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Abstract
The Sub-Saharan Africa (SSA) is the least urbanised region in the world but it has the highest urban
growth rate. Arusha is the third largest city in Tanzania with a population of 416,442. Its high touristic
and economic potentials had made it one of the most important cities in Tanzania and the whole of East
Africa region. Groundwater is the primary source of water in the city, more than 80% Arusha Urban
Water Supply and Sanitation Agency (AUWSSA) daily water supply comes from different springs and
boreholes. Presently, AUWSSA is only able to meet less than 50% of the city daily demand, the supply
deficit is abstracted from groundwater through private wells. Presently, Arusha is undergoing rapid
urban transformation and there are already concerns about the city future survival with the available
limited water resources. This study therefore attempts to predict future urban growth in Arusha and
evaluate its impacts on groundwater resources. It also looks into combined effects of urbanisation and
climate change on groundwater.
Land cover classification was performed for year 1995 and 2015 with supervised classification
techniques using SCP plugin extension in QGIS. Urban growth simulation was done using DinamicaEGO model platform with the classified land cover maps used as base-maps. Transition rules were
determined based on the observed historical trend of urban development between 1995 and 2015.
Observed historical trends were extrapolated to the future to predict urban development in 2050 by
applying the transition rules to 2015 base-map. Spatially distributed recharge values for 2015 and 2050
were estimated using WetSpass-M model. The estimated recharge values were used as input for the
groundwater balance model. A household survey was conducted to determine total household water
use, groundwater abstraction and wastewater return flow. Two climate change scenarios were
considered: (A) 10% increase in precipitation by 2050 and (B) 11% decrease in precipitation by 2050.
Results show that Arusha urban footprint covered an area of 37.2 km2 in 1995, it increased by 287%
in 2015 covering an area of 144.2 km2. Prediction for 2050 shows that urban footprint grows by 179%
to an area of 403.6 km2. Urban development in Arusha is attributed to sprawling, which is reveal in its
declining urban population density. Urbanisation and climate change has huge impacts on recharge.
Recharge value reduces from 107 mm/year in 2015 to 82 mm/year in 2050, which amounts to a 23%
decrease. Respective recharge values for climate change scenario A and B are 74 mm/year and 59
mm/year. The observed impacts on groundwater level indicate that there will be a significant decrease
in groundwater level in all cases. Greatest impact will be felt with climate change scenario B as
groundwater levels will decrease by 40 m. This study concludes that with the observed urban growth
trend and climate change effects, groundwater resources in Arusha maybe under future threat and other
environmental and economic losses will be associated with it. The estimated drawdown in all cases will
results in disappearance of springs, loss of wet land and drying of wells.

Keywords: Urban growth, climate change, land use and land cover, recharge.
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Resumo
A África Subsaariana (SSA) é a região menos urbanizada do mundo mas tem a maior taxa de
crescimento urbano. Arusha é a terceira maior cidade da Tanzânia com uma população de 416.442
habitantes. Os seus elevados potenciais turísticos e económicos tornaram-na uma das cidades mais
importantes da Tanzânia e de toda a região da África Oriental. A água subterrânea é a fonte principal
de água na cidade, mais de 80% do abastecimento diário de água garantido pela Agência de
Abastecimento de Água Urbano e Saneamento de Arusha (AAAUSA) tem origem subterrânea (fontes
e furos). Atualmente, a AAAUSA só consegue satisfazer menos de 50% das necessidades diárias de
água da cidade e o deficit de abastecimento de água é garantido pela extração de águas subterrâneas
por poços particulares. Atualmente, Arusha está em rápida transformação urbana e já há preocupações
com a sobrevivência futura da cidade com os recursos hídricos disponíveis. Este estudo tenta prever
o futuro crescimento urbano em Arusha e avaliar o seu impacto nos recursos de água subterrânea. Ele
também analisa os efeitos combinados da urbanização e das alterações climáticas nas águas
subterrâneas.
A classificação da cobertura do solo foi realizada para o ano de 1995 e 2015 com técnicas de
classificação supervisionada utilizando a extensão do plug-in SCP no QGIS. A simulação de
crescimento urbano foi feita usando a plataforma modelo Dinamic-EGO com os mapas de cobertura
do solo classificados como mapas de base. As regras de transição foram determinadas com base na
tendência histórica observada do desenvolvimento urbano entre 1995 e 2015. As tendências históricas
observadas foram extrapoladas para o futuro para prever o desenvolvimento urbano em 2050,
aplicando as regras de transição para o mapa de base de 2015. Os valores de recarga espacialmente
distribuídos para 2015 e 2050 foram estimados usando o modelo WetSpass-M. Os valores de recarga
estimados foram utilizados como dados de entrada para o modelo de fluxo subterrâneo. Foi realizado
um inquérito ao domicílio para determinar os volumes totais de água para usos domésticos, captação
de águas subterrâneas e fluxo de retorno de águas residuais. Dois cenários de alterações climáticas
foram considerados: (A) aumento de 10% na precipitação em 2050 e, (B) diminuição de 11% na
precipitação em 2050.
Os resultados mostram que a pegada urbana de Arusha abrangeu uma área de 37,2 km2 em 1995 e
aumentou 287 % em 2015, ocupando uma área de 144,2 km2. A previsão para 2050 mostra que a
pegada urbana cresce em mais 179% ocupando uma área total de 403,6 km2. Estas percentagens de
desenvolvimento urbano em Arusha são atribuídas em grande parte à enorme dispersão da população,
o que é confirmado pela diminuição da densidade populacional urbana. A urbanização e as mudanças
climáticas têm grandes impactos nos valores de recarga subterrânea. O valor de recarga diminui de
107 mm/ ano em 2015 para 82 mm/ ano em 2050, o que equivale a uma redução de 23%. Os valores
de recarga referentes aos cenários de alterações climáticas A e B são de 74 e 59 mm/ ano,
respetivamente. Os impactos observados no nível das águas subterrâneas indicam que haverá uma
diminuição significativa no nível das águas subterrâneas em ambos os casos embora o maior impacto
se faça sentir com o cenário de alterações climáticas B, pois a diminuição dos níveis de águas
x

subterrâneas será de quase 40 m. Este estudo conclui que, com a tendência de crescimento urbano
observada e os efeitos das alterações climáticas, os recursos hídricos subterrâneos em Arusha podem
estar em risco no futuro e associado podem existir perdas ambientais e económicas importantes. A
diminuição dos níveis de água subterrânea resultará em ambos os cenários no desaparecimento de
nascentes, zonas húmidas e em poços sem água.

Palavras-chave: Crescimento urbano, alterações climáticas, uso do solo, ocupação do solo, recarga.
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CHAPTER 1

Introduction
1.1. Background
The Africa population of 1.02 billion in 2009 is expected to increase to 2 billion by 2050
provided all current demographic conditions remain the same (United Nations, 2012). SubSaharan Africa (SSA) is the least urbanised area in the world but urban growth rate is the most
rapid which is mainly due to increasing birth rate and rural-urban migration (Clark, 1998;Taylor
et al., 1999). The annual population growth rate in the region is expected to increase from 1.6%
in 2010 to above 2.4% in 2050 (UN 2011; Thomas et.al., 2012). The urbanisation trend in SSA
has given rise to creation of informal settlements (slums) occupied by low income dwellers
without access to proper sanitation and water supply. This also forced expansion of the city,
emergence of urban clusters in new area, some of which are groundwater sources and prime
agricultural areas. In many cases, existing water supply facilities are unable to meet required
demand thereby creating a huge supply deficit. Due to financial constraint, political interests,
lack of technical abilities and improper resource management, it is difficult to close the deficit
gap.
The increasing poor urban population requires a constant water supply source with low
investment cost and good quality. Since groundwater is more readily available at local levels
and needs little or no treatment as compared to surface water sources, these make the
groundwater a suitable and highly exploited source of supply for increasing urban population
in SSA (Taylor et al., 1999). Urbanisation as a result of population increase is not only
accompanied with rise in water demand, it also affects the quantitative and qualitative status of
groundwater. The natural pattern of flow of groundwater is altered by human activities, either
deliberately, by pumping water from wells or by diverting watercourses, or inadvertently by
land use change. The natural interaction between the overland (surface) and subsurface system
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makes groundwater system very susceptible to changes and disturbances that happen on the
surface. Sealing off of permeable surfaces reduces infiltration which is a major recharge process
and groundwater quality is compromised due to poor onsite disposal system, lack of good
sanitation and sewage pipes leakages (WaterAid, 2010).
Presently, there are weak institutional framework and environmental policies to ensure the
sustainable management of the urban groundwater resources in many SSA countries and as
population growth continues to drive the rapid expansion of urban areas many uncertainties are
associated with future quantity and quality of groundwater in the region.

1.2. Research problem
Groundwater is an important water supply source serving over 70% of the 416,442 (Census,
2012) residents of the Arusha city in Tanzania. As the city is located in the upper catchment of
Pangani basin, there is no indication of water inflow from other catchments in basin making
rainfall the only natural source by which water gets into the catchment. Due to its favourable
weather and touristic potentials, the city has attracted many commercial, industrial and urban
development. Increasing population triggered by daily migration into the city is a major factor
responsible for urban expansion. This consequently increases the water demand, presently the
Arusha Urban Water Supply and Sanitation Agency (AUWSSA) is only able to supply less than
half of the population. As a result of irregularities and inadequate coverage of the water supply
facilities, many residents have also settled for different water sources such as installing private
borehole in their homes, shallow wells, water vendors and packaged water. There is a fast
growing demand for water by different sectors, major users of water are AUWSSA, agriculture
and industries (Lemaire, 2017).
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Figure 1-1: AUWSSA water distribution network. Data source: AUWSSA GIS 2017
Direct infiltration from rainfall is the only source of groundwater recharge which occurs mainly
in the forested mountain area on the slopes of Mount Meru where rainfall is considerably higher
than urbanised areas in the city. AUWSSA main water sources are boreholes and springs which
are scattered all over the city, this indicate a strong reliance on groundwater resources. The
recharge of the aquifer system depends on the rainfall amount and land cover types especially
in the areas around slopes of Mount Meru. The over-exploitation of Mount Meru forest
resources and rich foothills due to increasing population and urban growth coupled with climate
variability are limiting factors for its water resource potential (Oikos, 2011).
Over the past decades no development master plan for the rapidly expanding city has been
developed. Only recently a long term development plan was presented with a horizon of 2035.
Major problems faced by the water authority are estimating the future demand and how to
source for water to meet this demand. Already some areas within Arusha are being faced with
water scarcity and poor water quality. The expanding city is faced with problem of inadequate
water supply and poor sewerage systems due to lack and dilapidated infrastructures (ADB,
Introduction
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2015). With no master plan for development, the city is faced by serious future threat of water
resources. As population continues to increase and accompanied with rapid urban expansion,
the various associated activities directly or indirectly influence the natural water cycle. Change
in land cover which is one of resulting effects of urbanisation can potentially reduce
groundwater recharge. Since there is no city planning guide, it is difficult to define the growing
pattern of the city, anticipate emerging land covers and predict impacts on groundwater. Many
uncertainties are associated with potential impacts of urbanisation on groundwater which is a
component of water balance. It is not known if urbanisation trend will contribute to increase or
decrease in groundwater balance over a long term. Groundwater recharge can be simply
estimated with Equation 1-1.
R = P + QR - ET - Ei - Qs - QRWH - Qabs
R – Groundwater recharge P – Precipitation

Equation 1-1
QR – Wastewater return flow

ET – Evapotranspiration

Ei – Interception

Qs – Surface runoff

QRWH – Roof runoff Qabs - Abstraction

QR

QR

QR

Figure 1-2: Conceptual water balance model illustrating the impacts of urbanization with and
without roof water harvesting on rainfall partitioning in a water-limited environment
(Adapted from Gwenzi et al., 2014)
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Groundwater recharge (R) is a function of precipitation (P), evapotranspiration (ET),
interception (Ei), runoff (Q) and abstraction (Qabs). There is direct or indirect influence on
evaporation and runoff due to land use and land cover change, construction and soil top sealing
which in turns affect the water infiltration into the subsurface. Population growth will also
increase groundwater abstraction which will in turn have major effect on the groundwater
balance. This thesis research is therefore carried out within the context of the T-Group project
in effort to understand how transition to sustainable groundwater for urban poor can be achieved
in Arusha. The study provides the necessary understanding of land cover transition due to
urbanisation and the impact this will have on groundwater resource. It gives insight in how
urban growth will affect groundwater abstraction and wastewater return flow to the
groundwater system. It also explains the compound effects of urbanisation and climate change
on groundwater resource.

1.3. Research questions
Population growth is a major factor responsible for increased groundwater abstraction and
urban expansion. Groundwater recharge is mainly dependent on geology, landscape and climate
parameters. A major and direct impact of urbanisation is on the landscape which results in an
alteration of the natural evapotranspiration and runoff conditions. Depending on the
characteristic urbanisation pattern, the amount of infiltrating water which contributes to
groundwater recharge is affected during precipitation event. If present urbanisation pattern
remain unchanged, combined with projected climate change scenarios for SSA, the
groundwater balance will be affected due to drastic decrease in recharge and increasing
abstraction. It will also be accompanied by deterioration of the groundwater quality because of
domestic waste disposal and sewage especially in the most concentrated slum areas. This
research therefore aims to answer one major question:

 How will urbanisation and climate change affect the groundwater system?
The sub-questions attached to the main question are:
1. What is the spatial and temporal urban development pattern of Arusha city?
2. How will the city grow in the future?
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3. What will be effects on the future city growth on LULC and the consequent hydrological
impacts?
4. What will be the quantitative response of the groundwater system to urbanisation and
climate change?

1.4. Objectives
This study focus on understanding the interaction between urbanisation, land cover changes,
climate change and groundwater systems. The major objectives are:


Classification of functioning land cover types from Sentinel-2 and Landsat satellite
images



Development of an urban growth model following identified transition rules and pattern



Evaluation of impacts of land cover changes due to urbanisation on the present and
future groundwater balance.



Quantitative assessment of the potential effects of climate change and urbanisation on
groundwater sources

1.5. Relevance of study
The study attempts to provide an insight in the future consequences of urban development and
climate change on groundwater availability in Arusha. It gives an understanding of the complex
relationship between physical urban drivers, overland changes, climate and groundwater
quantity. The results will assist water authority and other stakeholders to define ways for
sustainable management of groundwater resources in the face of rapid urbanisation and climate
change. It gives informative background support in designing programmes for sustainable
transition management of groundwater resources. It can also be used as a starting point to
facilitate discussions with local learning alliances in order to develop the future transition
pathways toward sustainable groundwater management with inclusion of the urban poor. More
so, outcomes might be used as a baseline for future debate on urban and infrastructural plans.

Introduction

6

CHAPTER 2

Study area
This chapter provides brief information about the study area demography, climate, geology and
water resources.

2.1. General description
Aruhsa is the third largest city in Tanzania after Dar Es Salaam and Mwanza, it is one of the
important cities in the country (NBC, 2014). It is located on the foothills of Mount Meru
(4566m) in the north-eastern region of the country, it has a population of over 400,000 which
is more than half of total population of the region (NBC, 2014). A large percentage of its
residents are low and average income earners, living in many informal settlements scattered
across the city. The existing infrastructures such as water supply systems, sanitation and health
cares are old, poorly serviced making them unable to meet the increasing demand and pressures
on them. The city lies in the semi-arid zone of the Sub-Saharan Africa, its environmental and
hydrological stability strongly depends on the evergreen forests of Mount Meru (Oikos, 2011).
Arusha sits on the upper part of the Pangani basin making rainfall the only renewal source for
the hydrological system. It has a bimodal rainfall pattern, the short rain which varies in spatial
distribution and intensity occurs in November and December and between March and May is a
more constant long rains. The average annual rainfall value stands at 794 mm and it increases
with elevation. Higher altitude on the slopes of Mount Meru have rainfall value up to 2000 mm
and higher (GITEC, 2011).
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Figure 2-1: Arusha district council
The warmest month is February with temperature high as 25oC while lowest temperature value
of 13oC is observed in July. The higher altitude of Mount Meru is characterised by very low
temperature and frost occurrence in the cold months. Arusha has an evaporation rate of 924 mm
per year which exceeds the average annual rainfall value. Due to climatic variation and different
vegetation covers, evaporation values also varies from low lands to high lands. About 80% of
total population of the region lives in the Arusha urban area making it to be more predisposed
to environmental pollution and water shortage. Groundwater is the principal water supply
source, boreholes drilled in various part city contribute 41% of AUWSSA daily water
production while springs sources account for 46%. On average, AUWSA withdraw 30,000m3
to 40,000m3 groundwater daily for supply to its customers across the city.

2.2. Geology
Arusha lies on the foothill of the volcanic plain of Mount Meru (4565 m a.s.l). The land form
is associated with the East Africa rift-related intrusive and extrusive event, this is responsible
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for the formation of Meru which is a young volcano of Pleistocene origin (J.J.Kashaigili, 2010).
The Precambrian basement rock (Usangaran system) which is part of the Mozambique orogenic
metamorphic belt consist of marble, schist, gneiss and migmatite. Volcanic mudflow (lahar)
and pyroclastic ashes which originated from Mount Meru and deposited after explosive
eruptions covered the Precambrian basement. The topography is dominated by numerous
parasitic cones and a gentle slope alluvial fan deposit of Mount Meru detritus forming a radial
drainage pattern. The main rock types are of the Cenozoic volcanic sequences with a more
recent alluvial deposits on top. The major rift faults are located in the north-west and dying out
in the east but the thick recent sediment makes their continuity difficult to be determined (G.
Ghiglieri et al., 2008). The several volcanic eruptions resulted in inter-layering of volcanic
sediments of volcanic ashes, sands, gravels, tuffs and basalt. Meru is still considered an active
volcano, it erupted last in earlier years of twentieth century when small amount of black ashes
ejected from the ash cone.

2.3. Hydrogeology
Arusha is part of the Pangani basin having varying geological formations with different
permeability. The region is characterised by complex hydrogeological settings due to the
chronological inter-layering of volcanic rocks and alluvium deposits. The main aquifers occur
singularly in the volcanic alluvium or a times as a perched system having a high permeability
value (G. Ghiglieri et al., 2008). There is no delineation of aquifer in place presently, therefore
the actual extent and geometry of the system is unknown. Groundwater recharge in the
unconfined aquifer is mainly from infiltration of excess rainfall, since rainfall pattern varies
with elevation in the region, this makes Mount Meru areas the major recharge location for the
aquifer (J.J.Kashaigili, 2010). The aquifer is believed to have a thickness with borehole depth
up to 200 m, very vulnerable to pollution due to its unconfined nature.
A major pollution problem is the high fluoride concentration which is strongly linked to the
lithology of the area. Aquifers situated within bedrock of alkaline magmatic rocks and
metamorphic rocks are usually characterised by fluoride contamination due to interaction with
minerals such as fluorspar, fluorapatite and amphiboles (G. Ghiglieri et al., 2010). Although
the groundwater potential is not known yet, but the aquifer is vulnerable to depletion due to
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land use practices, climate change impact and tectonic movement which can disrupt the flow
lineaments.

Figure 2-2: AUWSSA water supply sources, mainly from springs and boreholes. Data source:
AUWSSA GIS 2017
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CHAPTER 3

Literature review
In this chapter, a brief discussion on historical urban development in SSA and impact on water
resources was done. It also contains topics on remote sensing and land cover classification
techniques which were important tools employed for this study.

3.1. Population growth and urbanisation in Tanzania
In Tanzania and many other Africa countries urbanisation does not necessarily contribute to
economic growth like in Asia, particularly China (Wenban-smith, 2015). The first postindependence census was conducted in 1967, the population size has tripled in 2012 when the
last census was done. During this period, Tanzania has an average annual population growth
rate of 2.7 percent which is one of the fastest growth rates in the world. An additional size of
1.2 million people is added to the population each year, population projection was estimated at
70.1 million by 2025. The pace at which population growth takes place has its consequential
environmental, social and economic effects (Agwanda et al., 2014).
The process of urbanisation remains one of the most important global social trends of the
twenty- first century. Agwanda et al., (2014) defined urbanisation as an increase in the
population ratio of urban dwellers compared to those living in rural localities. Intra-country
migration is the main driving power for urbanisation in many Africa nations including
Tanzania. Over the years more dynamism and complexity have been observed in the trend of
internal migration. The events that encourage intra-country migration include: rural-urban
migration, spatio-temporal increase in number of urban centres, natural expansion of urban
space, extension of boundaries and upgrading of urban centres and daily migrants (Agwanda et
al., 2014).
In the report by Wenban-smith (2015) the author highlighted Tanzania regional area with large
population such as Arusha demonstrate “Urban Pull” effect by attracting more internal
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migrants. By 2002 Arusha was already one of the largest regional capitals in Tanzania, coming
after Dar es Salaam and Mwanza. Recently, it is one of the fastest growing regional capitals,
tourism and presence of international bodies such as AICC in the city attracted migrants’ influx.
The main challenge is that economic growth and developmental changes needed to support the
rapid urbanisation is happening at a very slow rate. This makes many urban dwellers to live in
very poor social, economic and environmental conditions (Wenban-smith, 2015).

3.2. Urbanisation and water resource
There is a direct link between population growth, urbanisation, and water resources (Thomas et
al., 2012). Natural increase in population and urban migration are the two foremost reasons for
urban growth. The general believe that cities provide more opportunities for better living; social
infrastructures, high salaries, cultural diversity etc. attract population increase in urban area.
Population increase will result in compacted or non-compacted urban growth, the later is called
“sprawling”. Sprawling increases urbanisation rate, a significant growth in urban population
may result in sprawl growth (Bhatta, 2010).
Population growth has been found as key factor for the transition of rural land to urban land.
(Polyakov et al., 2008) explained that rural land close to populated area has higher probability
of being converted to developed urban land. They also found that population also influence land
allocation for forest, agriculture and land covers transition. Many studies have shown the
qualitative and quantitative impacts of urbanisation on surface and sub-surface water sources.
A study done by Graniel et al., (1999) concluded that urbanisation is responsible for
contamination of freshwater aquifers. The authors mentioned that, the amount groundwater
recharge occurring from wastewater infiltration was more than what would have occurred from
excess rainfall before urbanisation.
The financial implications of urbanisation on water resources infrastructure were discussed by
McDonald et al., (2014). They argued that poorest countries which are also the fastest growing
will be faced with serious problems of providing and maintaining satisfactory urban water
supply. McGrane (2015) had also discussed possible impacts of urban development on urban
drainage infrastructure, flood events and water quality. Impermeable city increases surface
runoff and risk of urban floods.
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The use of low cost, on-site sanitation facilities like pit latrines and septic tanks is very peculiar
in SSA. The subsurface is being used as containment for domestic and industrial wastes,
sewerage systems and wastewater treatment plants are most time not included in essential urban
infrastructures because they are termed “expensive”. Therefore the susceptibility of
groundwater sources to contamination is very high in this region (Taylor and Barrett, 1999).
Water shortage is synonymous to urbanisation in many Africa regions. Poor regulation and
exploitation of green areas affect surface water and groundwater replenishment (NsiahGyabaah, 2003).

3.3. Land cover classification by remote sensing
Land cover is defined as the material on the earth surface which mainly comprises of vegetation,
soil and water. Land use is the way the surface is being used and altered by human activities.
The type of land use and land cover (LULC) found in a particular place depends on how the
natural land resources has been exploited by man. The demand and use of land will continue to
rise as population increases (Rawat and Kumar, 2015). LULC change is dynamic, historical
trends are required to understand how human activities and climate change has and will alter
land surface. Multi-temporal remote sensing imagery provide a continuous record of the earth
surface. Land cover change detection by multi-temporal analysis of satellite image is effective
because there is high correlation between spectral variation in the imagery and land-cover
change (Green et al., 1994).
3.3.1. Image pre-processing
Pre-processing is the correction and manipulation of raw satellite images (Luca, 2012). Satellite
images are distorted by solar, atmospheric, sensor and topographic effects. This affects the
quality of information which can be derived from satellite image data. For instance, noise effect
can limit the effectiveness of a system to detect earth surface changes. Aerosols and water
vapour present in the atmosphere cause signal dispersion and can reduce the level of earth
surface detail a satellite can capture. Spatio-temporal variation in atmospheric absorption will
amount to inconsistency in satellite images (Coppin et al., 2004). Pre-processing is important
in order to obtain qualitative information from satellite image especially in studies which
involve multi-date imagery (Young et al., 2017).
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Typical steps involve in pre-processing are geometric, atmospheric and topographic correction
as well as masking out of clouds. Despite being an important step that precedes land cover
classification, appropriate level of pre-processing must be ensured because the potential to
introduce error may increase as steps involved in this process alters the original values of the
image (Young et al., 2017).
3.3.2. Supervised land classification
Supervised classification is a quantitative analysis of remote sensing image. The procedure
involves assigning image pixels corresponding land cover label using algorithm that compares
image signatures with known land cover spectral values. The technique of supervised
classification can either base on probability distribution of spectral signatures in a multispectral
space or portioning into region with specific classes. Regardless of the technique adopted,
creating a training input is the first and essential step in supervised classification. Training input
are pixels chosen to represent known land features, selection of these pixels are based on their
spectral properties. Training input data are usually selected from areas within the study area
boundary, this is referred to as “Training field” (Richards and Jia, 2006).
Classification algorithms are used to classify the whole image by comparing spectral
characteristics of each pixels with those of the input training. There are several kinds of
classification algorithms but the general purpose is to produce a thematic map of the land cover.
Maximum likelihood (ML) is the most commonly used supervised classification algorithm for
remote sensing images. It estimates the probability that a given pixel actually belongs to a
specified land class. The assumption used in ML classifier is that the probability a pixel belongs
to a land cover type based on the training input spectral signatures is randomly distributed in
each band. An advantage of ML is that it takes into account variability in land cover classes
using covariance matrix (Richards and Jia, 2006).
Minimum distance (MD) algorithm is becoming a popular technique but it does not use
covariance matrix which makes it less flexible. MD classifier compares the mean position
between spectral signature of image pixels and training input signatures. This classifier is useful
when there are few training sample per class or ground-truth data are limited (Richards and Jia,
2006). However, the popularity of MD classifier is due to its ability to produce result faster than
ML classifier. A less popular spectral angle mapping method estimates the spectral angle
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between image pixels and training input signatures (Congedo, 2017). Irrespectively of the
classification algorithm, the effectiveness of supervised classification depends on the number
of training samples and quality of ground-truth data.
3.3.3 Unsupervised land classification
Predefined maps that already contained spectral information of pixel groups are used in
unsupervised land classification method. Such maps called “Cluster maps” and produced by
clustering different pixels which have similar spectral characteristics into a single group. Each
group of pixels are given unique values to identify them. The spectral value of clustered spectral
groups should be linked with a particular land cover type. When spectral values are identified
with specific land covers, classification of land cover type can be done afterwards (Richards
and Jia, 2006).
Several methodologies are available to produce cluster map. Single pass method, agglomerative
hierarchical clustering, histogram peak selection approach and ISODATA technique which is
the most commonly used. It is easy to use unsupervised classification when there is limited
knowledge of the study area, this reduces human error since lot of decisions are made by the
algorithm itself (Enderle and Weih, 2005). It is also a good technique when it is difficult to
obtain qualitative training data or supervised classification is considered to be very expensive
(Richards and Jia, 2006). User has minimum control with unsupervised classification since it
relies on the use of predetermined clustered map. There is high possibility for confusion
especially when different land cover types shared similar spectral properties.

3.4. Urban growth and land use change model
Spatial explicit prediction of land cover changes are performed using land use change models
which attempt to mimic historical LULC transformation. The observed historical trends of
LULC transition are used by the model to extrapolate future changes. Spatial urban growth is
determined by the interaction within local environment and neighbouring conditions. Urban
growth model can also be used to predict urbanisation pattern with conventional growth drivers
or controlled “Top-Down” drivers constrained by policies and environmental conditions (Batty,
2005). The pattern of urbanisation is greatly influenced by growth drivers, “Top-Down”
planning will mostly result in compacted urban area. Uncontrolled planning will result in
Literature review

15

outward spreading of urban area “sprawling”, this growth pattern consumes large quantities of
valuable land, poses social and environmental risks.
The projection of urban growth requires the understanding of spatial and temporal interactions
among growth drivers (e.g., population growth, technology, economic development). The last
few decades have witness the development of computer-based models to describe geophysical
transformation, this approach is referred to as “Geosimulation” (Benenson and Torrens, 2006).
These models aim at describing how physical controls affect land use. The availability of
remote sensing data has made the application of these model relatively easy in the study of
urban growth. An example of such model is Dinamica-EGO (Filho et al., 2010) which has been
used for several urban growth and land use change studies (Gago-Silva et al., 2017), (Veerbeek
et al., 2015).
Many urban growth models use an automata-based approach: cellular automata (CA), multiagent systems (MAS) and geographic automata system (GAS) are very popular (Benenson and
Torrens, 2006), (Batty, 2005). Due to its flexibility and simplicity, CA is considered an ideal
model for complex dynamic process of urbanisation (Batty, 2005). CA consist of arrays of cells
which temporal changes is a function of the states of surrounding cells. A set transition rules
changes the state of a cell at the next time step and depend on the cell’s state at the current time
step. Therefore, a grid of automata becomes a CA when the set of input is determined by
neighbouring cell’s state. Running a CA thus generates global spatial patterns from the bottom
up, as a result of local interactions (Batten, 2007).
Multi-agent systems (MAS) and cellular automata (CA) are frequently confused. Atimes CA
are also referred to as agent-based models which simple translate to MAS. Nevertheless, the
two are separated by their spatial, they both differ in terms of mobility and neighbourhood
interactions. MAS are mobile entities and transmit information by moving between locations
regardless of the distance from agent’s current position. On the other hand, CA are stationary
and transmit information by neighbourhood diffusion. Geographic automata system (GAS)
maintains the capability of both CA and MAS; states, state transition rules and neighbourhood
(Torrens, 2006). However, the performance of an urban growth model strongly depend on the
conceptual understanding of the modelled situation, quality of data available for
parameterisation, calibration and validation.
Literature review

16

CHAPTER 4

Methodology
Several methods and techniques were used in achieving the stated objective and answer the
research questions. Firstly, a number of required data set were collected. Satellite images
required for LULC classification were downloaded from appropriate sources, hydrology and
hydrogeological data were mainly obtained from previous studies. LULC classification was
carried out, the maps produced were then used as base maps for urban growth model. Recharge
from direct rainfall infiltration for different land cover was estimated and used as input for the
groundwater model. Field observation, ground-truthing and additional data were obtained
during fieldwork in Arusha. Household surveys were conducted to quantity groundwater
abstraction and wastewater return flow. This chapter discusses the methods and techniques
applied in each of the research stages.

4.1. Data collection
The set of data used in achieving the stated objective of this study are classified into three
categories:
1. LULC data and other thematic maps: Satellite images, DEM, slope, road maps, rivers
network
2. Hydrogeological data: Aquifer parameters, recharge, groundwater head, abstraction and
return flow
3. Meteorological data: Rainfall, evapotranspiration and temperature
Lack of quality and updated data were frequently encountered due to improper management,
difficult accessibility to data files and limited research work in the area. Where data availability
was difficult, reasonable estimation and extrapolation of such data were done. Extrapolation of
climatic data were mainly from Kilimanjaro, because it was assumed that both locations have
similar conditions. Data collection process involves web search, literature reviews and
fieldwork.
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4.1.1 Land use and historical urban development
Recent and previous LULC maps of the study area were main base data used. Many
organisations such as Food and Agriculture Organisation (FAO) provides LULC information,
typically they are of coarse resolution and also difficult to retrieve past land cover data. Land
cover change study and urban growth model require at least two base maps from different years
in order identify transition pattern. LULC maps were developed from processed satellite images
covering a period of year 1995 which is the initial reference year and 2015, the most recent.
The classification of LULC types were done using Landsat5TM and Sentinel-2 satellite images.
Landsat5TM satellite image for year 1995 was downloaded, it has a 30 metres image resolutions
for a long temporal range. The more recently launched Sentinel-2 satellite provides image data
with a significantly higher resolution of 10 metres in its bands 2, 3, 4 and 8. This data was used
for developing a LULC map for the final reference year 2015. Images for the same period of
the year (months) and with minimum cloud covers were selected for both years. The quality
and acquisition date of downloaded image data are contained in Table 4-1. Atmospheric
correction of the images were done and subsequently geo-processed, the details of the
processing steps were explained in Section 4.2 of this report.
Table 4-1: Quality and acquisition date of satellite images downloaded
Satellite image name
Resolution (m)
Cloud cover (%) Acquisition date
Landsat 5 TM
Sentinel-2

30 (Bands 1-5 and 7)

10

30-01-1995

10 (Bands 2,3,4 and 8)

1.5

20-12-2016

Main part of this study is to understand and to mimic the land cover transition and resulting
spatial patterns (i.e. the LULC changes) as a result of urbanisation and develop a projection for
the future. Additional information and data about the historical urban change for the study
period range (1995 – 2015) was obtained from Arusha urban planning unit and literature. This
information included a topography map sheet of Arusha produced in year 1991 which contains
existed roads, settlements, cultivated lands and gazetted forest areas. Other information such as
demographic information, land and housing scheme development which could also be useful
for this study were not available. Meanwhile, useful information was obtained during various
conversations and discussion with urban planning officials.
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4.1.2 Meteorological data
Mount Kilimanjaro has a similar weather as Meru, Røhr and Killingtveit (2003) have
extensively conducted a study about rainfall distribution on the slopes of Kilimanjaro. They
derived equations (Eq. 4-1, 4-2 and 4-3) for estimating precipitation change as a ratio between
precipitations at different elevations.
R = -2.93*10-10X3 + 7.71*10-7X2 + 6.15*10-4X – 0.445

Equation 4-1

For 680 < X < 2700
R = 5.87*𝒆−𝟔.𝟑𝟓∗𝟏𝟎

−𝟒

Equation 4-2

For 2700 < X < 5895
𝑹𝟐
P2 = P1 𝑹𝟏

Equation 4-3

Where P is the calculated precipitation and R indicates relative precipitation value for elevation
X.
Precipitation values along the slope of Mount Meru were therefore extrapolated from
Kilimanjaro using figure estimated from the above equations. Evaporation data reported by
(GITEC, 2011) was used.
4.1.3 Hydrogeological data
Presently there is no specific aquifer system delineation for the study area, the geometrical
properties of the aquifer were unknown. Owing to the complex inter-sequence layering of the
various volcanic sediments, previous studies have found it difficult to represent the different
localised aquifer systems in Arusha. The aquifer geometry was drawn out following main fault
lines and outcrops which appear on the geology map to define the aquifer boundaries.
Meanwhile, the properties of the unconfined aquifer were reported by Ong’or and Long-Cang
(2007) they gave the ranges of hydraulic conductivity (k) and thickness of the aquifer. Previous
research done by Tlhoriso Morienyane (2016) also provide additional information on
distribution of hydraulic conductivity and measurement of groundwater level within a localised
part of the aquifer. Elevation data was retrieved from Aster GDEM and soil information derived
from the harmonised world soil database.
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The AUWSSA GIS unit provided data for the current water supply sources and distribution
network coverage. Average daily household water use and wastewater generation were
estimated from the data obtained during the household survey. Structured interviews were
conducted using a mobile based Open Data Kit (ODK) application tool. Data obtained from the
survey were analysed and information derived was used to estimate groundwater abstraction
and return flow.

4.2. Land cover classification
Multiple-spectral satellite images for the reference periods were downloaded, most importantly
percentage and distribution of cloud covers as well as seasonal variations were checked.
Supervised land cover classification was performed using Semi-Automatic Classification
Plugin (SCP) in QGIS (Congedo, 2017) to generate land cover maps. Accuracy assessment was
carried out via photo interpretation and ground-thruthing. These steps will be further explained
in the following sections.
4.2.1 Data pre-processing
The Landsat5TM and Sentinel-2 satellite images were subject to some data manipulations
before they were used for actual land cover classification. Atmospheric corrections of the
images were performed using Dark Object Subtraction method (DOS1) to remove atmospheric
scattering from every pixel in the image band. The converted image bands set were then
geometrically corrected and re-projected to the World Geodetic System (WGS 84 – UTM zone
37S). A single satellite image tile covered the whole study area for both satellite images. A
composite bandset of the satellite images required for land cover classification was created,
only bands 2,3,4 and 8 which are in 10 metres resolution were used for Sentinel image. The
boundary shapefile of Arusha was used as mask to clip the satellite image of the study area.
4.2.2 Data processing and land cover classification
The pre-processed satellite images were further worked on for the land cover classification.
Classification of land covers (soil, vegetation, water, buildings etc.) was done using SCP, image
pixels with a similar range of spectral signature (spectral characteristics) were selected and
defined for them appropriate land class category. Spectral signature is the reflectance pattern at
different wavelength, every objects have a unique reflectance in different wavelength. A
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supervised land classification method which allows for description of an object in an image
according to their spectral characteristics was used (Congedo, 2017). Multiband raster image
was used as an input range for creating the training input created in SCP.
Region of Interest (ROI) were created by drawing polygons over homogenous area of the image
with spectral signature belonging to a unique land cover class. Several ROIs were collected for
training and assigned class identification number (ID) according to the spectral range
representing different land cover types. The defined ROI polygons and spectral signatures used
for the land classification were stored in the training input file. Clustered ROIs with spectral
similarity were pre-verified first using the high resolution Google Earth image, this ensures that
the actual land feature was identified and given the appropriate land class value.
A supervised classification technique together with maximum likelihood classification
algorithm was performed to classify and generate the LULC maps. Both Landsat5TM and
Sentinel-2 images undergone the same processing steps for land cover classification. This
method allowed for the spatiotemporal land cover change pattern and spatial metric analysis of
the produced LULC maps. In order to avoid mixed classification between urban and sparsely
vegetated area, ROIs were collected in a separate classification for urban class.
4.2.3 Land cover classification theme
Remote sensing based land cover classification with SCP requires that the created ROIs were
given unique macro ID, macro information, class ID and class information. This information
was used in labelling the final LULC map produced, the class information corresponds to the
land cover type while the macro information represents a class category. The land cover maps
produced were based on the CORINE land classification theme. During the field surveys
confirmation of specific land covers was done, the CORINE classification theme was then
adjusted to fit the description of ground observation (Table 4-2). Land cover types, transition
and change analysis followed this classes.
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Macro
ID
1

2

Table 4-2: Land cover classification definition
Macro
Class
Class information
information
ID
Water bodies
1
Water bodies – includes lakes, wastewater
treatment pond and other open water bodies
Forest and Semi- 2
natural area
3

Broad-leaved rain forest
Coniferous forest

5

Shrub land and thicket

7

Mixed forest

8

Sparsely vegetated land

3

Agricultural area

4

Irrigation supplemented arable land

4

Artificial surface

6

Urban fabric

9

Trunk road

10

Secondary road

11

Tertiary road

The roads were included in the land cover classification. Road shapefiles for Tanzania were
downloaded from Open Street Map (OSM), Arusha district boundary polygon was used to mask
out the road features for the study area. The roads were dissolved (Trunk, Secondary and
Tertiary roads) and buffered using QGIS vector analysis tool. They were converted to raster
layers and assigned class identification values higher than maximum class values of the
classified land cover map. The classified landcover map and rasterised road layers were merged
to obtain the final land cover map with roads.
4.2.4 Land classification accuracy assessment
The accuracy assessment of the classification was performed, this helped to establish the
suitability and error of the land cover map produced. Fifty points comprising of all land cover
classes were randomly selected for ground-truthing. The verification of these ground-truth
points was performed during field investigation in June 2017. A fuzzy error matrix was
generated by comparing land cover information collected from ground-truth point, with the
classified LULC map obtained through the processes explained in previous section. The overall
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accuracy, user accuracy, producer accuracy and Kappa index (Khat) were also calculated (Luca,
2012).
Overall accuracy is defined as the ratio between the total number of correctly classified land
cover class samples and total number of ground-truth points sample. User accuracy is the ratio
between numbers of land cover classes correctly identified for a particular class and total
number of ground-truth samples identified as that class. Producer accuracy is assessed by
dividing the number of correctly identified land cover for a particular class with the total
number of ground-truth samples which belongs to that class. When user and producer accuracy
are above 70 percent, the classification is considered good and a value of 90 percent or more is
very good (Congalton and Green, 2009; (Luca, 2012)).
The Kappa index (Khat) which is an estimate of Kappa analysis is another parameter for
accessing the accuracy of a classification. It is a discrete multivariate technique for correlating
several error matrices. It gives better information of the accuracy as compared to the overall
accuracy because it incorporate the errors (Congalton, 2005). A classification is good if the
Khat value is between 0.4 and 0.8 and considered to be very good if the value is greater than
0.9. After accuracy assessment, classified map was used for landscape metric analysis and land
cover transition modelling.

4.3. Urban development and land cover changes
The development of urban growth model requires the determination of growth drivers which
are conceptualised as transition rules (Veerbeek et al., 2015). Prediction of spatial and temporal
land cover changes based on the transition rules was done using Dinamica-EGO dynamic GIS
modelling platforms. Two base years LULC maps were used, starting with 1995 (year-1) and
2015 (year-2). The weight of evidence (WOE) of identified growth driver were derived and this
formed the basis for the transition rules. The transition rules were applied to initial LULC basemap (i.e. 1995) to predict a land cover for 2015. A goodness-of-fit assessment was performed
for the calibration and validation of predicted land cover and observed land cover (Veerbeek et
al., 2015). When optimum correlation was found between the predicted and observed land
cover, then the transition rules were accepted. This was used to predict the future urban
development and land cover changes under the “Business As Usual” (BAU) scenario. BAU
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means that there will be a continuation of existing urban growth trend, no “Top-down”
intervention will happen to alter the trend. Below is the actual explanation of the modelling
procedures.
4.3.1 Urban growth model
Urban development was simulated using Dinamica-EGO. The model was used to define cellbased LULC transitions as a result of urban development. It uses sets of identified growth
drivers based on historical development to mimic spatial land surface transformation.
Dinamica-EGO is based on cellular automata (CA) algorithm in which change in a cell state
depends on the interactions with neighbouring cell (Batty, 2005). The accuracy of predicted
urban growth depends on the quality of input data and calibration methods (Veerbeek et al.,
2015). The urban growth simulation was developed using dataset with the same projection
(WGS 84 – UTM zone 37S) and resolution (30 m).
Land use and land cover maps for 1995 and 2015 are used as base maps for initial and final
simulation period respectively. The weight of evidence (WOE) was calculated by measuring
influence of several inputs on urban growth. The inputs were prepared as thematic maps which
is either static or dynamic are:


Static thematic maps:
Main roads in urban footprint
Secondary roads in urban footprint
Main roads outside urban footprint
Secondary rural roads outside urban footprint
Slope
Elevation
Distance to streams



Dynamic thematic maps:
Distance to existing urbanised cell
Distance to main primary urban cluster(s)
Distance to secondary urban clusters (small groups of urbanised cells)
Kernel density of urbanised cells
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These features were used by the model to determine the transition rules for predicting urban
growth pattern. The growth simulation involved different steps (Figure 4-1), the transition rates
of different land cover classes to urban class were firstly determined.

Figure 4-1: Urban growth simulation modelling steps for Dinamica-EGO framework
The influence of identified set of growth drivers on spatial urban development was statistically
determined by weight of evidence (WOE) method. A sets of transition rules were determined,
they were applied to produce the 2105 validation map and subsequently for future urban growth
projections up till 2050 at five years interval.
4.3.2 Weight of evidence and transition rules
The weight of evidence (WOE) of identified growth driver were derived and this formed the
basis for the transition rules. Basically the WOE coefficient are derived by calculating the
statistical probability that a specific LULC transition occurs given a set of spatial conditions.
To derive the resulting weights, the probability is based on all instances of a given LULC
transition (e.g. grass to urban) given a particular set of bounded values in the spatial conditions,
i.e. a particular slope range, combined with a particular elevation, combined with a particular
range in the distance to a road, streams, and urban areas.
The overall goal is to develop a growth projection from an initial base-year (i.e. 1995) to a year
which actual data exists (i.e. 2015). In this way the produced LULC changes and subsequent
LULC distribution produced by the model can be compared to actual observations. Once the
model is able to produce a map that compares well to the observed data, the parameters of the
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model (i.e. transition rules) are evaluated accurate. These were then iteratively used to develop
a number of future projections which 2015 as base-map.
4.3.3 Calibration and validation
The comparison of the observed and predicted urban land class for 2015 was performed. This
was used to determine the goodness of fit of the validation urban growth (predicted urban
development) produced. Dinamica-EGO uses a fuzzy similarity function for different window
sizes (resolution) to measure the categorical and locational correlation between LULC cells. So
basically this functions tests if the correct LULC transitions are produced at the correct locations
in the map. For example, a checkboard with sixteen squares (Figure 4-2) contained 8 black
squares and 8 white squares but when the board is mirrored the location of the squares change
but the number remain the same.

Figure 4-2: Locational correspondence describe with a checkerboard
The outcomes are presented as a single figure, called the Minimum Means Similarity for a
particular window size (Vermeer, 2014). By increasing the window size, small errors in
locations (e.g. when comparing two checkerboards that shifted 1 cell) are omitted. This means
that for larger window sizes, changes at larger scale levels (i.e. main spatial trends) are
compared. The minimum mean similarity (MMS) which is based on the concept of cell-by-cell
fuzzy intersection similarity was used to measure the accuracy of the predicted urban
development. MMS compares categorical changes in land cover classes and agreement with
observed spatial pattern (Vermeer, 2014). MMS values ranges from 0 to 1 indicating 0% and
100% accuracy respectively.
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4.3.4 Urban growth analysis
To better describe the produced urban development trends, a post analysis was performed in
which the produced urban patters are classified in a distinct set of urban LULC classes that both
characterize the observed growth as well as the actual spatial distribution of LULC patterns.
The spatial trend and pattern of urban development was analysed using metrics described by
(Angel et al., 2007). These metrics describe the densification and continuity of urban fabric, the
pattern of development has influence on the natural resources. The resulting classification
distinguishes the following classes:


Main urban built-up: Is the largest continuous group of developed pixels, land area with
more than 50% developed pixels with an area of 1 km2 is classified in this category
(Figure 4-3)



Suburban built-up: They are built-up pixels with 10 to 50 percent of developed pixel
within a neighbourhood of 1 km2 (Figure 4-3)



Rural built-up: Built-up has less than 10 percent developed pixels covering 1 km2 of the
area around it (Figure 4-3)



Urbanised open land: They are described as non-developed pixels with more than 50
percent built-up neighbourhoods.



Fringe open land: Undeveloped pixels within peripheral open space of 100 meters to
developed pixels



Captured open land: Undeveloped pixels with less than km2 that are completely
surrounded by the urban built-up, suburban built-up, and fringe open land



Rural open land: These other undeveloped pixels not classified as either urbanised or
fringe open land



Urban footprint: Urban footprint is the area of land directly impacted by urban
development. It comprises of main urban built-up, suburban built-up, urbanised open
land, captured open land and fringe open land.
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(A)

(B)

(C)

Figure 4-3: Metrics for quantifying urban classes (above), developed pixels in dark grey.
(Angel et al., 2007) with the Google Earth description of actual representation of urban class
types in Arusha (below): (A) Urban built-up (B) Suburban built-up (C) Rural built-up
The metric was used to quantify the spatial urban trend from 1995 to 2015. Urban growth
patterns at five years interval up till 2050 were also determined with the same method. The
quantifying metrics make it easy to measure quantitative and qualitative changes in spatial
urban development.

4.4. Groundwater model
A steady state unconfined groundwater model was developed to evaluate the impacts of
urbanisation on groundwater balance. Land use influence variation in water flux input
(recharge) into the aquifer system (Pan et al., 2011). MODFLOW was used to simulate the
groundwater balance for the present and future (2050) LULC conditions. Presently, there is no
aquifer delineation in the study area. For this study, the geometry of the aquifer was defined
using identified groundwater divides (fault lines, rivers and outcrops). Information from
previous geophysical surveys done in the area were also used for the delineation. The simulation
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of combined effects of climate change and LULC change on groundwater balance was done for
year 2050.
4.4.1. Model setup
Substantial amount of groundwater recharge occur in the forested area along the slope of Mount
Meru (GITEC, 2011). Some parts of the area fall outside the modelled aquifer extent. To
account for the recharge contribution, general head boundary (GHB) condition was used to
simulate the horizontal influx from this area. Outflow from the aquifer domain was also
simulate with GHB. Two main rivers, Burka and Themi which flows throughout the year were
included in the model. Discharges from wells and springs were accounted for using abstraction
wells. Return flow from household wastewater was simulated using the injection well.
The surface elevation was derived from Aster DEM (30 m) resampled to model cell size and
aquifer thickness was 200 m. To avoid problem of non-continuous groundwater flow which
may occur due to huge elevation difference when the DEM is resampled, a cell size of 250-m
by 250-m was used. Using a larger cell size results in drying up of some cells, because the
bottom elevation of such cells are lower than the top elevation of adjacent cells. This is because
of the mountainous characteristics of the study area. The extent of the modelled area is 32 km
by 21 km (128 rows and 84 columns). Unconfined steady state model was used to determine
the groundwater balance while confined model was used for the contaminants flow paths.
4.4.2. Aquifer parameters
There are very limited data available for the groundwater model. Information on aquifer
properties and groundwater head for a localised part of the aquifer were obtained from previous
research. A study on groundwater flow systems in Unga and Sombetini wards which are
localised parts of the aquifer was done by Tlhoriso Morienyane (2016). The information
contained in the work gave a basic understanding of the aquifer systems which was used to
develop the model. Due to the heterogeneity of the geology in the study area, the results of
hydraulic conductivity and transmissivity from the previous study could not be applied to the
whole aquifer domain. Parameter estimation (PEST) package was used to determine optimised
parameters for the groundwater model. GHB hydraulic conductance, hydraulic conductance of
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riverbed and horizontal hydraulic conductivity were optimised with PEST. The groundwater
levels of Tgroup monitoring wells were used as observation wells for model calibration.
4.4.3. Groundwater heads
Groundwater level in the urban area was measured in a previous study done by Tlhoriso
Morienyane (2016). The contour map of groundwater head produced (Figure 4-4) was
georeferenced using GIS tool and the values were extracted. The extracted groundwater head
values only cover part of the modelled aquifer area which are in low elevation area between
1200 m.a.s.l and 1400 m.a.s.l. Two spring sources which are located at higher elevations of
1800 m.a.s.l and 2200 m.a.s.l were added to the extracted head, groundwater head was assumed
to equal to the surface elevation at this location. The extracted head and the two spring sources
were used to linearly extrapolate head values to other part of the modelled aquifer. The resultant
head distribution was used as initial head for the groundwater balance model of 2015 and 2050.
By this, it was possible to observe the head difference (drawdown) between the two periods,
estimate total groundwater inflow and outflow under a steady state condition.

Figure 4-4: Groundwater level contour map produced by Tlhoriso Morienyane (2016)
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4.4.4. Recharge estimation
As mentioned previously, groundwater recharge is influenced by hydro-meteorological and
geophysical factors. An important aspect of this study is to estimate groundwater recharge for
the present and future LULC types under the BAU urban development scenario for Arusha. The
WetSpass-M model was used to simulate the spatially distributed groundwater recharge from
direct rainfall infiltration. The model estimates recharge from rainfall taking into account land
use types, slope, soil texture and evapotranspiration (Batelaan and De Smedt, 2007) which
makes it very appropriate for this study. It is a raster based, quasi steady-state model that
comprises processes of interception, evapotranspiration, runoff and recharge to compute each
grid cell water balance. The land use class are divided into four sub-cells: vegetation, bare soil,
open water and impervious surface. LULC fractions are used as weighting factors for estimating
the cells water balance (K. Abdollahi et al., 2017).
The average water balance for a cell is calculated by:
P = I +S + ET + R

Equation 4-4

Where P, I, S, ET and R (units in mm) are precipitation, interception, surface runoff,
evapotranspiration and groundwater recharge respectively. The water balance for each raster
cell is further simplified as expressed by equation 4-5 to 4-7.
ETraster = avETv + asETs + aoETo + aiETi
Sraster = avSv + asSs + aoSo + aiSi
Rraster = avRv + asRs + aoRo + aiRi

Equation 4-5
Equation 4-6
Equation 4-7

ETraster, Sraster, Rraster are total evapotranspiration, surface runoff, and groundwater
recharge of raster cell respectively and av, as, ao, and ai represent vegetated, bare-soil, open water
and impervious surface respectively. The recharge is calculated as the residual term of the water
balance (K. Abdollahi et al., 2012).
R = P – S – ET – I

Equation 4-8

All input raster maps for recharge estimation in WetSpass-M model have a resolution of 250m which is the cell size of the groundwater model.
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4.4.5. Groundwater abstraction and return flow
The abstraction from and return to groundwater were estimated at household level. Household
surveys were conducted in June 2017 to investigate the amount households’ abstraction and
contribution of return (wastewater) flow to groundwater. Average household (HH) size in
square-metres was calculated by Equations 4-9 and 4-10.
HH number =

𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐻𝐻 𝑠𝑖𝑧𝑒 (𝑝𝑒𝑟𝑠𝑜𝑛𝑠)

Average area per HH (sqrkm) =

𝑈𝑟𝑏𝑎𝑛 𝑎𝑟𝑒𝑎 (𝑠𝑞𝑟𝑘𝑚)
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐻𝐻 𝑛𝑢𝑚𝑏𝑒𝑟

Equation 4-9
Equation 4-10

To avoid over-estimation, groundwater abstraction and return flow were estimated for
households that are within the urbanised pixels of the aquifer boundary (Equations 4-11 and 412). The average amount (litres) of household groundwater use and return were estimated from
data obtained during field survey in Arusha.
GWabs =

𝐴𝑣𝑔.𝐻𝐻𝑎𝑏𝑠∗𝑈𝑟𝑏𝑎𝑛 𝑎𝑟𝑒𝑎 𝑖𝑛 𝑎𝑞𝑢𝑖𝑓𝑒𝑟 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦

GWret =

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝐻𝐻
𝐴𝑣𝑔.𝐻𝐻𝑟𝑒𝑡∗ 𝑈𝑟𝑏𝑎𝑛 𝑎𝑟𝑒𝑎 𝑖𝑛 𝑎𝑞𝑢𝑖𝑓𝑒𝑟 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝐻𝐻

Net GWabs = GWabs - GWret

Equation 4-11
Equation 4-12
Equation 4-13

Where GWabs and GWret represent groundwater abstraction and return flow respectively. Avg
HHabs and Avg HHret are average household groundwater abstraction and return flow
respectively. Both parameters are calculated in m3/day.
4.4.6. Model calibration
The steady state groundwater model was calibrated using the groundwater head measurement
from the urban area in the south and the spring sources in the north part. Observation wells were
spatially distributed in the south were actual measurements were available and also in the spring
location. A number of different solutions during optimisation of the aquifer parameter were
possible. The combination of parameters that gives the best correlation between observed head
and calculated head was evaluated and used for all cases of groundwater balance model.
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Figure 4-5: Summary of the research methodology
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CHAPTER 5

Results and Discussions
The results of the land use and land cover classifications, urban development and growth
analysis, projected LULC types and groundwater balance estimates are contained in this
chapter.

5.1. Land cover classification accuracy
Accuracy assessment was performed to assess the quality of the classified land cover map
produced. Accuracy assessment for 1995 classification was done with photo interpretation
using Google Earth image. For 2015 accuracy assessment, 50 ground-truth points were
randomly selected and physical observed during field investigation to verify the actual land
cover which exists. The result gives the correlation between the classified land cover map for
both 1995 and 2015. The user and producer accuracies were above 70% for all land cover
classes (Figure 5-1 and 5-2).
User and producer accuracy for 1995 land cover classification
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Figure 5-1: User and producer accuracy for 1995 land cover classification
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User and producer accuracy for 2015 land cover classification
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Figure 4-2: User and producer accuracy for 2015 land cover classification
The overall accuracy and Kappa index (Khat) are 98% and 0.92 for 2015 classification with
sentinel-2 while values of 91% and 0.87 were obtained for 1995 classification with
Landsat5TM. The values obtained for different accuracy parameters shows that the produced
map has a good coherence (Luca, 2012) with the observed land covers (ground-truth). After a
good accuracy values were obtained, the classified LULC maps were used as base maps for
urban growth modelling and future LULC projections.
The performance and effectiveness of accuracy assessment depends on the number of randomly
selected ground-truth sites and percentage of different land cover classes in the study area. For
instance, the majority of cells which are sparsely vegetated area were classified correctly but
the limited number of urban pixels were classified wrong, overall accuracy and Khat will still
be high. For urban growth study, a wrong classification of limited urban cells will have more
weight than if vegetation or forest were wrongly classified. Higher performance will be
achieved with more ground-truth points and vice versa. The error matrix (Appendix B) shows
matching samples which are located in the diagonal and others are classification errors.
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5.2. Classified LULC maps
It was generally difficult to find a cloud-free satellite image for both years, the area around the
peak of Mount Meru (4564 m) are usually covered by clouds (Appendix A). The clouds do not
make the images unfit for land cover classification since it only occurred in part of the mountain
peak. Supervised land classification technique was used to produce the land cover map, the
results are discuss below.
5.2.1. Classified LULC map for 1995
The 30-m resolution LULC map produced by the supervised land classification method on a
composite Landsat5 TM bands revealed eight (8) land cover classes in the study area (Figure
5-3). The slopes of Mount Meru are predominantly covered by forest and agricultural lands.

Figure 5-3: Land cover map for 1995, zoom-in of urban area on the upper right
Lower elevation lands are covered by shrubs, grasses and sparse vegetation, apparently these
have encouraged urban settlements in the lower lands. The land cover types in the study area
are greatly influenced by the variability in the climatic conditions with elevation. The higher
elevation areas receive more rainfall of above 1000 mm/year (GITEC, 2011). This give good
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support for the forest zones along the upper slope and also encourages agricultural cultivation.
An assessment study of Pangani basin performed by Lugomela et al., (2006) mentioned that the
rainfall amount on slope of Meru and sub-humid tropical climate favours agriculture and
commercial afforestation.
On the other hand, lower elevations are characterised by low rainfall levels of 600 mm per
annum or less. The lowland areas are drier and hence are characterised by predominance of
sparse vegetation in the southern part of the area. Forest covers are mainly broad-leaved forest
with patches of coniferous forest especially in the lower boundary of the forested area. Irrigation
supplemented arable lands mainly exist at elevation between 1400 m to 2300 masl, rainfall at
this elevations is enough to support agricultural cultivation all year round. The classification
(Figure 5-3) shows two main continuous urban fabric with and few scattered sprawling urban
units.
5.2.2. Classified LULC map for 2015
The outcome of the processed Sentinel-2 satellite image gives a high 10-m resolution LULC
map for 2015 (Figure 5-4). It comprises of eight (8) land cover classes distributed in similar
spatial pattern with 1995. Visual inspection already shows that compared to 1995, the urban
area grew bigger and forest zone reduced as agricultural cultivation competed for land areas.
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Figure 5-4: Land cover map for 2015, zoom-in of urban area shown on top right
Major changes in land cover were result of urban development and land acquisition for small
and medium scale agriculture. Figure 5-3 shows that the lower forest boundary in the southern
slope of Meru has shifted up in 2015. Land areas covered by forest in 1995 are been converted
for agricultural cultivation in 2015. The two urban fragments in 1995 already merged to one
but other fragments are being formed, this is further discussed in section containing urban
footprint analysis.
5.2.3. Change in land cover coverage
In 1995 and 2015, sparsely vegetated land cover class cover majority of the area with 840 km2
and 948 km2 respectively (Figure 5-5). Urban development, soil excavations, construction,
works and long dry period are few of the events which can contribute to increase in sparsely
vegetated area. The wastewater collection pond which was constructed in late 1990s occupied
a small area of 0.12 km2 in 2015. Although, the irrigation supplemented arable land in 2015
reduced by 31km2 (Figure 5-5), it has extended to part of the forest areas. Recent urban
development and climate change can be linked to decrease in irrigation supplemented arable
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land, also forcing agricultural cultivation to move uphill where there is sufficient rainfall
(Oikos, 2011).
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Figure 5-5: Land areas (km2) distribution within land cover types in 1995 and 2016
Change in land cover within the period of study indicates a growth of ca. 55 km2 in urban fabric,
coniferous forest area increased by 15.5 km2 and a slight increase of 8.1 km2 in mixed forest
cover (Figure 5-6). Broad leaved forest and shrub land reduced by 36.6 km2 and 26.6 km2
respectively between 1995 and 2015. The reduction in the forest area is attributed to
exploitation of the forest resources for wood production, farming and construction.

Figure 5-6: Forest land covers observed during field investigation, on the right are young
pine trees planted as part of reforestation programme
Results and Discussions

39

Reforestation programme to curb the diminishing of the forest area is responsible for the
increase in coniferous forest area, pine trees were planted to replace exploited forest (Figure 56). Likewise, long drought which occured between 2005 to 2009 is contributor to decrease in
forest and increase sparse vegetation (Oikos, 2011).
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Figure 5-7: Change in land cover class coverage (km2) between 1995 and 2016

5.3. Urban growth and LULC projection
The classified LULC for 1995 and 2015 were used as base maps for the urban growth model
using the Dinamica-EGO platform. Firstly, urban areas were further classified into different
urban classes using urban metrics definitions discussed in Chapter 4. The 2015 urban
development was projected from 1995 using set of transition rules and urban growth drivers.
The accuracy of the projected 2015 urban development was assessed and projections were made
for future urban developments (up to 2050). Projections of future LULC only considered
changes in land cover due to business as usual (BAU) urbanisation scenario.
5.3.1. Land cover transition rate
The relative rate of transition of various LULC cover classes to urban class from 1995 to 2015
was measured in two ways. Single-step transition operation (SS) considers land cover changes
to urban class for a single 20 years interval. The multi-step (MS) gives transition rate at 5 years
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interval, this interval was subsequently used for future projections (Figure 5-8). Irrigation
supplemented arable land has the highest relative transition rate to urban class, single-step
transition of 9.42 percent in 20 years and 2.44 percent in 5 years for multi-step. Most irrigation
supplemented arable land in 1995 are coffee estates. Many hectares covered by the estates were
cut into plots for housing development in late 1990s and early 2000 when they failed. This
corroborate the discussion in previous section that urban development is a contributor to
decrease in irrigation supplemented arable land.
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Figure 5-8: Single-step (SS) and Multi-step (MS) land cover classes transition to urban class
from 1995 to 2015
Mixed forest has the second highest transition of 7.9 percent and 2.05 percent for single-step
and multi-step respectively. Many mixed areas are enclosed within or existed near urban area
in 1995, this make it very easy for transition between these land cover classes to occur. The
area of sparsely vegetated area converted to urban land cover class was the highest but it ranked
third in rate of transition, this is because transition rate is relative. Coniferous forest has the
least transition rate and area to urban class within the 20 years period.
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5.3.2. Urban growth drivers and transition rules
Population growth and increasing rural-urban migration are the main cause of quantitative
urban expansion. Daily migration influx has increased since 2010 when it got the status upgrade
from municipal to city (Lemaire, 2017). The spatial pattern of development on the other hand
depends on other factors which either attract or push away urban development. Price of land,
nature of land (wet or dry), size of land, electricity and roads infrastructures are believed to be
most important drivers of spatial urban development pattern. Urban development pattern is also
influenced by socio-economic status. Largely congested and rapidly developing areas are
mainly abode for low income earners. Based on past historical development trend, rich elites
live in the expensive and less urbanised area.
Roads have been seen as an important driver of spatial urban pattern. A study done by Aljoufie
et al., (2011) in Jeddah concluded that major roads and highways have strong impacts on spatial
urban pattern and land cover changes. The urban growth model showed the contrary in Arusha,
the validation map did not replicate similar urban pattern with observed map when proximity
to roads were assumed as main driving force. In Arusha, roads seems less important when
people are making decision on where to live and build their houses. The installation of
electricity poles follow the road which makes it to come after roads in the importance ranking
for urban driver.
The most important urban growth driver which greatly influence the result of the validation
map is the proximity to streams and rivers. The nature of the land i.e. dry or wet mostly depends
on nearness to streams and rivers. Wet lands are more expensive because of their agricultural
potential and dry lands are less expensive, this justify why proximity to rivers is an important
driver. As a result, urban expansion is more prominent in the dry southern and south-eastern
part of the study area where medium to low income earners can afford to settle down. The basis
for urban development therefore dwells on transition rules obtained by combining the transition
rate matrix and influential weight of urban drivers.
5.3.3. Accuracy assessment of urban growth projection
The minimum mean similarity (MMS) was used to determine the goodness of fit between 2015
observed and predicted LULC map. It considers not only the numbers of LULC cell categories
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but also locational correspondence of the cells. By this approach, Dinamica-EGO has a high
precision in predicting amount and spatial distribution of LULC cells. An accuracy value of 80
percent (i.e. MMS of 0.8) is considered to produce a satisfactory goodness of fit (Vermeer,
2014). The MMS was calculated for different window size (i.e. resolution), the minimum and
most detailed window size of 1 has a resolution of 30-m.
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Figure 5-9: Distribution of MMS values in different window size for calibration of 2015
urban projection
The window size increased at a stepwise interval of 30-m, maximum resolution was 510-m for
a window size of 17. At 30-m resolution, an accuracy of 55 percent (MMS of 0.55) was obtained
(Figure 5-9), this is below satisfactory value. The MMS value increases as the window size
increases, this means that more matching of predicted and observed map is achieved at lower
resolution. A window size of 7 (210-m resolution) gives a satisfactory accuracy of 81
percentage (MMS 0.81), this is well acceptable for the urban size of Arusha. The MMS curve
(Figure 5-9) starts to flatten out at a window size of 10 (300-m resolution), this indicates that
small improvement in accuracy can be achieved after 300-m resolution. The validation and the
observed map are shown in Figure 5-10, it can be seen visually that both maps have good spatial
correlation.
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Figure 5-10: Observed (left) and projected (right) LULC distribution for 2015

5.4. Spatial urban growth 1995 - 2015
The pattern of urban development usually varies spatially in terms of densification and
continuity in urban fabric. Urban land cover was further classified into three classes: urban
built-up, suburban built-up and rural built-up using the metrics described by Angel et al.,
(2007). These classification are used to explain the features of the urban growth pattern.
Analysis of urban growth was done within the urban footprint, this was done in order to find a
characterisation of the urban area that is independent of the surrounding rural open land and
ultimately the analysis borders created by the tile
5.4.1. Urban footprint
The land areas which are directly impacted by development are represented in the urban
footprint, it gives a clear picture of development pattern within the urbanised perimeter.
Footprint comprises of built-up areas (urban and suburban), urbanised open land and captured
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open land located along the urban fringe (Angel et al., 2007). Characteristic features of urban
expansion and transition such as “sprawling” can only be reasonably measured with the urban
footprint.
Major transformation has occurred in the urban landscape within two decades, the city has
already transitioned through its doubling period between 1995 and 2015, urban footprint size
in the later year is almost three times greater than that of 1995 (Figure 5-11). The doubling
period was estimating as 9.27 years, so with the observed growth rate the city doubled in size
around 2005. The fast growth is accompany with emergence of ribbon development along the
rivers and leapfrogging, two development patterns which are responsible for large area
occupied by rural open land.
Ribbon development and leapfrogging are characteristics of informal development, improper
planning and lack of top-down transition approach. Typically, leapfrogging consumes more
land, results in declining footprint population density, increase land fragmentation and
degradation of land natural values. The coverage of water and sanitation facilities are still low
even in main urban core of Arusha, this kind of development pattern will further make it
difficult to extend infrastructure to fragmented neighbourhoods. The non-compactness of
urbanised area encourages land isolation and degradation, this will also increase surface runoff,
reduce rainfall infiltration and spreading of groundwater pollution sources.
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Figure 5-11: Extent of urban footprint 1995 (left) and 2016 (right)
The total extent of the urban footprint grew by approximately 287% between 1995 and 2016
(Table 5-1), this represent an annual growth of 7% within this period. The fractions of urban
built-up and urbanised open land increased in 2015 (Figure 5-12). This is manifestation of
openness as more open lands are captured within urban cores as the city grows bigger. As
contained in Table 5-1, the land area occupied by other categories of urban footprint
composition increased but the fraction they represented in total footprint decreased. Suburban
built-up and rural open land represent 24% and 51% of total urban footprint in 1995. In 2015
these two urban categories increased by 162% and 200% but represent 16% and 40%
respectively of total urban footprint in 2015 which is lower than fraction represented in 1995.
A feature of “sprawling” development is increased fraction of open spaces within the interstices
of built-up areas
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Table 5-1: Estimated urban footprint composition (1995 – 2015)
1995
2015
Difference
Annual change
%
km2
%
km2
%
km2
%

Category
Urban built-up
Suburban built-up
Urbanized open land
Captured open land
Rural open land
Total

7.18
9.04
1.55
0.43
19.04
37.24

0.19
0.24
0.04
0.01
0.51
1.00

48.04
23.67
12.42
2.82
57.24
144.18

0.33
0.16
0.09
0.02
0.40
1.00

Distribution of urban footprint 1995
20%

40.86
14.63
10.87
2.38
38.20
106.95

24%

Urban built-up

Urban built-up

Urbanized open land

33%

40%

Captured open land
16%

Rural open land
4%

Suburban built-up
Urbanized open land

Captured open land

1%

9.99
4.93
10.95
9.81
5.66
7.00

Composition of urban footprint 2015

Suburban built-up
51%

569.47
161.94
699.77
549.38
200.65
287.22

2%

Rural open land

9%

Figure 5-12: Fraction represented by different composition of urban footprint in percentage
for 1995 (left) and 2015 (right)
Socio-economic situation and individual desires to own big family houses are main factors that
promote sprawling in Arusha. Many of the formally planned urban areas existed from the 1990s,
many of the development till date are unplanned and uncontrolled. Medium income urban
residents can only afford to acquire landed properties in areas distant away from urban centres
and planned housing areas. Some others who desires to own big estates at an inexpensive cost
move further from the city to build their houses. These create great dispersion among developed
land areas, leaving many undeveloped lands within urban footprint.
5.4.2. New development
Changes which occur in urban footprint between 1995 and 2015 are presented in the new
development map (Figure 5-13). The map makes it to clearly present the direction and spatial
location of new urban built-ups, this answers the question of how and where development is
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taking place. Areas between the fingers of the two urban built-up clustered in 1995 are filled
and a lot of development happening south wards. In the north, development occurs close to the
main road and continues on the northwest direction in form of ribbon development. The east
side is more dominated by sprawl development and also a few in the southeast side. The
characteristics of the observed new development category are discuss below:


Infill
These are developments which occurred within the existing urbanised open land of 1995
footprint. A small portion of 2% (1.4 km2) of total new development was infill, this is
less than half of urbanised open land area in 1995 urban footprint.

(A)

(B)
New developed land areas
2%

Infill

32%

Extension
66%

Leapfrog

Figure 5-13: New urban development from 1995 to 2015: (A) spatial distribution of new
development, (B) land area represented by classes of new development in percentage


Extension
Larger percentage (66%) of new development are attributed to extension, these are new
built-ups that spread outward from 1995 main urban cores and intersecting with the
footprint. Extension occurs mainly southwards around the main urban built-up core of
1995, few others are uphill northwards and eastern part of the city. Extension
development in south are more continuous and compact compare to those uphill and
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eastern part of the city. The favourable conditions such as less steepness, less vegetation
coverage and nearness to city infrastructures are drivers that encouraged development
southwards than northward. Less steep areas in the south are easily accessible and
outreach of facilities (electricity, roads e.t.c.) is faster compare to hilly areas of north.


Leapfrogging
Some of the new developments do not intersect or occur within urban footprint of 1995,
such developments are described by “Leapfrogging”. Leapfrogging often increases
urban fragmentation, it is driven by income level, social status, people fascination to
restrain social and economic contact while increasing privacy. In Arusha, average
income earners and people who desire to live in a moderately decent environment but
cannot afford the cost of land in the “well-to-do” neighbourhood like Themi hills and
Njiro prefer to stay farther away where they can get affordable land (e.g. Moshono and
Kati areas).
Leapfrogging is responsible for 32% of total new development within the period in
focus, this is a loose development creating a disconnection from the main urban unit.
This increases the amount of open land influenced per unit of developed land. It might
also lead to development of another urban “finger” which in turn will be connected to
the main urban core. If uncontrolled, leapfrogging will result in a two-step development
cycle in which vast areas are attached to the existing urban core. Other impacts include
land fragmentation, depreciation of land resources and declining population density.
Groundwater is the main water source in Arusha and many house units have their own
private wells. More so onsite sanitation is very common as only few areas close to the
central business district are connected to municipal sewage. Therefore, leapfrogging
will spatially increase number of drilled wells and potential groundwater contamination
sources mostly pit latrine and septic tanks used by household for their onsite waste
storage. This pattern of development is mostly associated with developing countries
where development does not follow any town planning guide and it eventually increases
urban footprint.
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5.5. Spatial urban growth 2015 – 2050
The multi-step (MS) transition rate was used to predict urban growth from 2015 to 2050 at an
interval of 5 years for business as usual (BAU) scenario. Urban developments were
implemented by the model (Dinamica-EGO) at designated areas following the “transition rule”
that was previously executed. The predicted transition and growth patterns that occurred
between 2015 and 2050 are described in this section. Maps and tables describing intermediate
transition that occurred between 2015 and 2050 are contained in Appendix A and B.
5.5.1. Urban footprint
Dinamica-EGO model extrapolates transition observed in the past by applying rules derived by
weight of evidence method to predict future urban development pattern. The predicted future
growth build upon the current development, in this case 2050 urban growth build on base map
from 2015. The urban footprint map of year 2015 and predicted urban growth for 2050 (Figure
5-14) shows a merger of 2015 main and primary urban clusters. Rural and captured open land
that were previously encapsuled by urban and suburban built-ups were developed.

Figure 5-14: Extent of urban footprint 2015 (left) and 2050 (right)
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Urban development spreads out in all direction, but more prevalent southwards. Distributed
small pockets of built-up areas attract rural-urban transition therefore transforming them to
main urban built-up. Suburban and rural built-ups which were “leapfrogged” away from main
urban core in 2015 formed main urban clustered in 2050. The phenomenon of merging of small
built-up chunks to bigger ones, thereby expanding urban footprint extent has been previously
observed during urban development from 1995 to 2015. This highlights the urbanisation
“attraction power” of sprawling settlements. The small pockets of urban built-up which are
disconnected from main urban core in 2050 (Figure 5-14) will follow same trend by attracting
urban expansion in future years.

Category

Table 5-2: Estimated urban footprint composition (2015 – 2050)
2015
2050
Difference
Annual change
2
2
2
km
%
km
%
km
%
%

Urban built-up
Suburban built-up
Urbanized open land
Captured open land
Rural open land
Total

48.04
23.67
12.42
2.82
57.24
144.18

0.33
0.16
0.09
0.02
0.40
1.00

207.69
41.61
42.28
10.57
101.49
403.64

0.51
0.10
0.10
0.03
0.25
1.00

159.65
17.94
29.85
7.75
44.26
259.45

332.33
75.82
240.29
275.14
77.33
179.95

4.27
1.63
3.56
3.85
1.65
2.98

Urban footprint in 2050 increases by ca. 180% of its size in 2015 (Table 5-2), doubling period
was 23.22 years. This implies that if the observed growth rate between 1995 and 2015
continues, the size of the urban footprint in 2015 will be doubled around 2038. Large urban
footprint will take longer time to reach its doubling time. The urban built-up area increase by
over 300% forming a mega city with an area of 207 km2. Suburban built-up only increase by
ca. 76% (Table 5-2), and represent a fraction of 10% in 2050 urban footprint (Figure 5-15).
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Distribution of urban footprint 2015

Composition of urban footprint 2050
Urban built-up

Urban built-up

33%
40%

25%

Suburban built-up
Urbanized open land

9%

16%

Rural open land

51%

11%

Captured open land

3%

Suburban built-up
Urbanized open land
Captured open land

10%

Rural open land

2%

Figure 5-15: Fraction represented by different composition of urban footprint in percentage
for 2015 (left) and 2050 (right)
Three important main changes observed in the 2050 urban footprint (Figure 5-15) are:
1. Urban built-up is the highest contributor to urban footprint (51%)
2. Fraction of rural open land largely declines from 40% in 2015 to 25% in 2050
3. Fraction of suburban built-up also declines, 16% in 2015 and 10% in 2050
This simply indicates that there is a shift in urban footprint to higher urban densities. Proximity
to urban infrastructure, major roads, shopping and business districts are few motivating factors
for resident desires to live close to urban built-up. Rural open land represents 40% and 25%
(Figure 5-15) of urban footprint in 2015 and 2050 respectively. The rural open land gets
enclosed by urban and suburban thereby reducing the fraction it represents as urban footprint
gets larger.
5.5.2. New development
The result of the predicted urban development for 2050 shows that Arusha will grow beyond
the city perimeter (Figure 5-16). With the BAU growth pattern, it will be impossible to confine
the city within its administrative boundary in 2050. Visual observation shows that new
development occurs in every part but predominantly in the south side with the filling of the
fingers and further expansion down. More leapfrogging occurs in the south-east, few
development takes place close to the road in the north and more development in the north-east
direction which is more of leapfrogging.
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(A)

(B)
New developed land areas

14%

8%
Infill
Extension
Leapfrog

78%

Figure 5-16: New urban development from 2015 to 2050: (A) spatial distribution of new
development, (B) land area represented by classes of new development in percentage
The characteristic of each of new development classes are:


Extension
It contributes the highest percentage of the new development (78%). It occurs mainly
in the south extending the “fingers” in the same direction. Extension also created new
“fingers” in the south-west and south-east parts. It is believed that the “fingers” will be
filled with new development in future years as population growth and rural-urban
migration continues to drive urban development. Few extension occur in the north.
However, the main impact of few development which occur in this part will be
displacement of farming lands. The hilly slopes of Mount Meru are predominantly used
for agriculture, urban development in this area will force agricultural activities to further
move uphill to the forested area. High amount of groundwater recharge comes from this
area, displacing and forcing farm land uphill will have a consequential effect on
groundwater.
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Leapfrogging
Leapfrogging contributes 14% of new development, it mainly occurs in the south-east
and north-west parts. The leapfrogged areas are found close to the “fingers”. This means
that future development will extend to those areas and urban footprint will continue to
increase. The spatial pattern of development shows favouritism for low altitudes area
with gentle slope.



Infill
It is only 8% of the total new development, it occurs in every open land within the urban
built-up.

5.6. Urban development trend
The temporal trend of urban land cover classes development (Figure 5-17) shows a rapid
projected increase in urban built-up from 2015 up to 2050. Area covered by rural open land was
highest until 2015 when no significant increase was seen afterwards. A still significant but
smaller change in the incremental rate of rural open land was observed in 2030, the trend
continues till 2045 when another slight change was noticed.
Temporal development of urban land cover classes 1995 - 2050
250

Extent (km2)

200
150
100
50
0
1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

Years
Urban built-up

Suburban built-up

Captured open land

Rural open land

Urbanized open land

Figure 5-17: Development trend of urban land classes from 1995 to 2050 within urban
footprint
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The observed trend in rural open land shows continuation of growth pattern with little or no
significant change for every 15 years period. The outward expansion pattern of Arusha city
promotes the continuous growing trend of urban built-up, suburbanization shows no significant
increase in its trend. Houses in Arusha are constructed in small units, the irregular and
uncontrolled manner of building construction is main driving force for increasingly growing
urban built-up trend.

5.7. Declining density and sprawling manifestation
The population data available for Arusha city are from 1988, 2002 and 2012. This data are
extrapolated for year 1995, 2015, 2035 and 2050 in order to estimate the population density of
area covered by the urban footprint (Table 5-3). The assumption in calculating the density is
that the estimated population for the reference years resides within the urban footprint area.
Population density in 1995 was 5569 per/km2 and decreases to 2910 per/km2 in 2050. The
estimated urban population density in 2050 is low when compare to city like Rotterdam which
has a population of 623,000 and density of 2969 per/km2
Table 5-3: Urban footprint population density
1988* 1995** 2002* 2012* 2015** 2035**
Population

2050**

132861 207166 281608 416442 496398 875236 1174450

Density (per/km2)

NE

5569

NE

NE

3473

3130

2910

Urban footprint (km2)

NE

37.24

NE

NE

144.18

279.65

403.64

*Population values from official census
**Population values estimated
Continuous decrease in urban footprint density has been identified as a major attribute in the
manifestation of sprawling (Angel et al., 2007). Measuring sprawling as average density
explains land use intensity, increase in per capita land resource consumption results in
unsustainable exploitation of the resources. It is important to mention that in 2050, urban builtup areas has the largest fraction in the urban footprint while on the other hand the population
density decreases. An increase in urban built-up only means that more land area is developed
and does not implies that more people live within that area. For example, a multiple storey
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building in Rotterdam can serve as residence for 300 people whereas in Arusha larger area of
land will be required to accommodate the same number of people. There are predominantly
family size houses in Arusha and this increases the fraction of urban built-up.

5.8. Land use, climate change and hydrological impacts
Land use changes has major impacts on groundwater recharge and surface runoff. Expansion
of built-up areas increases city imperviousness and therefore increase runoff. Transition of
forest and green areas to urban built-up reduces groundwater replenishment through direct
rainfall infiltration. The first evaluation done in this study was assess the hydrological impacts
of land cover changes. Most importantly, groundwater recharge from direct rainfall infiltration
for present land use and future land use conditions are required as input for the steady state
groundwater balance model.
The combined effect of climate and land use change were also evaluated. However, many
uncertainties are associated with future climate predictions for the East Africa region in which
Arusha is located. Climate studies done over the region predicted (Dyn et al., 2015), (Shongwe
et al., 2009) increase in precipitation, this contradicts observed trends. Rainfall measurement at
various point located in Kilimanjaro show decrease in precipitation by 34% between 1900 and
2000 (Hemp, 2009). In a way to avoid the climate change bias, two scenario of climate changes
were considered: (1) A 10% increase in precipitation by 2050 (Agrawala et al., 2003) and (B)
11% decrease in precipitation by 2050, this was estimated using the observed trend in
Kilimanjaro.
Since recharge values are essential input for groundwater model, the assessment of hydrological
impacts of land cover change due to urbanisation and climate only focused within the aquifer
boundary area.
5.8.1. Delineation of aquifer boundary
Aquifer boundary (Figure 5-18) was created using fault lines seen on geological map and
observed outcrops as groundwater divide. Local knowledge about the study area was also used
in defining the boundary. The main aquifer is contained in the alluvium which extends from
northeast to southern part of the study area. Major fault lines were seen in south and eastern
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parts, they mostly occurred at the interface between two geological units. In reality some of
these faults are not visible as they are believed to be covered by various volcanic sediments (G.
Ghiglieri et al., 2008). Outcrops of lahars and tuffs have been observed along the southern banks
of River Burka and Themi (A, B and C). These were used as groundwater divides to define
aquifer boundary along this area. The aquifer has an area of ca 367 km 2 which stretches from
the mountainous area of almost 4000 m.a.s.l down to low laying land of 1200 m.a.s.l.

Figure 5-18: Arusha aquifer boundary
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5.8.2. Spatial precipitation trend in Arusha
Rainfall varies spatially within Arusha, the mean annual precipitation in the city is 842 mm
(GITEC, 2011). Precipitation at different altitude was estimated using equations described in
Chapter 4. The result (Figure 5-19) show a maximum and minimum value of 250 mm and 1170
mm respectively. Rainfall varies with altitude, it increases between an elevation of 1000 m to
2000 m and gradually decreases afterwards. The low elevations which are dominated by urban
areas receives less rainfall compare to forest and agriculture dominated high elevations.
Rainfall distribution
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Figure 5-19: Variation in rainfall distribution with elevation
Rainfall only exceeds 1000 mm/year between the elevation of 1600 m and 2500 m and the
average annual potential evapotranspiration value stands at 924 mm/year (GITEC, 2011). Since
groundwater recharge is precipitation excess after evapotranspiration has been removed, areas
that lies at this elevation range (1600 m – 2500 m) are therefore very important for recharge.
The spatial distribution of precipitation within the modelled aquifer domain is shown in Figure
5-20.
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Figure 5-20: Spatial distribution of rainfall within the aquifer boundary area. 2050 CC (a)
represent climate change case with 10% increase in precipitation and 2050 CC (b) indicates
climate change situation with 11% decrease in precipitation
Precipitation distribution increases northwards with exception of the north-eastern part which
is close to the peak of Mount Meru. In 2015, rainfall distribution are between 710 mm/year to
889 mm/year in urban area and above 890 mm/year on the slope of Meru. With 10% increase
in precipitation due to climate change effect over the East Africa region, rainfall values in urban
area ranges between 820 mm/year to 1069 mm/year by 2050. The higher elevations in the north
receives rainfall above 1070 mm/year. There is an upward shift in rainfall pattern with 11%
decrease in precipitation, Rainfall in the south is between 530 mm/year and 820 mm/year, part
of the slope of Meru on the west receives rainfall below 1000 mm/year. Values above 1000
mm/year are seen only at higher elevation which are typically clouded with forest.
5.8.3. Groundwater recharge and surface runoff
Rainfall is the major source of groundwater recharge in Arusha, the amount of water which
infiltrates into the soil and contributes to groundwater recharge depends on the land surface
cover, slope, soil and geological properties. Many of these factors remain unchanged except for
land cover which changes depend on many external factors such as demography, policies,
technology, climate, etc. In previous section, LULC projections were made based on observed
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historical urban transition. Spatial quantitative impacts of temporal changes in land use as a
result of urbanisation and climate change effects on groundwater recharge and surface runoff
in Arusha are shown in Figure 5-21. The recharge and runoff distribution were calculated by
WetSpass-M model (K. Abdollahi et al., 2012)

Figure 5-21: Recharge (above) and runoff (below) within the aquifer boundary for the
present and future land use conditions with consideration of two climate change scenarios. A
10% increase in precipitation 2050 CC (a) and 11% decrease in precipitation 2050 CC (b).
Recharge in the northwest through the central and southern part is generally less than 65
mm/year in all cases. In 2015, a good recharge amount between 190 mm/year and 260 mm/year
occurs in the southwest part. From urban projection results, this area will be built-up by 2050
there making it impervious and reducing recharge. In all case scenarios of 2050, there is little
or no charge in this area. High recharge rates were observed in the northeast, but there is a
significant decrease with 11% decrease in 2050 precipitation. Annual runoff depth values in the
central and southern parts are the highest (650 – 920 mm/year). There is an upward shift in
runoff increase as the city expand in 2050.
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5.8.4. Present and future recharge from rainfall
For an aquifer area of 367 km2, average annual recharge from rainfall was estimated as
107mm/year and 82 mm/year for 2015 and 2050 respectively. With climate change included
for year 2050, recharge values are 74 mm/year and 59 mm/year for 10 % increase and 11%
decrease in precipitation respectively. For all scenarios of climate change, future temperature
have been predicted to increase by 3oC to 4oC in the East Africa region. The increase in
temperature was considered when estimating recharge with WetSpass-M model. Temperature
increase subsequently increases evapotranspiration, this account for the reason why recharge
value with 10% increase in precipitation is less than that of 2050 when climate conditions
remain unchanged (Table 5-4).
Table 5-4: Groundwater recharge from rainfall
2015 2050

Recharge (mm/year)

107 82

Runoff (mm/year)

299

368

Diff***
(%)

2050*
CC (A)

Diff***
(%)

2050**
CC (B)

Diff***
(%)

-23

74

-30

59

-44

23

439

47

352

18

*2050 CC (A) indicates 10% increase in precipitation, **2050 CC (B) means 11% decrease
in precipitation, ***Difference from 2015component
Provided climate conditions remain the same and observed historical urbanisation trend
continues, result indicate that groundwater recharge will decrease by 23% in 2050. A reduction
of 30% and 44% are estimated for climate change scenario A and B respectively. However,
reduce in recharge is accomplished by increasing runoff. The highest annual average runoff of
439mm/year was estimated for 2050 climate change scenario A. Even with climate change
scenario B when precipitation decreases by 11%, the runoff value exceeds the present average
annual recharge of 107mm/year. This implies that more surface runoff can be harnessed in the
future provided good developmental, ecological and environmental practices are ensured.
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5.9. Groundwater balance
Unconfined steady state groundwater model simulated in MODFLOW was used to assess the
difference between the present and future (2050) groundwater balance. Recharge from direct
rainfall infiltration, groundwater abstraction and returns are the variable input in the model
because of spatio-temporal changes. The results obtained were used to quantitatively explain
the impacts of urbanisation as well as climate change on groundwater. The result of the spatially
distributed groundwater recharge from direct rainfall infiltration which was discussed
previously was used as an input for the model. The groundwater balance compares the
differences between present and projected (2050) urbanisation situation by carefully accounting
for abstraction and wastewater return flow to aquifer.
5.9.1. Groundwater model layout
A one-layered unconfined steady state groundwater model (Figure 5-22) was developed to
assess the response of the groundwater systems to urbanisation and climate change situations.
General head boundary (GHB) was used to simulate water inflow from part of Mount Meru
which falls outside the model aquifer area and outflow in the south part of the aquifer domain.
Two rivers, Burka and Themi were included in the model because both are only rivers which
flow throughout the year and are believed to have significant contributions to the groundwater
system. Observation wells are spatially distributed within the areas of known groundwater head
measurement. These wells were used for monitoring model calculated head which is required
for the model calibration.
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Figure 5-18: Initial groundwater model setup, abstraction wells included AUWSSA wells and
private household wells
The model properties of the unconfined steady state model layout are shown in Table 5-5.
Table 5-5: Unconfined model setup properties
21 km by 32 km
Model extent
Cell size

250 m

Number of columns

84

Number of rows

128

Aquifer thickness

200

Aquifer area

367 km2

Number of layers

1
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5.9.2. Model calibration result
There is very little information available on the aquifer properties, several previous studies in
the area have focused on geological and hydrogeological layering but not much on spatial
distribution of aquifer parameters such as hydraulic conductivity. However, a previous research
conducted in slum area of Unga and Sombetini ward (Tlhoriso Morienyane, 2016) which was
part of Tgroup project gave a handful information of the aquifer system in this part of the study
area. The work contained information of hydraulic conductivity estimated from field
experiments and measurement of groundwater heads. Parameter estimation package (PEST)
was used to automatically optimise aquifer parameters in other larger part of the aquifer where
information was not available. The groundwater head measurements from part of the urban area
culled from the work of Tlhoriso Morienyane (2016) was used for the model calibration.
Although the automatic calibration with PEST was a series of “trial and error” steps,
foreknowledge about the area was also used in making intuitive decisions during the exercise.
The result of the observed and calculated head (Figure 5-23) shows a good fit with an R square
value of 0.99.
Observed head vs calculated head
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Figure 5-19: Comparison of observed and calculated head used for model calibration
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The errors are randomly distributed but observation wells in lower elevation show better fit
than those in higher elevation. The lower elevation were actual measurements from previous
work (Tlhoriso Morienyane, 2016), spring sources on the slope of Mount Meru ( OBS 8 and 9)
were used as head observation for higher elevation area where actual groundwater measurement
does exist. The disparity in the heads at higher elevation is fairly minimum, this give some
degree of satisfaction especially when little is known about the hydrogeology of the high
altitude. The calculated head after the optimised aquifer parameters achieved by PEST were
used to run the model is shown in Figure 5-24. The parameters optimised are hydraulic
conductivity (k), head boundary conductance and river bed conductance.

Figure 5-20: Calculated heads distribution with optimised parameters
The calculated head distribution shows that Burka and Themi are influent rivers from point A
to B and D respectively. Groundwater discharges into Burka river at point C and flows out of
the aquifer boundary. The optimised aquifer parameters were used for the steady state
groundwater balance model for year 2015 and 2050. Table 5-6 contains the optimised parameter
values.
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Table 5-6: Optimised aquifer parameter values
Parameter
GHB conductance
(Inflow)
GHB conductance
(Outflow)
Hydraulic conductivity, k
(Upper field)
Hydraulic conductivity, k
(Lower field)
River conductance
(Burka upper reach)
River conductance
(Burka lower reach)
River conductance
(Themi Upper reach)
River conductance
(Themi lower reach)

Unit

Optimised
value

m2/day

0.0014

m2/day

26

m/day

1.13

m/day

5

m2/day

1.3

m2/day

0.9

m2/day

1.31

m2/day

0.91

5.9.3. Groundwater balance 2015 and 2050
With the steady state groundwater balance model, the water flow was simulated for years 2015
and 2050 with the assumption that the present climatic conditions remain the same. Recharge
and net groundwater abstraction from the aquifer were changed both periods while other
parameters remained the same. Spatially distributed recharge values for 2015 and projected
2050 land use conditions which have been estimated were used.
Data obtained from household field survey in Arusha was analysed to determine average daily
groundwater abstraction and wastewater return flow by household. Return flow was estimated
as daily household (HH) wastewater input into pit unlined and semi-lined pit latrines and septic
tanks. House size and area occupied per household were estimated for 2015 and 2050
separately, this was used to estimate the number of households within the boundary of the
aquifer domain. Hence, household groundwater abstraction and return were based only on the
household numbers within the aquifer boundary alone. Abstractions from borehole and springs
by AUWSSA were kept constant in both periods.
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Table 5-7: Net daily groundwater abstraction
Component (m3/day)
2015
2050
Total average daily HH water use

0.18

0.18

Daily average GW abstraction

0.14

0.14

Average daily HH use (AUWSSA)

0.004

0.004*

Daily average GW return

0.115

0.115

Household number

81009

122505

Net daily HH GW abstraction

2044

4703

Abstraction by AUWSSA

39900

39000

Net total abstraction from aquifer

41944

43704

*Based on assumption that AUWSSA will not keep track of increasing water demand and the
amount of average daily HH water supply from AUWSSA will remain unchanged
The net daily household (HH) groundwater (GW) abstractions in 2015 and 2050 (Table 5-6)
are evenly distributed over the urbanised cells. The detailed calculation steps for groundwater
abstraction and return flow are contained in Appendix C.
The result of the water balance for year 2015 and 2050 without climate change impact (Table
5-8) shows that inflow from the rivers contribute 69% and 75% of total water flux in to the
aquifer in 2015 and 2050 respectively. It is also has the highest percent of groundwater outflow,
with respective contribution of 62% and 60% of total outflow in 2015 and 2050. The river
recharges the aquifer and at the same time drains out almost equal amount of inflow it
contributed. This means that the river is not actually contributing to the total aquifer net
recharge. The increase in the percentage of river inflow in 2050 is due to head decrease as a
result of drawdown. When the groundwater head falls below the head in the river, recharge is
induced from the river and thereafter the river become the effluent downstream when
groundwater is higher than river head (Figure 5-25).
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Table 5-8: Groundwater inflow and outflow for 2015 and 2050
Components
2015
2050
Inflow (m3/day)

Amount

%

Amount

%

Difference

Recharge

108000

31%

82700

25%

-25300

River flow

240000

69%

253000

75%

13000

18

0%

18

0%

0

348018

100%

335718

100%

-12300

41900

12%

44600

13%

2700

River flow

215000

62%

201000

60%

-14000

Boundary

90900

26%

90150

27%

-750

347800

100%

335750

100%

-12050

Boundary
Total
Outflow (m3/day)
Net abstraction

Total

Groundwater recharge from rainfall is 31% of total inflow in 2015 and 25% in 2050. This is
actually the only real source the aquifer gets water unlike the rivers which only recycle water
from inflow to outflow. The estimated net groundwater recharge from rainfall with the aquifer
area of 367 km2 are 107 mm/year and 82 mm/year in 2015 and 2050 respectively. This result
compares to the findings of GITEC (2011) which estimated recharge value as 114 mm/year
over a smaller Arusha well field of 115 km2.
The drawdown which is measured as the head difference between 2015 and 2050 shows a
pattern which increases from north to south with more impact in the south-west (Figure 5-25).
The north-south elongation of the depression is due to the high difference in head gradient in
the slope of Meru. A drawdown of 12 m occur in the south-west part and in the south it ranges
between 1.9 m and 8 m. Drawdown effect is very minimum in upper northeast part of Meru,
values range are between zero and few metres.
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(A)

(B)

Figure 5-21: (A) Groundwater level in 2050, and (B) Drawdown between 2015 and 2050,
both in metres
5.9.4. Groundwater balance and climate change
The impact of urbanisation and climate change scenarios were quantitatively measured on the
groundwater resources. Two climate change scenarios were considered, 10% increase in
precipitation and 11% decrease in precipitation. Spatially distribution of daily recharge was
calculated for the two scenarios separately, net groundwater abstraction in 2050 for both cases
remain unchanged. The result of the water balance (Table 5-9) compare the water in and out of
the aquifer for the two scenarios and the differences from 2015 components.
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Table 5-9: Groundwater inflow and outflow for 2015 and 2050 climate change scenarios.
2015
2050 CC (A)
2050 CC (B)
Inflow (m3/day)

Amount

% Amount

%

Diff* Amount

108000

31%

75300

River flow

240000

69%

257000

77%

17000

268000

82%

28000

18

0%

18

0%

0

18

0%

0

Total

348018 100%

332318 100% -15700

60200

Diff*

Recharge
Boundary

23% -32700

%

18% -47800

328218 100% -19800

Outflow (m3/day)
Net abstraction

41900

12%

44600

River flow

215000

62%

198000

Boundary

90900

26%

89770

Total

347800 100%

13%

2700

44600

60% -17000

194000

27%

-1130

332370 100% -15430

89700

14%

2700

59% -21000
27%

-1200

328300 100% -19500

*Difference measured by subtracting the value of 2015 component
Climate change scenario with 10% increase in precipitation represented by 2050 CC (A) and
2050 CC (B) means 11% decrease in precipitation. In both cases, the river contributes highest
inflow to the aquifer, 77% and 82% for scenario A and B respectively. This reflect the same
observation made previously in the scenario without climate change. Inflow contribution from
recharge reduce by 23% with scenario A and 18% with scenario B. There is a decrease in
volume of river outflow in both scenario, less water will drain out of the aquifer as groundwater
head drops. This implies that more groundwater recharge by the river actually occur in both
climate change scenarios.
The draw down calculated between 2015 and both climate scenarios (Figure 5-26) has similar
north-south elongated pattern with that of 2050 without climate change effect. With 11%
decrease in precipitation in 2050, drawdown value is high as 40 m in the northwest part of the
area. In the southern part of the area, drawdown values are between 4 m to 24 but very small
value of 0.1 m magnitude are seen near and around the lower river reaches. This implies that
the rivers are feeding the aquifer in the areas close to it and thereby reducing drawdown.
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(A)

(B)

Figure 5-22: Groundwater head difference: (A) 2015 and 2050 climate change scenario of
10% increase in precipitation, and (B) 2015 and climate change scenario of 11% decrease in
precipitation
The maximum groundwater head difference between 2015 and 2050 is 18m when precipitation
in the later year was increased by 10%. There is a depression cone formed in the southwest part,
drawdown in the urbanised south part ranges between 2m and 12m. Drawdown increases further
away from the river, which is similar to climate change scenario with 11% decrease in
precipitation where drawdown magnitudes are very low around the river. This again establish
that river recharge in areas near the rivers reduce drawdown effect.
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5.9.5. Comparing urbanisation and climate change impacts
Urbanisation and climate change have been seen to have impacts on groundwater balance and
head difference. Urbanisation reduces recharge and increases groundwater abstraction while
climate change controls the primary source of water which is rainfall. Comparison of the
groundwater levels in 2050 with and without climate change were done to identify which
process has more impact on groundwater. Head difference between 2050 (without climate
change) and 2050 climate change scenarios are compare with head difference between 2015
and 2050. The result gives an estimation of how much additional drawdown is caused by
climate change.
From the groundwater head comparison result (Figure 5-27), the maximum drawdown between
2015 and 2050 with no climate change considered is 14 m. A maximum additional drawdown
of 5 m in the southwest part was seen when groundwater head of 2050 was subtracted from that
of 2050 with 10% increase in precipitation. Drawdown was increased by 27 m in the northwest
and between 3 m to 12 m in the urban dominated south with 11% decrease in precipitation. This
is more the than the maximum drawdown recorded between 2015 and 2050 when there was no
climate change. This implies that if future precipitation event follows the observed trend and it
reduces by 11% by 2050, climate change will have more impact on groundwater resource. But
if 10% increase in future precipitation occurs, urbanisation process will have more impact on
groundwater in Arusha.
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2050 – 2050 CC (B)
2050 – 2050 CC (A)
2015 - 2050
Figure 5-23: Comparison of groundwater head difference
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CHAPTER 6

Conclusion and recommendation
Urbanisation is occurring at a high rate in Arusha, which is mainly driven by its touristic and
economic potentials. In 1995, the urban footprint of Arusha covered an area of 37.2 km2. Over
a period of 20 year, the footprint grew tremendously; increasing 287% in size to a footprint
covering 144.2 km2. The majority of this growth was characterised by outwards extension,
creating an extensive contiguous urbanised area. When extrapolating these spatial trends into
the future, the urban footprint continues to grow to an estimated 403.6 km2 in 2050, a further
increase of 179% of the 2015 urban footprint. This observed and projected urban growth is
combined with a declining population density. Population densities are 5569 per/km2, 3473
per/km2 and 2910 per/km2 for 1995, 2015 and 2050 respectively The observed present and
predicted spatial urban development and declining urban population density provide evidence
that Arusha is a “sprawling” city.
This tremendous urban growth has significant impacts on the water cycle and resources in the
area. First of all there is a significant increase in surface runoff and subsequent decrease of
recharge of the Arusha aquifer. The increase contiguous less pervious urban area reduces
rainfall infiltration into the sub-surface. Groundwater recharge to the Arusha aquifer occurs as
contribution of direct rainfall infiltration. As a consequence of the projected urban growth and
associated population growth, the amount of groundwater recharge from rainfall decreases from
107 mm/year to 82 mm/year between 2015 and 2050, a decrease of 23%. As a consequence, in
2050 the groundwater levels are estimated to drop between 2 m in the south to 12 m in the
south-west part of the aquifer area.
The effects from urbanisation might be further exacerbated by those of future climate change.
The unconfined aquifer shows a different response with climate change effect added to
urbanisation. Two climate change scenarios were considered in this study: (A) 10% increase in
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precipitation by 2050 and (B) 11% decrease in precipitation by 2050, both including a rise in
temperature. Groundwater recharge from rainfall infiltration is 74 mm/year and 59 mm/year for
scenario A and B respectively. This results in an additional decrease of groundwater level by a
maximum value of 17 m and 40 m respectively.
Although the effects of urban growth on the ground water table are significant, this study reveals
that the expected climate change of especially scenario B, might have more impact. When
compared with the 2050 scenario without climate change included, groundwater levels were
further decreased between 3 m to 21 m in the urban areas and a maximum of 27 m in the northwest part.
There are environmental, social and economic impacts associated to the outcomes of this study.
Already a few metres decrease in groundwater head will results in the drying of shallow wells
and disappearance of springs which are main water source for many households in the urban
area. Attempts by well owners to increase well depth will amount to incurring additional
economic cost. If climate change scenario B occurs in the future, damages will occur and impact
will be more felt among the urban poor will solely rely on groundwater at shallow depth. Also
a decrease in groundwater levels of more than 10 m could result in the gradual process of aquifer
mining since there is no other water source. Other associated impacts include loss of natural
wetlands, emergence of water scarce diseases, decrease agricultural production and reduced
river flow to downstream.
The urban planners, hydrologist, policies makers and other stakeholders need to start “looking
into the future with an eye on the past” as done in this study to provide a “Top-down”
development plans and control measures to attenuate future quantitative depreciation of
groundwater resource. Monitoring of rainfall is very essential in the area. If future climate
moves towards scenario A, the future effects of urban growth might be reduced by additional
recharge due to increase rainfall. But if scenario B occurs, the loss of water resources will be
very rapid and might have large consequences on the economic development of the region. It
is important to have an alternative development strategy in place in case this occurs since it
might be too late to respond once the process starts to manifest. Urban planners should consider
including green areas in future expansion plan especially in the presently less urbanised
southwest part of the city where quantifiable amount of recharge still occurs. Urban projection
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show extension of urban area northwards along the slope of Mount Meru, although not so much
but controlling urban expansion to those areas which receives more rainfall will increase
groundwater recharge.
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Appendices

(A)

(B)

Figure 7-1:Satellite images with NIR band composition (A) Landsat 5TM and (B) Sentinel-2
used for land cover classification with white patches of cloud cover over Mount Meru
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Figure 7-2: The composition of different urban classes in the study area 2015 (left) and 2050
(right)

Figure 7-3: Urban area composition 2015 (left) and 2020 (right)
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Composition of urban footprint 2015

Distribution of urban footprint 2020

Urban built-up

Urban built-up

33%

40%

Suburban built-up

32%

39%

Urbanized open land

Urbanized open land

16%

Captured open land

9%
2%

Rural open land

Suburban built-up

4%

9%

16%

Captured open land
Rural open land

Figure 7-4: Composition of urban classes calculated in percentage of total urban footprint

Figure 7-5: Spatial composition of urban footprint in 2015 (left) and 2020 (right)
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(A)

(B)
New developed land areas
5%
26%

Infill
Extension
69%

Leapfrog

Figure 7-6: New urban development from 2015 to 2020 (5 years): (A) spatial distribution of
new development, (B) land area represented by classes of new development in percentage

Figure 5-7: Spatial composition of urban classes within urban footprint 2025 (left) and 2030
(right)
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Distribution of urban footprint 2025

Composition of urban footprint 2030
Urban built-up

Urban built-up
Suburban built-up

28%
45%

Urbanized open land
Captured open land

3%

24%

10%
14%

Rural open land

Suburban built-up
50%

3%

Urbanized open land
Captured open land

11%

Rural open land

12%

Figure 7-8: Composition of urban classes calculated in percentage of total urban footprint
(2025 and 2030)
(A)
(B)
New developed land areas

17%

31%

Infill
Extension
Leapfrog

52%

Figure 7-9: New urban development from 2025 to 2030 (5 years): (A) spatial distribution of
new development, (B) land area represented by classes of new development in percentage
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Figure 7-10: Spatial composition of urban classes within urban footprint 2035 (left) and 2040
(right)
Distribution of urban footprint 2035

Urbanized open land
Captured open land

12%

Suburban built-up

Suburban built-up
51%

11%

Urban built-up

23%

Urban built-up

24%
2%

Composition of urban footprint 2040

2%

Urbanized open land
12%

Rural open land

10%

53%

Captured open land
Rural open land

Figure 7-11: Composition of urban classes calculated in percentage of total urban footprint
(2035 and 2040)

(A)
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New developed land areas

27%

28%

Infill
Extension
Leapfrog

45%

Figure 7-12: New urban development from 2035 to 2040 (5 years): (A) spatial distribution of
new development, (B) land area represented by classes of new development in percentage

Figure 7-13: Spatial composition of urban classes within urban footprint 2045 (left) and 2050
(right)
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Distribution of urban footprint 2045

Composition of urban footprint 2050
Urban built-up

Urban built-up

23%

25%

Suburban built-up

Suburban built-up
2%

54%

11%

Urbanized open land
Captured open land

10%

Rural open land

Urbanized open land
3%

51%

11%

Captured open land
Rural open land

10%

Figure 7-14: Composition of urban classes calculated in percentage of total urban footprint
(2035 and 2040)
(A)
(B)
New developed land areas

27%

28%

Infill
Extension

45%

Leapfrog

Figure 7-15: New urban development from 2045 to 2050 (5 years): (A) spatial distribution of
new development, (B) land area represented by classes of new development in percentage
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Classification

Water
Broad-leaved
Coniferous
Irri. Suppl. land
Shrubland
Urban fabric
Mixed forest
Sparsely veg.
Land
Total

Table 7-1: 2015 Land cover classification error matrix
Ground truth
Water Broad- Coniferous Irri. Suppl. Shrubland
Urban
leaved
land
fabric
4
0
0
0
0
0
0
0

0
8
1
2
0
0
0
0

0
0
8
0
0
0
0
0

0
0
0
111
0
0
1
1

0
0
0
0
101
0
0
0

0
0
0
0
0
1747
0
0

Mixed Sparsely
forest veg.
Land
0
0
0
0
0
0
0
11
0
27
0
31
20
4
1
3105

4

11

8

113

101

1747

23

Category

Table 7-2: Estimation of urban footprint 2015 -2020
2015
2020
Difference
2
2
km
%
km
%
km2
%

Urban built-up
Suburban built-up
Urbanized open land
Captured open land
Rural open land
Total

Category

48.03
23.66
12.42
2.81
57.23
144.18

70.07
28.02
15.15
7.89
57.88
179.03

0.39
0.15
0.08
0.04
0.32
1.00

22.03
4.36
2.72
5.07
0.65
34.85

45.86
18.43
21.96
180.29
1.14
24.17

Table 7-3: Estimation of urban footprint 2025 -2030
2025
2030
Difference
km2
%
km2
%
km2
%

Urban built-up
Suburban built-up
Urbanized open land
Captured open land
Rural open land
Total

Appendices

0.33
0.16
0.086
0.01
0.39
1.00

94.97
29.31
20.91
7.03
59.09
211.31

0.33
0.16
0.09
0.02
0.40
1.00

119.88
30.10
26.37
7.23
58.47
242.06

0.50
0.12
0.11
0.03
0.24
1.00

24.91
0.79
5.46
0.21
-0.61
30.75

26.23
2.70
26.11
2.96
-1.04
14.55

3178

Annual change
%
1.91
0.85
1.00
5.29
0.06
1.09

Annual change
%
1.17
0.13
1.17
0.15
-0.05
0.68
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Total

5185

4
8
9
124
128
1778
27
3107

Category
Urban built-up
Suburban built-up
Urbanized open land
Captured open land
Rural open land
Total

Table 7-4: Estimation of urban footprint 2035 - 2040
2035
2040
Difference
2
2
km
%
km
%
km2
%
142.85
32.82
30.64
6.72
66.64
279.65

0.33
0.16
0.09
0.02
0.40
1.00

168.57
32.16
37.17
7.17
72.88
317.95

0.53
0.10
0.12
0.02
0.23
1.00

25.73
-0.66
6.54
0.45
6.24
38.30

18.01
-2.00
21.34
6.74
9.37
13.70

Annual change
%
0.83
-0.10
0.97
0.33
0.45
0.64

Table 7-5: Estimation of urban footprint 2045 - 2050

Category
Urban built-up
Suburban built-up
Urbanized open land
Captured open land
Rural open land
Total
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2045
km2
%
189.54
36.53
39.45
8.46
80.64
354.61

0.33
0.16
0.09
0.02
0.40
1.00

2050
km2
%
207.69
41.61
42.28
10.57
101.49
403.64

0.51
0.10
0.10
0.03
0.25
1.00

Difference
km2
%
18.15
5.09
2.83
2.11
20.86
49.03

9.58
13.92
7.16
24.98
25.87
13.83

Annual change
%
0.46
0.65
0.35
1.12
1.16
0.65
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Calculation of average daily household net groundwater abstraction
Total daily average household (HH) water use = 180 litres = 0.18 m3
Daily average HH groundwater abstraction = 140 litres (77.7% of total daily average
water use)
Daily average wastewater return flow = 115 litres (82% of daily average HH
groundwater abstraction goes back to the aquifer)
Net daily HH groundwater abstraction is therefore 18% of daily of daily average HH
groundwater abstraction.
Net daily HH groundwater abstraction = 0.18 * 140 litres = 25.2 litres = 0.0252 m3/day



Calculation of household size and area within aquifer boundary
Average HH size (person) = 4.8
Population of Arusha in 2015 = 496398
Average number of households in 2015 = 496398 / 4.8 = 103416.25
Area per household in 2015 = Urban fabric area 2015 / Average HH number
= 71.55 * 106 m2 / 103416.25 = 691 m2
Urbanised area within the aquifer boundary in 2015 = 56.04 km2
Number of households within the aquifer boundary 2015 = 56.04 * 106 / 691 m2 = 81099
Therefore Net daily HH groundwater abstraction in 2015 = 81099 * 0.0252 = 2044
m3/day
Total daily HH water use in 2015 = 0.18 * 81099 = 14597.82 m3, only 22.3% comes
from AUWSSA
Therefore water supply by AUWSSA to HH within the aquifer boundary = 0.223 *
14597.82 = 3284 m3/day

Population of Arusha in 2050 = 1174450
Average number of households in 2050 = 1174450 / 4.8 = 244677
Area per household in 2050 = Urban fabric area 2050 / Average HH number
= 254.3 * 106 m2 / 244677 = 1039 m2
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Urbanised area within the aquifer boundary in 2050 = 127.28 km2
Number of households within the aquifer boundary 2050 = 127.28 * 106 / 1039 m2 =
122505
Therefore Net daily HH groundwater abstraction in 2015 = 122502 * 0.0252 = 3087
m3/day
Total HH daily water use in 2050 = 122502 * 0.18 = 22050 m3/day
HH daily groundwater abstraction in 2050 = 122502 * 0.14 = 17150 m3/day
Supply deficit in 2050 = 22050 – 17150 (m3/day) = 4900 m3/day
 Assume AUWSSA of 3284 m3/day remain unchanged,
Net deficit in 2050 = 4900 – 3284 (m3/day) = 1616 m3/day
Assume this will be supplied by groundwater,
Net groundwater abstraction in 2050 = 3087 + 1616 = 4703 m3/day
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