
Chapter 3

Spatiotemporal Patterns of Population

Distribution

Robert J. Corner, Emmanuel T. Ongee, and Ashraf M. Dewan

Abstract Population studies worldwide have suggested that urban population

densities generally follow an exponential decay pattern as one travels outwards

from the central business district (CBD). Dhaka has experienced phenomenal

population growth over the past two decades. This chapter uses econometric and

GIS techniques to map and model recent population dynamics using census data for

three successive census years (1991, 2001 and 2011) aggregated at the lowest level

of census geography. Linear and non-linear regression models were tested to

examine urban density form. The study found that a negative exponential function

was best suited for the study area since it produced the highest coefficient of

determination (R2). Additionally, temporal trends of the population density gradient

for the study area revealed gradual flattening. Further, it was found that the y-axis
intercept (an indicator of CBD density) did not drop over time as general theories

for cities experiencing economic growth would suggest. The visualisation of

population change was conducted through standard deviational ellipses and simple

spatial analysis. The results revealed that, with the exception of a few census tracts,

the magnitude of population change is (are) still high in the area, and that a

suburbanisation trend has set in over the period since the penultimate census.
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3.1 Introduction

The spatial distribution of human population is a key factor in assessing the causes and

impacts of global environmental change (Tian et al. 2005; Elvidge et al. 1997).

Accurate and timely information on the variation of population distribution both

within and between urban areas is crucial for a number of social, economic and

environmental applications (Liu et al. 2008; Sutton 1997). The analysis of population

distribution can support planners and policy makers in identifying impacts related to

social and environmental functionality of the city (Millward and Bunting 2008) and

subsequently assist in formulating relevant policy measures. The density and spatial

patterning of human population has, therefore, been a subject of academic research in

a number of disciplines for many years (Fonseca and Wong 2000).

Geospatial techniques have been extensively used in estimating population in

urban areas around the world, as is shown by a recent review of the topic (Patino

and Duque 2013). Whilst remotely sensed data has been used to estimate population

which can then be correlated with census or ground-based measurement through

regression techniques (Wu et al. 2005), Geographic Information Systems (GIS), on

the other hand, are used to illustrate the spatial patterning of population via spatial

analysis. The major objective of GIS-based population study is to examine urban

density gradients and to capture urban spatial structuring with econometric and

spatial analyses following the pioneering work of Clark (1951). The basic premise

of Clark’s work is that density in urban areas declines, in a negative exponential

manner, with the improvement of transportation and communication over time.

Thus, urban population distribution reduces with distance from a central point and

flattens with time as people become vehicle dependent. Inspired by Clark’s work,

others have tested and refined his classic work to examine the geographical

distribution of population and employment density in urban areas over time. For

example, Newling (1969) conceptualised four stages of density gradients as youth,

early maturity, late maturity and old age. Batty and Kim (1992) argued that an

inverse power function is the most appropriate to model urban population density,

whilst Parr (1985) suggested that an inverse power function is more appropriate to

the urban fringe and hinterland, with a negative exponential function being more

suitable for explaining density in an urban area. Nonetheless, the goodness of fit

varies according to the place studied (Wu et al. 2005).

Of the studies that use econometric and spatial analytical techniques to model

and map urban population distribution, most are from developed countries with

only a few from developing countries (Feng et al. 2009; Suárez and Delgado 2009;

Millward and Bunting 2008; Griffith and Wong 2007; Mennis 2003; Wang and

Zhou 1999; Wang and Meng 1999; Sutton 1997; Martin 1996, 1989; Gordon et al.

1986; Alperovich 1982; Griffiths 1981; Krakover 1985; Berry and Kasarda 1977;

Newling 1969). The majority of studies look at one of two density function

approaches, monocentric models and polycentric models. The monocentric model

investigates how density varies with distance within an urban area with an assump-

tion that a city has only one centre (e.g. central business district) in which
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population and economic activities are concentrated, whilst the latter model

assumes that a city has a number of sub-centres other than the city centre and

urban residents have access to all centres. Thus, population densities are functions

of distances to all these centres (Small and Song 1994). As noted by Wang and

Meng (1999), the polycentric model examines the influence of each sub-centre on

the distribution of urban population in a given area. A somewhat differing result

was reported by McMillen and McDonald (1997) in their study on Chicago’s

employment density, suggesting bicentric density patterns. By contrast, McDonald

(1989) reviewed urban density studies and made two general findings: (1) that the

density gradients flatten over time and (2) the rate of flattening of the density curve

depends on the size of the urban area. Adam (1970) noted that the density pattern is

related to the age of the city. In other words, older cities have a higher central

density, whereas younger cities tend to be steeper in density gradients. Studies in

developing countries yielded different results when compared to those from devel-

oped countries. For instance, Berry and Kasarda (1977) reported that, in Calcutta,

the density gradient did not flatten over time and central density increased contem-

poraneously with expansion of urban areas. This result is contrary to findings from

China which showed that Beijing’s density gradient flattened over time (Wang and

Zhou 1999), and attributed this to the polycentric nature of the city, which is partly

the result of China’s reforms towards market economy (Feng et al. 2009). These

two examples from China and India suggest that there is no clear pattern to the

trends of urban population distribution in developing countries, whilst the results

from developed countries are almost identical.

Since its independence from Pakistan in 1971, Bangladesh has experienced rapid

growth in human population (see Chap. 1). This growth has impacted upon some

cities more than others due mainly to the economic disparity between rural and

urban areas (BBS 2010). As a result, there has been considerable conspicuous

growth in the urban population, severely affecting the social and environmental

sustainability of major cities, particularly the megacity of Dhaka. Siddiqui and his

colleagues (2010) suggest that as a result of this rapid population growth, most of

Dhaka, except for a few high-class residential areas, appears to be either slums or

near-slums.

Despite the fact that population increase is an ever-present phenomenon in

Bangladesh, research with respect to its distribution is mainly confined to temporal

analysis (Rouf and Jahan 2007; Islam 2002; Khan and Rahman 2000; Eusuf 1996).

Based on population and the rank-order method, Eusuf (1996), for instance,

demonstrated the changing patterns of urban centres in Bangladesh between 1872

and 1991 which showed that both the number and size of urban centres in the

country had increased noticeably as a function of population growth. Similarly,

other researchers have also used change in population count in urban areas through

time to demonstrate population increase in the cities, particularly in Dhaka (Rana

2011; Siddiqui et al. 2010; Islam 2009, 2005). The major objective of these

temporal studies is to quantify the rate of urbanisation or urban growth of cities.

Though these studies are useful for understanding population growth in urban areas

over time, they lack the spatial component that is essential to predicting the
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environmental consequences of population growth in urban areas (Shoshany

and Goldshleger 2002; Elvidge et al. 1997). Moreover, temporal studies alone

are unable to examine the pattern of increase or decrease in population distribution.

Since population is the primary factor that is driving urban expansion and environ-

mental changes in Dhaka (Dewan et al. 2012), mapping and modelling of

population distribution is of great importance to urban planners and policy makers

who are often charged with monitoring urban growth and developing adequate

land-use policies.

Although many studies of population distribution over space have been carried

out to date, particularly in post-industrial cities, work is required to determine

whether the urban density models found to be applicable in developed countries

can also be applied to less developed countries, especially to cities with totally

different population dynamics such as in Dhaka. This chapter seeks to better

understand the population dynamics of Dhaka megacity through quantifying tem-

poral changes in population density and exploring its spatial distribution across the

study area (see Chap. 1). Of particular interest is the investigation of the well-

established theory that population density is generally inversely related to distance

from a city’s central business district (CBD).

3.2 Data and Methods

3.2.1 Data Preparation

The data used for the analysis consisted of both spatial and aspatial data. One of the

biggest problems in working with spatially referenced data in Bangladesh is the

unavailability of updated census boundary information, and even when available,

they are often inaccessible to the public because of the so-called security concern of

relevant organisations and the national government. Although, socioeconomic and

demographic data from the census are available in tabular format, they are not

accompanied by a spatial database such as the TIGER files in the USA. As a result,

it is extremely difficult for anyone to study spatially referenced population

distribution.

To overcome this, a spatial database of the census tracts was created by

digitising the small area atlas of the Bangladesh Bureau of Statistics (BBS), with

input from the digital database of SPARRSO, Center for Environmental and

Geographic Information Services (CEGIS) and numerous field visits. It should be

noted that neither of the databases contained up-to-date digital census tract

boundaries, and around 2 % of the census tracts were missing. That is, 25 new

census districts were created between the decennial censuses of 1991 and 2001. To

overcome this problem, the names of the 1991 census tracts were first matched with

the 2001 names using the BBS community series publications. The additional

census polygons in the 2001 census are the result of subdivision, due to population
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increase, of polygons used in the previous census. To create the polygons for the

2001 census, the digitised polygon files were re-referenced to the street grid, which

is an up-to-date street network from the Detailed Area Plan (DAP) of the Capital

Development Authority (RAJUK). Census units created between 1991 and 2001

were then demarcated and mapped out in the field. This work was guided by a hard

copy of a map which highlighted the road networks that were used to split the

original census tracts into those use for the 2001 population census and was

obtained from BBS. Additionally, a high-resolution mobile-mapping GPS device

(Trimble Nomad 800GXE) was used to confirm the road locations. The editing of

the census tracts was performed in ArcGIS (v. 10). The final census tract file

consists of 1,212 polygon features, which include 441 rural communities (mauza)
and 771 urban communities (mahalla) (Dewan 2013). Again between the 2001 and
2011 censuses, some of the census tracts were subdivided. Since no spatial data

was available for these new tracts, the older geography (2001) was used and the

demographics for the new constituent tracts were amalgamated.

Demographic attributes were obtained from the BBS community series (BBS

1993, 2003, 2012), which represent the population censuses of 1991, 2001 and

2011. These data were encoded in a spreadsheet because digital versions were not

available for the 1991 and 2001 censuses, and then linked with the census tract

boundary using a unique ID. Population density was calculated as the total number

of people residing in a census tract divided by its total area (km2).

3.2.2 Modelling Urban Population Density

The central business district (CBD) is critical to population density modelling. In

order to test different models of urban population on the data for Dhaka, the CBD

had to be identified beforehand. With reference to previous research, Motijheel was

chosen as the CBD since it has featured prominently in previous population-related

studies of Dhaka (Barter 2012; Islam et al. 2009). Whilst some studies have used

mathematical techniques to choose CBD (see Alperovich 1982), this research has

opted to rely on expert knowledge instead. Using the Euclidean distance function

within a GIS, distance to other areas was calculated, and four regression models,

namely, linear, reverse exponential, negative exponential and power, were

constructed to identify whether the urban density gradient is similar or dissimilar

to that of other cities in the world. To minimise the impact of outliers on density

gradient analysis, statistical outliers were removed from the data using the method

proposed by Iglewicz and Hoaglin (1993) which detects outliers based on modified

Z-score values, Mi:

Mi ¼ 0:6745
ðxi � �xÞ
MAD

(3.1)

whereMAD ¼ median absolute deviation and �x¼median. In this method, modified

Z-scores with an absolute value of greater than 3.5 are considered outliers. For this
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study, the observations (xi) were the population densities for each of 3 years.

Further, units with zero values of population density and the CBD itself were

disregarded from the analysis. This was done to ensure that logarithmic models

did not fail since the logarithm of zero is undefined. It was also thought unreason-

able for an entire mahalla to have a population of zero. The following equations

were used to derive an urban density gradient for the 3 years considered:

ρðrÞ ¼ aþ br (3.2)

where r ¼ distance from centre of urban area (km), b ¼ slope and a ¼ intercept.

ρðrÞ ¼ ae�rb (3.3)

where a ¼ maximum population density (km�2), r ¼ distance from centre of

urban area and b ¼ exponential decay coefficient or density gradient (km�1).

ρðrÞ ¼ arb (3.4)

where r ¼ distance from centre of urban area, ρ(r) ¼ population density at distance

r from CBD (km�2), a ¼ intercept (population density (km�2) at distance zero

from CBD) and b ¼ growth/decay rate.

ρðrÞ ¼ aþ b lnðrÞ (3.5)

where r ¼ distance from centre of urban area (km), a is the intercept and b
(ln) ¼ slope.

The linear and logarithmic models were estimated using ordinary least squares

regression (OLS), whilst the negative exponential and power models were

estimated using non-linear least squares (NLS) regression. The NLS approach

ensured that the dependent variable (population density) was not log-transformed

and remained the same in all cases hence making the different models comparable

(Feng et al. 2009; Wang and Meng 1999). This technique is an extension of OLS

which has the advantage of being able to fit a broad range of functions and the

disadvantage of requiring iterative optimisation procedures to compute parameter

estimates (NIST/SEMATECH 2003).

3.2.3 Mapping Population Distribution

To determine the distribution of population in the three census years, we first used

the standard deviational ellipse to gain a better understanding of the geographical

aspects of population. The standard deviational ellipse (SDE) examines the stan-

dard deviation of the features from the mean centre separately from the
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x-coordinates and the y-coordinates to define the axes of the ellipse (Mitchell

2005), and it is very useful to assess the orientation of a dataset (Wong and Lee

2005). Using population density as a weight field for each year, three weighted

ellipses with a radius of one standard deviation were derived to identify those areas

with the highest concentrations of population.

To map the magnitude of population change between the three census years, we

considered the population count in each census tract. We then computed percentage

of change for each tract for the periods of 1991–2001, 2001–2011 and 1991–2011.

Next, the direction of change was labelled as positive or negative (depending on the

sign of percentage population change values). Standardised Z-scores of the percent-
age change values were computed for the three periods. The scores were subse-

quently classified on the basis of their standard deviation. Finally, a series of change

maps were produced to show the amount and direction of population change for

each spatial unit. The maps measured change direction as negative and positive and

magnitude of change as scaled values (1–4): 1 (Z-score <�1.96), 2 (Z-score
between �1.96 and 0), 3 (Z-score between 0 and 1.96) and 4 (Z-score >1.96).

3.3 Results and Discussion

Table 3.1 shows the population characteristics in the study area. Census tracts have

an average area of 0.72 km2, ranging from 0.001 to 11.05 km2. The population

shows an increasing trend, suggesting that the highest population of a census tract

was 72,836 in 1991 which grew 174,048 in 2011, an increase of 101,212 within

20 years time. Population density is also extreme in the study area which may be

attributed to vertical expansion of the city in recent years. Another explanation

could be the existence of slums in the many census tracts which are usually places

of high density (CUS et al. 2006). The average size of the population is also

increasing so as the average density (Table 3.1).

We fitted the monocentric density function using both linear and non-linear least

square models after excluding zero-density spatial units and outliers. The best model

was chosen as one with the highest overall R2 value (Wang and Zhou 1999). It can

be seen from the estimated models in Table 3.2 that the negative exponential

function was dominant and therefore provided the best fit in all 3 years relative

Table 3.1 Descriptive statistics of population characteristics in the study area

Area (km2)

1991 2001 2011

Population

Density

(km2) Population

Density

(km2) Population

Density

(km2)

Minimum 0.001 0 0 2 22 15 27

Maximum 11.05 72,836 170,692 143,208 177,434 174,048 179,215

Mean 0.72 4,513 25,106 6,718 33,112 9,554 39,277

Std. dev. 1.30 6,358 32,923 10,648 39,730 16,179 43,420
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to the others. This finding is in agreement with Clark’s (1951) theory that urban

population densities decay exponentially with increasing distance from the city

centre. This finding is also in agreement with other studies in China (Feng et al.

2009; Wang an Meng 1999) but differs from the study of Calcutta (Berry and

Kasarda 1977), another city in a developing country. As noted above, the model

fit depends on the area being analysed. Additionally, the steady decline in the

absolute value of the estimated density gradient parameter (b) of the negative

exponential function in three census years confirms the econometric model that

predicts flattening of population density gradients as cities grow and economies

develop (McDonald 1989).

Whilst the steady decline in population density gradients over the three census

years in the study area suggests the onset of suburbanisation, particularly very

recently, it was also noticed that the model intercept (a) increased with every

subsequent year. Since the model intercept predicts population density of the

CBD, the data shows that the population density of the CBD has not yet peaked.

Contrary to expectations, this research found that the y-axis intercept does not drop

over time. This trend is peculiar since one would expect the density to fall in the

presence of suburbanisation and economic growth. Since Dhaka is 400 years old,

the increase in model intercept could be related to age of the city (Adam 1970).

However, we do not have a method to justify this claim. Further study is, therefore,

needed to examine this phenomenon.

As shown in Table 3.1, a noticeable feature is that the density per unit area is

increasing with time. For instance, the highest density was 170,692 persons/km2 in

1991 which rose to 177,434 and 179,215 in 2001 and 2011, respectively. Note that

the density gradually reduces away from the city centre, suggesting horizontal

dispersal since 2001, but the rate appears to be very slow. As low-lying flood-

prone areas surround the main part of Dhaka, this may have influenced the geo-

graphic distribution of population. Further grouping of density by distance category

shows that the population density is highest between 0 and 5 km from the CBD and

it is still rising (Fig. 3.1). A reasonable explanation is that the concentration of

Table 3.2 Monocentric density functions in the study area

Model Year Equation R2

Linear 1991 PDENa ¼ 53,147.2�2,729.7 (distance) 0.3521

2001 PDEN ¼ 67,292�3,327 (distance) 0.3593

2011 PDEN ¼ 74,666�3,445 (distance) 0.3225

Exponential 1991 PDEN ¼ 78,640 e�0.1582 (distance) 0.4148

2001 PDEN ¼ 92,550 e�0.1363 (distance) 0.4025

2011 PDEN ¼ 94,740 e�0.1108 (distance) 0.3462

Power 1991 PDEN ¼ 71,321.6613 (distance)�0.5553 0.3133

2001 PDEN ¼ 87,551.7432 (distance)�0.5168 0.3044

2011 PDEN ¼ 94,175.4143 (distance)�0.4648 0.2644

Logarithmic 1991 PDEN ¼ 71,365.7�23,090.3 ln(distance) 0.3986

2001 PDEN ¼ 88,117�27,450 ln(distance) 0.3870

2011 PDEN ¼ 94,817�27,713 ln(distance) 0.3303
aPDEN ¼ population density
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educational and administrative organisations and economic activities is very high in

this zone compared to other distance categories. In 1991, the density of the 0–5

distance category was 27,912 persons/km2 (aggregated) which increased to 38,094

and 47,522 in 2001 and 2011, respectively, revealing that the consolidation of old

core areas (known as Old Dhaka) is still continuing (see Chap. 2).

The second highest density by distance measure can be found between 5 and

10 km from CBD (Fig. 3.1). Instead of decreasing in density, especially at the city

centre, the result showed that the rate of increase in aggregated population density

is increasing with each 5 km increment from the CBD. This trend became highly

pronounced in 2011, which is clearly linked with the population pressure in Dhaka.

Three weighted standard deviational ellipses (SDE) have been derived for three

census years and shown in Fig. 3.2a–c. These provide an overview of the standard

deviation of the population distribution and the direction of the ellipses. It can be

seen that the rotation of ellipses has increased between 1991 and 2011, suggesting

the ellipses are becoming skewed towards the northwest-southeast. In addition, it

gives an illustration of the location of the main population concentration which is in

agreement with econometric analysis of population density function above. The

same figure also shows three choropleth maps of total population according to

census tracts, from which it is easily seen that the population concentration in the

peripheral areas is increasing with time owing to the fact that there is little space left

in the old core areas. However, this type of development is known to have serious

implications for the environment as peripheral areas are mostly floodplain and

wetlands in Dhaka (Dewan and Yamaguchi 2009a, b; 2008).

The spatial distribution of population change is shown in Fig. 3.3. This indicates

that most of the spatial units in the study area have registered population growth,

Fig. 3.1 Density of population between 1991 and 2011, by distance category
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whereas a few of them showed a decrease in total population. For example, in 2001

a total of 247 census tracts experienced decline in population relative to their 1991

population. Whilst a few census tracts located in the central part of the city

registered decline in population in 2001, this number reduced by 2011. At the

same time, the population in the peripheral areas increased between 2001 and 2011,

indicating that the suburbanisation process is of relatively recent origin, but fairly

slow. This might be attributed to the existence of flood-prone lands in the study

area. Apart from that, land value and other factors such as accessibility to urban

centres may have important roles to play in the spatial distribution of population

(Dewan 2013).

Although the change maps are useful for identifying the magnitude of population

change, they are unable to show how fast this change has occurred over a specific

period of time in a given spatial unit. To answer this question, a population change

rate map was calculated for a 20-year period between 1991 and 2011 by subtracting

the 1991 population in each census tract from the 2011 population and then dividing

the derived value by 20 to get the population change each year. This map shows an

average population change (decrease/increase) over 20-year period and useful to

identify which areas grew rapidly and which slowly (Fig. 3.4). The result reveals

that out of 1212 census tracts, 83.4 % tracts (1010) have registered an increase in

population in terms of average population growth. However, a few of the census

tracts adjacent to the CBD registered a decrease in average population in 20-year

period as shown in the inset map of Fig. 3.4 (box).

3.4 Conclusions

The objective of this chapter was to analyse changes in urban density gradient and

spatial distribution of population. Using the census tract as the spatial unit of study,

population data from the last three census years have been considered and analysed.

Econometric modelling and spatial analysis techniques were used to map and

model the population distribution within a GIS framework.

The results of this study corroborated many of the findings of previous research

on the subject of urban population density functional forms. In addition, changes in

population over time revealed that most of the census tracts have experienced

population growth, indicating the ongoing pressure on land resources in the study

area. The latest data from the 2011 population and housing census showed that the

suburbanisation process has started, albeit at a slow rate. This can be attributed

jointly to ever-increasing population combined with recent improvement of trans-

port arteries and the fact that the inner urban area is reaching saturation.

This study could be improved by investigating the polycentric model theory as

the monocentric model is unable to accurately estimate population in peripheral

areas. We also acknowledge that availability of spatial data for the subdivided

census tracts used in 2011 would help to improve this study.
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Fig. 3.4 Average change in population each year, 1991–2011
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