Latvia, and Lithuania were obtained from national statistical yearbooks

(Statistical Office of Estonia, 1992; State Committee for Statistics of the Republic of Latvia, 1992; Valstybinis
Zemetvarkos Institutas, 1990).  District-level urban and rural population statistics from 1989 were used for this
study.

DATA PRE-PROCESSING
All the data layers were edited and rasterized in ARC/INFO, then converted into IDRISI format.  Further

processing was required in IDRISI to generate the land cover map.  The land cover map was created by
overlaying three coverages: lakes, urban areas, and the rasterized ESA forest map.  The final land cover map
has five classes: urban areas, water bodies, land-water interface, forest, and open lands (representing both
agriculture and pasture lands).  Land-water interface is an artefact of overlaying two different data sources.
These pixels are found along the lake shores and coastlines, where the DCW data shows more detail than the
ESA forest data.  We consider these pixels to represent non-urban land since that is how they are classified in
the DCW data and we take DCW as the more correct source due to its greater detail. We have no indication
whether these pixels represent open land or forest however, since in the ESA forest data they are classified as
water.

METHODOLOGY: SPATIAL MODELS TO DERIVE POPULATION DENSITY
Without having the co-ordinates of each individual, the only feasible way to determine spatial population

distribution is through modelling.  Most population density maps represent the average population density for a
statistical unit such as a country, a district, or a town.  These maps can be considered the simplest "models" of
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the distribution of population density.  When the intention is to determine the population within a region which
does not coincide with the statistical unit boundaries however, this method is insufficient.  We have attempted
to develop a model which can be used in such cases.  Our approach uses ancillary spatial information to more
realistically dissaggregate the population of a statistical unit within its boundaries. The model works
independently with urban and rural populations.  The resulting urban and rural population density maps are
then combined to produce a complete population density map.

Modelling of Urban Population Density
To model the urban population, we assume equal population density at the district level.  Urban area is

calculated by summing the urban grid cells (1km2) within each district boundary.  Urban population is divided
by urban area and the resulting value, population per km2, is assigned to each urban grid cell of the appropriate
district.  The result is a map of urban population density.

Although assuming equal urban population density may seem simplistic, a number of studies have found
linear relationships between urban areas and population (reviewed in Stern 1985).  To assess whether a linear
relationship was appropriate to use in the Baltic case we examined the relationship for a number of sample
towns in the three Baltic states. The population statistics for these towns were taken from national statistical
yearbooks, and their areas were derived from the land cover map.  The relationship between population and
area for these towns is shown in Figure 1.  As can be seen, although not a perfect relationship, the linear model
holds quite well.  
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Figure 1.   Relationship between urban population and urban area in the Baltic States

Modelling of Rural Population Density
To model rural population density we use the Single Objective, Multi-Criteria Evaluation (MCE) approach

(Eastman 1993, Eastman et al. 1993).  The MCE approach determines the suitability of a tract of land for a
specific purpose given some criteria.  Criteria are divided into constraints and factors.  Constraints are areas
which have no suitability.  Factors are defined as spatial features which influence the suitability of a tract of
land for the given objective.  Each factor is assigned a weight according to its relative importance.  A
prerequisite of the MCE analysis is that constraint maps are binary (0/1) and factor maps are standardised to a
common range of values.   The relationship can be expressed mathematically by Equation 1:

                          S wx ci i j= ×∑ ∏                 (1)

where
S = suitability
w

i
= weight of factor i

x
i

= value of factor i
c

j
= value of constraint j

In the derivation of the weights for the entire study area it is a precondition that Σ w
i
 = 1.  We use the MCE

approach to determine the "suitability" for rural settlement of each 1 km2 pixel of a Baltic States map.  This
map is then used together with population statistics to generate a rural population density map.  This study is
meant to be descriptive, not prescriptive.  We use the term "suitability" here to mean the likelihood of finding
rural people.
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The constraints     The constraints were defined from the land cover map to be (i) urban areas and (ii) lakes. If
data resources were available, we also would like to exclude (iii) wetlands and (iv) restricted-settlement areas
(National parks, etc.).

The factors     In the MCE approach, factors are input as raster maps standardised to a common range of
values.  There are several steps involved in the choice and preparation of the factor inputs: (1) selecting factors,
(2) preparing factor maps (determining the range of influence and the standardisation procedure), and (3)
assigning relative importance (weights) to the factors.  Each step requires subjective decision making.  In this
case study we completed the first two steps ourselves.  For the last step we relied upon the opinions of six
researchers from the Baltic States (two from each country).  The six persons had previously been exposed to the
MCE analytical approach and were considered to have above-average national knowledge of the relationship
between various factors and the rural population density.

Selection of factors     Given our data resources we decided that the following features were related to the
distribution of the rural population: (1) proximity to roads, (2) proximity to railroads, (3) land cover, and (4)
proximity to major cities (with population >200,000).  The selection of factors (1) through (3) are based upon
intuitive geographic knowledge.  Proximity to major towns have elsewhere been found to be a significant
determinant of distribution of population (Eklund and Deichman 1991). Others factors considered, but rejected
by us for the Baltic States were (i) proximity to major lakes, (ii) proximity to major rivers, and (iii) proximity to
the coastline.

Preparation of factor maps    Proximity to Roads and Proximity to Railroads:  We assumed that a likely "zone
of influence" of both roads and railroads was a five kilometre range.  If the roads map had been perfect (all
roads included) it would have been more appropriate to assign a shorter range of influence to roads.  The
influence roads and railroads have on rural settlement was assumed to decrease with distance.  We determined
that being close to infrastructure should count more than being farther away.  Thus, for the 0-5 km range of
influence around each road or railroad, we applied a power function.  We decided that the influence of the
infrastructure would decrease by a factor of d2, where d = distance away from infrastructure.  Beyond five
kilometres from any given road or railroad, the influence on rural settlement is zero.  For the factor maps, we
chose to use a nominal standardisation value range of 100-0.  We converted the actual physical distances in the
proximity maps into a continuous range of values with the highest suitability pixels given the value 100 and the
lowest the value zero.

Proximity to big cities:  By examining a map of average rural density/km2 for all the districts in the Baltic
States, we found 0-100 km to be a suitable range of influence of major cities.  Within this range, we assumed
that influence decreases linearly with distance from the city.  We then standardise the proximity values so that
grid cells less than one kilometre away from the major cities are given the value 100 and cells 100 km or
beyond the cities are given a value of zero.

Land cover:  All the non-constraint classes of the land cover map (forest, open lands, and land-lake
interface) are considered to have varying degrees of influence on rural settlement.  The standardisation
procedure in this case involves transforming these classes into a "continuous" range of values between 100-0.
The standardisation value given to each land class represents the relative degree of influence that class is
assumed to have on rural settlement.  We decided to give the highest value (standardisation value of 100) to the
open lands class which includes both agricultural and grazing land.  The urban and lake classes, which are
defined as constraints, are given a standardisation value of zero.  The forest class is given the lowest value
(standardisation value of 10).  This represents our assumption that the probability of having rural population in
the Forests is 1/10th the probability of having rural population in the open lands.  The land-lake interface class
(unclassified rural land) is believed to have an equal probability of belonging to either the forest or the open
land class.  We therefore give it a standardisation value of 55 [(SVF + SVO)/2].  

Weighting of factors     In this step the six researchers from the three Baltic states were asked to weigh the
relative importance of the four factors.  All six stated that settlement patterns in the three countries were similar
and did not feel that separate weights should be determined for each country.  The weighting process is
subjective.  It was carried out through pairwise comparisons between the four factors, which means that six
pairwise comparisons were made by each researcher.  The weighting scale used consists of nine qualitative
terms that are associated with nine quantitative values (see below).
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The quantitative values were then entered in to a Pairwise Comparison Matrix (PCM) which facilitates
calculation of each factors’ relative weight (Eigen vector) and a Consistency Ratio which tells if the researcher’s
opinions were internally consistent (see Eastman et al. 1993 for details). In our case, the opinions of two of the
Baltic researchers were not internally consistent and thus rejected.  We therefore averaged the factor weights
given by the four remaining researchers and entered these into the PCM.  A Consistency Ratio of 0.08 was
obtained which signifies a high degree of consistency. The relative weights for the various factors were
calculated to be (in decreasing order of importance ):

proximity to major cities =  0.3737
proximity to roads =  0.2916
land cover type             =  0.2492
proximity to railroads =  0.0855

These weights were then entered into the Multi Criteria Evaluation (MCE) module.  The output of the MCE
is a rural population suitability map.  In this map the highest suitability value, 100, is assigned to grid cells that
are on open lands lying less than 1km from the roads, railroads and major towns. The lowest suitability value is
given to grid cells on forest land lying further than 5 km away from roads and railroads, and more than 100 km
away from major cities.  Cells covered by constraint areas have a suitability of zero.

Using the suitability map, we can determine the proportion of total rural population likely to occur in each
1km2 grid cell.  This proportion is represented by the ratio: si/∑si where si is the suitability of grid celli.  Rural
population density per square kilometre can then be estimated using Equation 2:

RPDi  =  si/∑si * Pr  =  si * Pr/∑si  (2)

where  RPDi  =  rural population in grid cell i ( = rural population /km2)
     si   =  suitability of grid cell i

     Pr  =  total rural population

The sum of suitability values (∑si) for all rural grid cells within each district was calculated by overlaying the
administrative map with the suitability map and summing the suitability values within each district boundary.
Rural population of each district was divided by the appropriate summed suitability value (Pr/∑si).  Each cell in
the suitability map (si) was then multiplied by this district-specific ratio to generate a rural population density
map.  Finally, the urban and rural population density maps were merged.

RESULTS AND DISCUSSION
The population density map derived from the model is shown in Figure 2.  A visual assessment shows that

the model produces reasonable results.  Quantitatively validating the results of the model is difficult.  To assess
the accuracy of our results, we need access to higher quality population density data for this region.  To the best
of our knowledge, such data is not currently available in the Baltic States.  We compared our results to a 100
km2  resolution population density map of  Latvia and found similar trends in the data.  The methodology used
to create the Latvian population density map however, did not lead us to believe that it’s results were more
reliable then our own (Baranovs, pers. com.).  A population density map of Estonia which uses some data
obtained by geo-coding persons is currently under production (Roosaare, pers. com.).  When this map is
available, it will be used to assess the results of our model.  We are continuing to search for data sources which
can be used to validate the model.

The population density model has several weaknesses which limit its predictive capabilities.  The model
relies heavily on subjective decisions, the method used to assess urban population is simplistic and the model
results are impaired by error sources in the data.  There is no way to judge the reliability of the population
statistics, for example.  Additionally, we know that some of the GIS data inputs have flaws.  The roads
coverage is not complete and the land cover map is highly generalised.  Nevertheless, it provides an
improvement over previous attempts to determine population density in this area.

CONCLUSIONS
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  Despite its weaknesses, the population density model offers several important contributions.  It is an
improvement over the traditional method of analysing population density which is to assume even population
distribution over the area for which statistics are available.  This is of particular significance in drainage basin
areas which don’t necessarily coincide with administrative district boundaries.  Furthermore, because the
methodology is consistent, the model can be easily improved as more detailed input data becomes available.
This is an advantage over traditional cartographic methods of mapping population distribution.  Finally, the
model is flexible.  It can easily be applied to heterogeneous areas, such as the coastal zone of the Baltic Sea,
where the factors influencing population settlement differ by region.  As more detailed GIS data becomes
available, we will continue to improve this model by addressing the weaknesses and providing more rigorous
verification studies.  Future research plans involve modelling the population density for each country within the
Baltic Sea drainage basin and using the model output to estimate population density within 87 of the meso-scale
sub-drainage basins of the Baltic Sea.

Figure 2.  Population Density of the Baltic States (persons/km2)
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