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Abstract: Urban population is increasing in Africa's major cities at a much faster rate than in 
the rest of the world, leading to dramatic sprawl with associated undesirable environmental and 
social consequences. Using Nairobi as an example of a major African city, we studied urban growth 
and addressed the need for urban management tools that can provide perspective scenarios of 
urban growth. This paper describes land use/cover changes and urban growth modeling for pre-
dicting the urban growth of Nairobi city using Cellular Automata (CA), which integrates bio-
physical factors with dynamic spatial modeling. The model was calibrated and tested using time 
series of urbanized areas derived from remote sensing imageries, and future growth projected out 
to 2030. 

The results show that Nairobi city is experiencing fast spatial expansion with simulated urban 
land taking up most of the available land within the city and the immediate surroundings. The 

predicated rapid growth of urban areas has led to an unsustainable sprawled urban growth that 
has caused major changes to the landscape and loss of vital resource lands . The results show the 
capability of urban growth modeling in addressing regional planning issues. 
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Introduction 

Suitable urban planning ought to be a top pri-
ority for future development; but unfortunately 

sound planning has not taken place in many 
African cities as heavy rural-urban migration 

continues to cause cities to expand at uncon-
trollable rates. Despite the lack of basic ameni-
ties and infrastructure in such cities, human set-
tlements still attract population from the sur-
rounding regions. As a consequence, the urban 

population in Africa is increasing at a much 
faster rate than in the rest of the world, con-
tributing to the augmentation of the existing 

problems (Lavalle et al. 2001). The concentra-
tion of population in cities comprises as much as 
60% of the total population in most countries. In 
these immense urban settlements the environ-
mental and social consequences are disastrous 

(Baredo and Demicheli 2003).

Cities in Africa such as Nairobi are witnessing 
the establishment of slums spreading out from 
the fringes of the city (Mundia and Aniya 2005). 
The main consequences in these cities can be 

summarized as unsuitable land-use, inadequate 
transportation systems, pollution, depletion of 
natural resources, urban sprawl, collapse of pub-
lic services, proliferation of epidemics, and other 

negative environmental and social effects. The 
transforming of surrounding land due to urban 
expansion and urban dwellers' ever-increasing 
demand for energy, food, goods and other re-
sources is behind the degradation of local and re-

gional environment, which is threatening the 
basic ecosystem services and biodiversity. Prob-
lems linked to unsustainable urban development 
in African cities are many and complicated and 
requires an integrated approach. Such an inte-

grated urban planning approach needs to recog-
nize and anticipate urban dynamics and their 

consequences.
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Remote sensing techniques have shown their 
value in mapping urban dynamics and as data 
sources for the analysis and modeling of urban 

growth and land use change (Jensen and Cowen 
1999; Batty and Howes 2001; Donnay et al . 2001; 
Herold and Menz 2001; Clarke et al. 2002). Re-
mote sensing provides spatially consistent data 

sets that cover large areas with both high spatial 
detail and high temporal frequency. These kinds 
of data sets are necessary for land use/cover 
analysis, which is an essential element of eco-
logical studies. As urbanization occurs , changes 
in land use/cover accelerate and land making up 
the natural resource base such as forests and 
agricultural land are replaced, leading to frag-
mentation and land degradation (Mundia and 
Aniya 2006). 

The study of land use/cover changes is essen-
tial not only for land use management but also 
in detecting environmental changes and in for-
mulating sustainable development strategies 

(Barnsley and Barr 1997). Accurate information 
on land use changes is needed for documenting 

growth, making policy decisions and improving 
land-use planning (Gross and Schott 1998; 
Bullard and Johnson 1999; Jacobson 2001). In-
formation concerning land use changes is also re-

quired for predictive modeling (Epstein et al. 
2002). 

Model building using Cellular Automata (CA) 
has recently gained attention for its utility in 

predicting spatial patterns of urban development 
and in the investigations on planning regimes 

and land use patterns (Silva and Clarke 2002). 
Previous studies (e.g., Orcutt et al. 1961; Wu 
1999; Oreskes et al. 1994; Wegener 1994), which 
have used traditional modeling approaches based 
solely on demographic trends, have failed to ac-
count for contemporary urban growth. These 
studies have not taken into account urban 

growth through time, recent urban evolutions 
and collective social preferences for different 

styles of living (Couclelis 1997). These elements 
have a key impact on how urban land uses are 
organized. Urban modeling approaches such as 
CA, which are sensitive to diversity in these fac-
tors, can be more successful when simulating 
various shapes and intensities of urban growth 

(Silva and Clarke 2002; Batty and Xie 1994; and 
Pijankowski et al. 1997)

Complexity theory has recently become im-

portant in understanding the self-organized, crit-
ical and chaotic kind of systems common in 
urban areas (Silva and Clarke 2002). Complexity 
in nature is often the result of continuous adap-
tations to change. The tools for understanding 
urban landscapes are inherently static and many 

of the feedbacks are unknown, or unquantifiable. 
The consequence is that most design and plan-
ning solutions often lack the ability to respond 

to change and to integrate with the rest of the 
environment (Herold and Menz 2001). 

Cellular Automata (CA) is useful for capturing 
and simulating the complexity inherent in dy-
namic systems such as major urban areas. The 

power of Cellular Automata comes from the ease 
with which simple preconditions, distributions, 
rules, and actions can lead to extraordinary com-

plexity (Batty and Howes 2001). The model de-
scribed in this study takes care of the short-
comings of the traditional modeling approaches 
and incorporates complexity theory to capture 

continuous change in urban environment. As a 

planning tool, this CA urban modeling is inter-
active and can be visualized and quantified to 

play an important role especially in investigating 
the consequences of the African urban settle-
ments, with which to avoid undesirable environ-
mental and social consequences as a result of the 
rapid spatial expansion. 

This research was conducted with the aim of 
analyzing the land use/cover changes and to 
model and predict urbanization of an African 

city, Nairobi, Kenya using a Cellular Automata 
dynamic spatial model. Unlike European or 
American cities, African cities are unique in 
many aspects. Some of the serious issues in the 
major African cities include the large numbers of 
immigrants from rural areas. Because the major-
ity of these immigrants are poor, urban expan-
sion is taking place against a background of stag-
nant living conditions. This often leads to mush-
rooming of unplanned, chaotic squatter settle-
ments often of high densities. Most of these 

African cities show characteristic patterns of 
urban sprawl where urban development evolves 
around the nexus of the main transportation 
routes, with urban growth tending to grow in 
sectors emanating from city centers. 

The model for Nairobi city utilized multi-tem-
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Figure 1. Study area showing the administrative boundaries and major roads.

poral Landsat data and was calibrated using mul-
tistage Monte Carlo method and a 30-year pre-

diction simulation was run until 2030. The model 

aims at predicting the future land use develop-

ment under the existing urban planning policies. 

Study Area 

The study area, Nairobi city, is the capital of 

the republic of Kenya, and extends between

36°4' and37°10'E and approximately between

1°9' and 1°28'S, covering an area of 689km2

(Figure 1). Nairobi city, being one of the fastest 
urbanizing cities in Africa, was found ideal for 
testing the model's flexibility to adapt and evolve 
over time depending on the changing character-
istics of the city. The administratively defined 
city has land uses divided roughly into urban 
use, agriculture, rangeland and remnants of ever-

green tropical forests. The urban pattern of 
Nairobi city and its environs are characterized 

by intense urban pressures, first along the main 
highways and through the development of sub-
urban areas. Nairobi city has a population of over 

three million people, with population densities 
varying widely within the city. High-income lo-

cations have average densities as low as 500 peo-

ple per square kilometer while low-income loca-
tions such as those in the slums have densities 

as high as 63,000 people per square kilometer. 

Data and Methodology 

The Clarke Urban Growth Model, which inte-

grates biophysical factors with Cellular Automata 
spatial modeling, was modified and calibrated for 

modeling urban growth of Nairobi city. Figure 2 

shows the model framework adopted for this 

study. The model uses suitability analysis, con-

straints analysis, land use/cover change analysis 
and cellular automata to address urban growth. 

The suitability analysis, constraints analysis and 

land use/cover change analysis were carried out 

by using geographical information systems while 

the cellular automata was effective for defining 

CA neighbourhood, calibrating the model and 

applying transition change rules. The model uti-

lized five input layers including "slope", "land 

use", "areas excluded from development", "urban 

areas" and "road network" layers. The slope was 

derived from triangulated irregular network 

(TIN) and used to implement topographic con-
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Figure 2. Framework of the urban growth modeling for Nairobi. 

Table 1. Characteristics of landsat data used for the land use/cover analysis

straints on the model while the urban extents 

were extracted from land use/cover maps ob-

tained through thresholding remotely sensed im-

ages for 1976, 1988, 1995 and 2000. 

The model uses Cellular Automata, terrain 

mapping and land use/cover modeling to address 

urban growth. Four Landsat images acquired on 

11 February 1976, 17 October 1988, 30 January 

1995 and 21 February 2000 were selected from 

data available for this study. Accordingly, the 

study period covered 24 years. Characteristics of 

the multi-temporal Landsat data used for the 

land use/cover analysis are summarized in Table 

1. 

The spatial distributions of each of the land

categories were extracted from the land 

use/cover maps (Figure 3) by means of GIS func-

tions and the statistics for 1976, 1988, 1995 and 

2000 summarized in Figure 4. 

The urban/built-up areas increased from 14 

km2 in 1976 to 62 km2 in 2000. Agricultural fields 

occupied 49 km2 in 1976 and increased substan-

tially to 88 km2 in 2000. Forested land, however, 

decreased substantially from 100 km2 in 1976 to 

a mere 23 km2 in 2000, a record loss of 77 km2. 

The rangelands, consisting of mixed rangeland 

and shrub/brush rangeland decreased from 357 

km2 in 1976 to 237 km2 in 2000. The rangelands 

have given way mainly to expanding agriculture 

and urban areas. These substantial changes that
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Figure 4. Percentage areas of the land use/cover for Nairobi City , 1976, 1988, 1995 and 2000. 

Table 2. Sources, description and resolution of data used for modeling urban growth of Nairobi city

Table 3. Growth types simulated by the urban growth model

have occurred are affecting agricultural and 

other natural vegetation such as forests, thereby 

affecting habitat quality and leading to environ-

mental degradation. 

The increase in agriculture areas in an other-

wise city environment can be explained by the

increase in population during the 24-year study 

period. Agriculture in Nairobi falls into two broad 
levels: (1) small-scale crop gardens near the cen-

tral part of the city, often along roadside and on 

flood plains, and in high density residential areas 

to the eastern side of the city where there is

-781-



284 MUNDIA C . N. and ANIMA M .

very limited space; and (2) pen-urban agricul-
ture where the land holdings are large enough to 
allow cultivation for commercial purposes . The 
increase in agricultural areas from 49 km2 to 88 
km2 is therefore closely related to the increase 
in population in that the increasing population 
has increased the demand for food and has led 

to intensification of agriculture especially in the 

pen-urban areas. 
Modeling of Nairobi city utilized a number of 

input data layers as described in Table 2. The 
four layers of urban extentss were extracted from 
land use/cover maps for 1976, 1988, 1995 and 
2000. The other layers included: "slope" , "areas 
excluded from development", "road network" and 
"hillshade" . 

Using these data sources, various types of 
urban land use change were simulated. These in-

cluded: (1) spontaneous growth, (2) new spread-
ing centers growth, (3) edge growth, and (4) 
road-influenced growth. These growth types 
were sequentially applied during each growth 

year and were controlled through the interac-
tions of five growth parameters, which describe 
an individual growth characteristic and when 
combined with other characteristics can describe 
several different growth processes. The growth 
types and the respective growth parameters are 

summarized in Table 3. 

Model Calibration 

Before undertaking model calibration, data set 

preparations such as geo-registration, data type 
standardization and resolution check were nec-
essary to ensure that all data sets had the same 

extent in terms of longitude and latitude, the 
same data standards and the same number of 
rows and columns. Using these data sets, cali-
bration was done to derive parameters for fore-
casting urban growth. 

Model calibration was achieved through a 
brute force Monte Carlo calibration method. This 
method (Clarke et al. 2002) determines, given an 

initial starting image of the urban extent, a set 
of initial control parameters leading to a model 
run that best fits the observed known data. The 
method steps through the coefficient space in a 
complete, regular and irreducible manner. 

By running the model, a set of control param-
eters was refined in the sequential calibration

phases such as coarse, fine, and final calibra-
tions. Between calibration phases , attempts were 
made to extract the value that best matched the 
five coefficient factors that controlled the be-
havior of Nairobi city: diffusion (overall scatter 
of growth), breed (likelihood of new settlements 
being generated), spread (growth outward and 
inward from existing spreading centers) , slope 
resistance (flat more preferred), and road grav-
ity (attraction of urbanization to roads and dif-
fusion of urbanization along roads). 

Coefficient combinations resulted in a number 
of metric measures. These metric measures were 
coefficients of determination of fit between ac-
tual and predicted values either for the pattern 

(such as number of pixels, number of edges, 
number of clusters), for spatial metrics such as 
shape measures, or for specific targets such as 

the correspondence of land use and closeness to 
the final urban pixel count. The calibration using 
Monte Carlo simulations computed the averages 
across multiple runs to ensure robustness of the 
solutions. This made it possible to adapt the 
model to existing different and unique charac-

teristics for Nairobi city throughout the various 
stages of calibration by using different spatial 
resolutions and the sequential multistage opti-
mization of the coefficient that controlled the 

system. To examine the role of spatial resolution 
on model calibration and outputs, calibrations 
were performed at different fixed resolutions. 
The quarter calibration was performed using only 
the quarter resolution data (216×186).The

other two calibrations were the half (432×372)

and the full (864×743) calibrations. By narrow-

ing both the spatial scale and the range of pa-

rameters in the three calibration sequences, it 

was possible to close in on the parameter set 

that best simulates the urban growth for Nairobi 

city. These parameters were then used to deter-

mine the coefficient values that best allow the 

model to predict the future urban growth of 

Nairobi city. 

Results 

Calibration results 

Results from the three phases of the calibra-

tion are presented in Table 4. The calibration re-
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Figure 3. Land use/cover maps of 1976, 1988, 1995 and 2000 for Nairobi and its environs.
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Figure 5. Simulated urbanized areas for Nairobi city up to 2030, based on the 2000 scenario.
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Table 4. Results from model calibration phases

Table 5. Final model coefficients for Nairobi city

sults showing the values of "range" indicate suc-

cessive improvement in the parameters that con-

trol the behavior of the urban expansion. 

After the coarse calibration, the resulting cal-

ibration values narrowed and became more sen-

sitive to the local conditions within the city. The 

comparison of the modeled final "population" 

(the number of urban pixels) and the urbaniza-
tion of the control years give a high summary 

correlation of 0.95 and a compare statistic of 

0.78, making it reasonable to say that the pre-

diction of the model based on the initial seed 

year of the present urban pattern is quite accu-
rate. These correlation values also suggest that 

the calibration phases adopted for Nairobi al-

lowed the model to simulate urban growth with 

a high degree of fit. The shape and form of ur-
banization seems also to confirm that calibration 

adjusts the values to reflect the actual charac-
teristics of Nairobi city. Table 5 gives a summary 
of the resulting final calibration coefficients. 

The calibration results for Nairobi city indicate 
that the Spread coefficient is the highest fol-
lowed by the Road Gravity coefficient. The Slope 
coefficient was ranked fourth suggesting that 

slope has a minimal influence on the urbaniza-
tion process of Nairobi city. The resulting coef-
ficients suggest that the urbanization of Nairobi 
city has tended to occur from the main nucleus 

(spread coefficient at 98) and along the main 
roads network (road gravity coefficient at 75) 
with a little influence of the local terrain (slope 
coefficient at 4). These results on urban growth 
coefficients have also been influenced by our de-
cision to constrain the model to follow the ex-
isting city by laws of Nairobi city council which 
discourage development in certain areas. 

The absence of a regional plan to guide the 
city's growth has led to an "unorganized" urban
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Table 6. Model spatial accuracy assessment

system with the transportation network acting as 
a structuring element for urban growth. This is 
in agreement with the model parameter values 
resulting from calibration results. The high value 
of Spread coefficient suggests that overall disper-
siveness of Nairobi city is high. This is reinforced 
by the high value of Road Gravity coefficient. 

From the overall analysis of the results, it was 
noted that model performance improved as spa-

tial and parameter resolution increased. From an 
initial coefficient of 100 for the coarse calibra-
tion, it was possible to narrow down to a road 

gravity coefficient of 75 in the final calibration 
phase. An erratic behavior was noted between 
the coarse and final calibration as the model ad-

justed to the characteristics of the city. The 
LeeSallee score (Lavalle et al. 2001), which 
measures the degree of shape match between 

the modelled growth and the known urban ex-
tents for the control years, varied from the 

coarse through to the final calibration phase, 
suggesting that the model grew in different ways 
with different intensities and directions over the 
study period. 

Accuracy Assessment 

To assess the accuracy of the model, we com-

pared the results from satellite mapping and 
from the model simulation for 1995 and 2000. 
Table 6 summarizes the spatial accuracy assess-
ment for 1995 and 2000. The overall spatial ac-

curacy was high at 80% for 1995 and 86% for 
2000. Errors of omission (producer's accuracy)

and commission (user's accuracy) for the urban 
class for both years suggest that the prediction 
of the location of urbanized pixels was reason-
ably accurate. 

Prediction 

Figure 5 shows simulated urbanized areas from 
2000 to 2030. The assumptions that were made 
based upon the results of the change analysis for 
1976-2000 for these scenarios were; (1) that 
economic development at a rate of 4.3% would 
be maintained; (2) that the population increase 
would grow at a rate of 4.2% per annum; (3) 
topographical slope beyond 21% inhibits urban 

growth; (4) existing urbanization would encour-
age peripheral growth, and (5) road network is 
the primary correlation to urban growth. 

The predicted results show a dramatic growth, 
with the urban land occupying much of the total 
land within Nairobi city and its immediate sur-
roundings. These simulated results predict the 
continuation of the road-network driven urban 

growth as population and economic development 
continues to grow. The simulated urban growth 
trends indicate that the landscape will become 
further fragmented as urban growth continues. 
Considering the expansion trends in the 1970s, 
1980s, and 1990s, and the limitations on future 

growth imposed by planning activities such as 
the protection of forests and the need to con-
serve the national park, further urbanization of 
Nairobi city will continue expanding mainly in 
the three directions, i.e. northeast, southeast and 
northwest. 

In general, the simulated development of the 
city occurred as would be expected with built up 
areas growing, in most cases, continuously from 
the initial city core (Figure 5). The highest urban 
expansion would continue to grow towards the 
slum areas and other low income family areas. 
The expansion is heavily influenced by the 
transport links, which are the major factor for 
the newly developed urban areas. The suitability 
factor of terrain slope was not a major factor for 
the urban growth due to the mainly plain topog-
raphy of the city and surrounding areas. The 

simulations, constrained by the suitability fac-
tors, have revealed a sprawled urban growth 

process. This sprawling urban growth has led to 
the removal of natural vegetation and is threat-
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ening the environment and the natural resources . 
If the current trends of growth continue and the 

predictions hold true, future urban growth would 
mainly take the form of urban sprawl. This has 

several significant economic, environmental, and 

social implications for policy-making and urban 

planning. 

Conclusion 

We used Nairobi city to analyze the dynamics 

of land use/cover changes between 1976 and 

2000 and to produce an urban growth model for 

predicting the future growth using Cellular Au-
tomata spatial modeling. To achieve this, Land-
sat images for 1976, 1988, 1995, and 2000 were 

used to map land use/cover and its changes that 

have taken place within the study period. The in-

formation and the findings obtained from the 

land use/cover analysis were employed for mod-

eling the urban growth of Nairobi city. The urban 

growth model integrated some biophysical fac-
tors with Cellular Automata spatial modeling. 

The results obtained in the simulation for year 

2030 show that without strategic planning, urban 

growth would occur mainly by the expansion of 
low-income areas and slums. In order to prevent 

such development, immediate implementation of 

appropriate measures is required to manage a 

city with the characteristics of Nairobi city, that 

is, the continuing huge influx of rural people, 

taking into consideration the existing demo-

graphic, economic and social as well as physical 
constraints. Our results clearly call for a well-

considered master plan, with which to lay down 

the guidelines for urban development and to ear-

mark suitable lands for expansion. The model 

provided a good guide to the spatial growth of 
the city, showing potential areas for future urban 

expansion, which is vital information for a mas-

ter plan. Comprehensive planning through mas-

ter planning would also help the city to manage 

the available resources more efficiently. 

Because of the ability to simulate the complex 

behavior of urban systems, CA may be a viable 

approach for regional modeling of African cities 

as well. The CA model was found to be useful 

for foreseeing the spatial consequences of poor 

planning policies, and for providing information 
in regional planning as well as urban planning,

particularly with the capability of visualizing the 
model outcome spatially. 

Although some assumptions about growth 

processes based on the past land use/cover 
changes may have limited the model in captur-

ing a wider range of growth patterns for Nairobi 

city, the model proved to be an effective tool for 
assessing the impact of urban development on 

land use/cover changes. The capacity of the 

model to reproduce the actual urban shape 

through a bottom-up approach is remarkable, 

and the model gives planners a powerful means 
in generating future urban and regional develop-

ment scenarios. 
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