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Chapter One

2
Introduction
The upsurge in urbanization all over the world and the effect of stormwater on the wellbeing of society
and ecosystems renders stormwater management in an urban setting as one of the most challenging
problems that need to be addressed in the 21st century (Fletcher et al., 2013). Over the past few decades,
stormwater management saw a paradigm shift from just having the objective of reducing the impact of
stormwater in terms of volume and peak discharge to a design and modeling philosophy that is comprised
of multiple objectives (Chocat et al, 2001). These include but are not limited to optimal operation of
existing infrastructure, the development and adoption of advanced pollution and runoff source controls
techniques and integrated and adaptive water management mechanisms.
The science and engineering behind urban stormwater management (also known as urban drainage) dates
back as far as 3000 BC (Burian et al., 2002). Up until recently, the objective of stormwater management
was solely to remove water from areas with an urban setting as a waste requiring disposal with the help
of canals and other drainage infrastructures to downstream areas.
However, in recent few decades this old approach of categorizing stormwater as a waste has shifted to a
new school of thought wherein stormwater is considered as a valuable natural resources. The benefits it
brings are increased water supply, improved biodiversity and a substantial contribution to the
enhancement of microclimate (Ashley et al., 2013).
Hence, this brought about the evolution of new techniques which treat stormwater as a resources rather
than a waste. The terminologies that came into picture were low impact development (Department of
Environmental Resources, 1999) in the US, sustainable urban drainage systems (SUDS)(Andoh et al.,
2002) in the UK, water sensitive designs (Whelans et al., 1994), best management practices (BMPs)
(Schueler, 1987), and Green Infrastructures (Walmsley, 1995).
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The historical trend of stormwater management in urban Africa is no different from the rest of the world.
Most cities in the continent rely on traditional channels and piped systems to hydraulically move the
stormwater from upstream urban locations to downstream areas/water bodies. And this has been the
source of critical humanitarian problems in terms of causing hygiene problems, flood and pollution
issues (Chocat et al, 2001). As a result, leaping to a new paradigm of managing stormwater becomes a
timely need to address the issues associated with the current techniques of stormwater management in
the African continent.
Nevertheless,

existing

in-depth

research

on

stormwater

management

using

low

impact

development/green infrastructure on the context of urban Africa is very limited as of the writing of this
paper (Du Toit, et al. 2018). There are only few research studies that mainly aim on the economic and
sociological implications of implementing GI to manage stormwater (Du Toit, et al. 2018).
This thesis will add an in-depth research to the gap that is existing in the literature:
Can green infrastructure be feasible for stormwater management in sub-Saharan Africa? Is green
infrastructure more economical to use than conventional infrastructures in the context of stormwater
management in sub-Saharan Africa? This thesis will address the questions above by venturing into a
vast literature and consequently by accomplishing modelling efforts using EPASWMM. Also,
throughout the document the terms Low Impact Development (LID) and Green Infrastructure (GI) will
be used interchangeably.
The thesis document is structured as follows: the next chapter (chapter 2) will be devoted to numerical
simulation of stormwater using Green infrastructure (or Low Impact Development as it is called in the
EPASWMM model) for the study site, Lubigi, in Kampala. The third chapter will solely be covering and
discussing literature over view of the state of Green Infrastructure for stormwater management for the
study area in Kampala in particular and sub-Saharan Africa in general; the format for this chapter is
prepared in Wires Water Journal article format as it will be submitted to the journal subsequently. The
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thesis document will wrap up with the final chapter (chapter 4), with a conclusion on the findings of the
simulation in comparison to the existing literature on the subject of stormwater management with green
infrastructure and recommendations for future research.
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Abstract
Urban development causes decrease in perviousness, hence, changes in the hydrology of the
watershed and thereby increase in stormwater runoff volumes, which most of the time leads to
flooding and ecosystem degradation. This is a common phenomenon in most urban Africa,
because most of the cities lack well established networks for stormwater drainage systems. The
effort discussed here is to make a feasibility study of a stormwater management practice in Lubigi
catchment, an area highly affected by flood every year in North West Kampala, Uganda. The
feasibility study is going to use Green Infrastructures (GIs). The GIs will be placed in a
decentralized fashion in the sub-catchments of Lubigi watershed to reduce the effect of
stormwater (flooding) to downstream dwellers and streams from being inundated and polluted.
The modeling approach is accomplished using SWMM model.

Keywords
Urbanization; Land Development, Stormwater; Green Infrastructure/Low Impact Development;
Urban Stormwater Modelling; EPASWMM, NW Kampala, Uganda; Lubigi Catchment
_________________________________________________________________________________________
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1. Introduction
1.1. Urbanization and Stormwater
Urbanization considerably changes hydrological patterns and flow regimes in a watershed. The
effects of urbanization every so often is comprised of increased peak flows, reduced times of
concentration and flashier flows in the urban environment. Faster rates of runoff in urban settings
are the main causes of flooding and ecological deprivation (McGrane, 2016). Speedy
urbanization and climate change are anticipated to worsen the risk of flooding and hence cause
drainage failures in urban systems.
Recently many municipalities around the world are utilizing green infrastructure to meet the
objectives of stormwater management. GI is an emerging technique to stormwater management
used primarily to reduce impact of urbanization and climate change primarily in urban
watersheds.
The idea behind Green Infrastructures is to attempt to mimic the hydrology of the predevelopment watershed regime. Green Infrastructures uses distributed natural hydrologic
features, to keep the water, and in turn the water is lost through infiltration and evapotranspiration
This has profound effect on reducing flood and revamping the ecology (Damodaram et al., 2010;
Stovin et al., 2013; Visitacion et al., 2009).
The placement of green infrastructures need to be done in such a way that the different types of
GIS are placed optimally and at a minimum cost (Liu et al., 2016). To address this question,
stormwater engineers need to have appropriate simulation and optimization tools at their
disposal.
There are a number of computer models that can be utilized for simulation; however, the most
commonly used urban modeling tool for design and research purposes is the Environmental
Protection Agency’s Stormwater management model, SWMM (Rossman, 2015).
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The EPASWMM model is a model used primarily for urban stormwater management and to a
lesser extent in rural settings (Rossman et al, 2016). Hence, one reason it was chosen for this
thesis is because the study site is comprised of peri-urban and urban areas. Second, as the main
theme of thesis questions was to check the feasibility of green infrastructure, EPASWMM happen
to have a well-established LID (green infrastructure) component to meet this demand (Rossman
et al , 2016). Third, the model is both hydraulic and hydrologic and is used for single event and
continuous simulation which sufficiently is convenient to model address the research questions
of this thesis.

1.2. Research Question
The Lubigi catchment prior to being heavily developed with residential, commercial, and
industrial projects was an ecosystem conservation site in the middle of a peri-urban environment
in Kampala. (NEMA, 2009). The Kampala Capital City Administration (KCCA) has put efforts
to mitigate the effects of stormwater floods to downstream by improving the primary drainage
channels in Lubigi (KCC, 2002a). Investigation by the KCC has revealed that the flash floods in
the lowlands of the catchment didn’t happen because the primary channels were not capable to
hydraulically transport the stormwater to the outlet. The main reason behind the flooding scenario
was upstream in which the secondary and tertiary channels were not adequate to carry stormwater
to the primary channels without being overtopped. Besides, there is the challenge of how to
involve the main victims of this flood to help mitigate adverse consequences. The prior effort
from the Kampala drainage master plan did not incorporate the feedbacks from the community
on how to tackle the problems of the flooding in the area.
This instigates a call for utilizing a holistic approach by associating socio-economic expansion
that safeguard the natural ecosystems and suitable management relations between land and water
uses. Lately there has been a change of flood management from the fragmented approach to the
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consideration of the river basin as a unit rather, hence the concept of integrated flood management
comes into picture (WMO and APFM, 2009).
The research question is then: Is Green Infrastructure feasible, based on previous studies of
expected impact of rain garden’s capability to reduce peak discharge (50% to over 90%)
(Jennings, A. et al, 2015; Stander, E., 2012)) and in mitigating flood effects with potentially
reducing the cost of stormwater management?

2. Methods
2.1. Study Area
The study was conducted in Lubigi catchment (Fig. 2-1), which is a peri-urban watershed in north
western region of the capital city of Uganda, Kampala. The watershed has a total area of around
28 sq. km and is urbanized with around 30% of the area. The study site has Lubigi wetland, one
of the largest wetlands in Kampala. Basically, the major part of the watershed is located in the
Kawempe division of Kampala. The watershed could be accessed through all directions by
leveraging three major roads: Northern Bypass road, Bombo road and Gayaza road.
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Fig 2-1. Lubigi Catchment, (Habonimana, 2014)

2.2. Watershed Delineation
The watershed was delineated using Arc-Hydro on Arc-GIS and GeoSWMM based on a 5m
Digital Elevation Model (DEM) resolution. The watershed hence was discretized into five subcatchments as shown in Fig. 2-2.
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Fig 2-2. Lubigi Delineated Watershed

2.3. Input Data
The input information is precipitation data, land use data, topographic data and soil data.
Precipitation data were gathered from ground-based weather stations in Makerere University,
from April to August 2012 (Fig. 2-5). Satellite measured daily precipitation data (1994-2016)
were gathered from the NOAA’s National Climatic Data Center (Fig. 2-6).
The Digital Elevation Models (DEM), (Fig. 2-3) for the larger part of Kampala and soil data for
the watershed were obtained from a research crew at the University of Twente, The Netherlands.
Besides, building footprints, road and highway footprints and other important data in the form
raster file format for the site were also obtained from the University of Twente research team.
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Fig 2-3. Digital Elevation Model (DEM), elevation in meters
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Fig 2-4. Daily precipitation (April 2012 –August 2012) and daily Historical rainfall data sets (1994 – 2016)

The measured precipitation from the ground (red line, Fig. 2-4) stations suggests a 90 %
probability of an event being less than 10 mm, while the historical rainfall data puts the 90 %
event at over 25 mm. The 90% event for the historical rainfall data has rainfall event greater by
a factor of 2.5 than the event rainfall data. For this project, the event data is used for simulation.
The continuous data would have helped to estimate parameters accurately and consider
antecedent moisture conditions to offset assumptions that are made with event based simulation;
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however, it was not employed due to the lack of availability of high spatial and temporal
resolution hydro-climatological and geographical input data for calibration and validation. Also,
the cumulated probability plots show a substantial difference in probability of large events. The
events from 60 to 90% are twice as big in the full record compared to the short record.
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Fig 2-5. Daily Precipitation in mm (May 2012 – August 2012)
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Fig 2-6. Daily Precipitation in mm (March 1994 to March 2016)

2.4. Data processing
The SWMM model requires converting ArcGIS raster data for input as to facilitate the placement
of drainage system features for simulation purposes. The width of the sub-catchments in the
EPASWMM created was calculated manually by approximating the sub-catchments into a
polygon.

2.4.1. DEM Analysis
High resolution Geo-Eye Satellite images of 0.5 m resolution had been processed to drive the
land cover layer. The first procedure carried out was to identify whether the land is covered with
live vegetation or not. Incorporating ArcGIS, overlay analysis tool specifically we were able to
arrive at the land cover which is neither with a vegetation cover nor the man-made footprints
(buildings, roads, highways etc.). Hence this land is a bare land, which could potentially be used
for the placement of GI.
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To arrive at the target site, the analysis of the bulk DEM was carried out using Arc-Hydro tool is
a tool added to ArcGIS software. The procedure that was followed was the conventional
watershed simulation process that includes filling of the sinks of the supplied DEM raster data.
Followed by followed direction determination, flow accumulation and

stream definition and

finally creating the sub-catchments and finally shape-files that could be utilized by EPASWMM

2.4.2. Soil classification
In this study we were not able to collect soil samples because of travel challenges. This study
relied on data sets from previous studies and online global databases. The data were from a study
in Makerere University, Kampala and University of Twente in the Netherlands.
The soil parameters that were taking consideration to understand the soil properties were
saturated hydraulic conductivity, soil moisture conditions and soil porosity. The saturated
hydraulic conductivity for the pervious parts of the watershed was lumped at 10mm/hr.

2.4.3. Existing Drainage Infrastructure

To assess the capacity of the existing stormwater facilities and drainage structures, the capacity
from a previous research study by University of Twente researchers in the Netherlands was used
as a starting point. The catchment is comprised of traditional drainage channels of a total length
of 84 km (Mhonda, 2013). But still these channels were not adequately draining the catchment.
2.4.4. Measured Stormwater Information
Observed stormwater discharge and duration measurement are required for calibrating and
validating the simulation model. The study site was ungauged for discharge measurements hence
no actual information to calibrate and validate the simulation. Instead previous work on the site
relied on citizen science as a means of collecting important information like stormwater depth
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and duration along transects that allegedly had been inundated in the past. The researchers (Green
& Ampt, 1911) collected the information pertinent to the stormwater history in the area by
interviewing local community who were willing to cooperate and who lived in the wetland area
for more than a year based on the assumption it would be a little more reliable. The idea is to
compare the simulations results to the answers from the locals. It could not be denied that the
answers would have a large margin for uncertainty.
2.5. EPASWMM Model
SWMM is a physically based, distributed, unsteady, both event and continuous, stormwater,
rainfall-runoff, quantity and quality modeling tool. Here we discuss how the SWMM model is
setup by bringing all the necessary data sets together.
The shape files are imported from ArcGIS to EPASWMM model and by utilizing the Auto-length
in the SWMM model it can calculate the sub-catchment areas and lengths (see Fig. 2-7). The
width of each sub-catchment is calculated by approximating into a square dimension for each
sub-catchment since each sub-catchment is of almost similar dimension in box axes. The slope
of each sub-catchment is obtained by calculating the difference of contour line to estimate the
elevation difference and divide the value by the overland length to land on the respective slopes
of each sub-catchment.
One of the most challenging tasks of setting a model is the process of putting the natural and
man-made physical features of the landscape and watershed into the model appropriately.
For instance, in urban watersheds, there are elements that convey runoff through channels to
outlets. It is important to note that the discretization of the watershed into individual subcatchments depends not only on the spatial variability of the land features but also on the location
of the channelized elements. This was accomplished by following the SWMM manuals for
identifying how the model labels the different features in the physical world into the model. The
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next step is removing the water from the watershed to the outlet of the system, discussed in the
next topic.

Fig 2-7. SWMM Model Representation

2.5.1. Routing Model
It is of importance to analyze the routing characteristics to predict the hydrograph shape along
the paths of the flow of the streams to the outfall and hence foresee the potential of downstream
flooding. The routing model comes in handy when there are multiple sub-catchments and/or
multiple rainfall events in the sub-catchments.
First, the kinematic wave routing approach was selected to rout the runoff from the watershed to
the outfall. This overland flow model approximates dynamic model. It is represented by the
continuity equation and a uniform-flow equation like Chezy’s and Manning’s equation. The flow
nature governed by this equation is uniform and steady. This approach created a runoff routing
error at the end of the simulation. This is due to the backwater effects from the channels in the
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sub-catchments. Therefore, we used the Dynamic wave routing approach to simulate the model
for both cases before and after development scenarios.
The dynamic approach helped alleviate the issue that was caused using the kinematic wave
routing option and all the instability that were caused in the nodes (flooding) connecting the
channels in the catchment were resolved.
2.5.2. Estimating possible number of GIs from maximum Rainfall Scenario
Before proceeding with the modeling and simulation scenarios, we followed an approach of
spreadsheet to estimate the expected number of Green Infrastructure units (Table 2-1), rain
garden in this case. The number estimated here is based on the maximum (peak) precipitation
measurement in the event-based rainfall data. After installing LIDs into the sub-catchments, the
percent impervious have be recalculated according to this mathematical relationship:

Percent Impervious = 100 x (Impervious Area)/ (Non-LID Area) ……Eq. 2.1

Table 2-1. Calculating width of catchment and determining percent of GI

Volume of
Area of
Water (Cu.
Area
Subeach subPercent
m) for a
Impervious
catchment catchment Impervious
0.08 m
(ha)
(ha)
precipitation
in a day
1
869
24
209
170000
2
310
34
105
84000
3
406
35
142
110000
4
390
34
133
110000
5
848
26
220
180000
table continued

Area
Rain
G
(sq.
m)

Storage
Volume
of rain
garden
(cu. m)

Number of
Rain
Garden
Facilities

25
25
25
25
25

5
5
5
5
5

34000
16800
23000
22000
36000
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Number of
Rain Garden
Facilities
(Rounded)
34000
17000
23000
22000
36000

Modified
Area (sq. m)

% LID
Used out
of total

Recalculating
percent
impervious
with LIDs

850
425
575
550
900

10
14
14
14
11

28
39
40
39
31

Width of
Subcatchments
(m)
2948
1761
2015
1975
2912

2.5.3. Direct Calculations of Expected Result
The modeling effort here cannot be validated and calibrated against observed/measured data from
the field because the streams are ungauged. Instead, a direct calculation of expected result is done
to verify that the modeling results conform to expected behaviors for this size of watershed with
these added engineering interventions. Below are some of the calculations attempted:
Here we compute the expected runoff from the study area through the outfall of the system based
on the assumption of unit infiltration rate and the flow of stormwater from impervious to
pervious. This will help in estimating how the model results are going to be. Since this study
lacks measured discharge values, this check will also act like validation mechanism for the
SWMM model.
Before proceeding into the calculations, it important to estimate the average GI coverage of the
catchment. This is accomplished by taking the weighted mean of the GI percentage coverage this
gives roughly 12%.
Calculations of Expected Runoff
Here we are going to compute the expected runoff from the model with an assumed GI coverage
of 12% and depth of rain garden of 200 mm and maximum rainfall approximately 80mm. We
recall the total area of the catchment is 2800ha, and the infiltration and berm height parameters
are not considered here making it a worst-case scenario. To accomplish this, we need to calculate
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all the contributions to the green infrastructure, which consist of two contributors: 1. Rain falling
directly on the GI, 2. Runoff routed from the impervious part of the catchment to the GI.
Addressing the first term, the volume of direct rainfall onto the GI is:

Volume of rainfall on GI = 0.08 * 0.12 * 2800 ha * 10, 000 (sq. m/ha)
= 268, 800 cu. m

Now moving to the second term, we can compute the total volume of rainfall on the impervious
part of the catchment as

V rainfall on Impervious = 0.08 m * 0.30 * 2800 ha * 10,000 (sq. m/ha)
= 672,000 cu. m
We have assumed that 25% of this water is detained on the impervious area, while the remaining
75% from the impervious area is routed to the GI:

Volume of Impervious routed to GI = 0.75 * 672, 000 cu. m = 504, 000 cu. m

The total GI water input is the sum of these terms:
The Total Volume of rainfall on GI = Volume from impervious + Volume of rainfall on GI
= 504, 000 cu. m + 268, 800 cu. m
= 772, 800 cu. m.
To find the volume of rainfall that is not treated by GI after being routed to the GI facility we
need to calculate the detention capacity of the GI facility:
Volume of GI capacity = 0.12*2800 ha * 10,000 (sq. m/ha) * 0.2 m
= 672, 000 cu. m
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To find the water that is not contained by the facility, we subtract the volume of the facility form
the volume of water that is routed to the facility, hence:
Volume of rainfall (routed from impervious but not treated by GI) =
= Total Volume of rainfall on GI - Volume of GI capacity
= 772, 800 – 672, 000
= 100,800 cu. m

Calculations of expected GI coverage for a given permeability

Fig 2-8. Ideal sub-catchment Partitioning

Here we compute, the expected Green Infrastructure coverage and for a given permeability
(infiltration). The depth of GI is at 200mm, the maximum rainfall is at 80mm and the permeability
of the GI is assumed at 30 mm/hr (720 mm/day) lumped for the whole GI part of the catchment.
Here below we calculate the expected green Infrastructure coverage with the given above
parameters, but before proceeding to the calculations lets label as shown in Fig. 2-8, to visualize
the processes. The areas for the impervious, pervious and LID (GI) are represented with ‘I’, ‘P’
and ‘L’ respectively.
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‘R’ is for rainfall depth per day.
‘A’ is the total area of the sub-catchments and ‘l’ is the percentage coverage for the GI.
The average impervious coverage of the sub-catchments is at 30%.
The runoff amount routed from the impervious surface to the GI section is set here at 75%.
Hence, volume of water on LID per day from the impervious area is
0.75 * R*I
The total volume of water on the LID per day (V_LID)
0.75 * 0.08 * I + 0.08 * L = V_LID/day……Eq (a)
Dividing Eq (a) by L we get
0.75 * 0.08 * I/L + 0.08 = V_LID/(L*day)
Here we replace I = 30%*A, and L = l*A
Assuming the incoming water to the LID is leaving at the rate of the permeability of the GI
steadily (LID Permeability rate = 30 mm/ hr = 720 mm /day) and solving for l:
0.75 * 0.08 * (0.3 * A)/(l*A) = 0.72 m / day
l = 2.5 %

Hence, the calculation is showing that around 2.5% is the amount of LID coverage needed that
can handle a maximum precipitation of 78.5mm (approximated as ~ 80mm above) during the
100 days-rainfall seasons with the permeability of the GI being 30mm/hr.
The type of LID/GI selected here is a rain garden. This was selected because rain garden was
found to be a more economical and effective hydrologically in many studies (Maya P. et al,
2010). The rain garden dimensions are selected to be (5m * 5m) and the cross section looks like
as shown below in Fig. 2-9. The size of the rain garden was estimated from based on research
work findings (Franti T. et al, 2007; Jennings A. eta al, 2015) and engineering judgement.
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Not To Scale

Fig 2-9. Rain Garden Cross Section

From the modelling approach the amount of LID/GI coverage needed was roughly around 12%.
Therefore, calculating backward starting from the percentage of GI used, the calculations give us
a permeability rate of around 10mm/hr (see the calculations below). The 30 mm/hr values of
permeability that is going to be used for the rain garden is more conservative than the estimation
shown in the calculations below.
However, around 12% of GI was used to attenuate the discharge at the outlet. From this GI
coverage, the threshold permeability of the study area would be:
The volume of water on LID per day from the impervious section is:
0.75 * R*I
The volume of water raining directly on the LID is:
R*L
The total volume of water coming into the LID, V_LID/day is:
0.75 * R*I + R*L
0.75 * 0.08 * I + 0.08 * L
Dividing the above equation by L.
0.75 * 0.08 * I/L + 0.08
The threshold permeability (P-thr) of the LID in m/day is then:
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P-thr = 0.75 * 0.08 * 0.3/0.12 + 0.08
P-thr = 0.23 m / day = 230 mm/day = 9.6 mm /hr.
Hence, for a 12 % of GI coverage in the pervious part of the sub-catchments the threshold
permeability would have been 9.6 mm /hr.

2.5.4. Simulation setting

After gathering the necessary data sets for the topography, land cover and land use, and weather
data, it was necessary the model be set up in a way that will realistically represent all the physical
features, attributes and parameters as correct as possible.
The SWMM model was run for both the precipitation input data for the months April to August
in 2012 and for the entire precipitation data for the years 1993 – 2016. The Ksat, hydraulic
conductivity, of the LIDs (GIs) was lumped at 30 mm/hr. This data was gathered from previous
field studies on the site (Mhonda, 2013).
Continuous data sets are more robust in terms of their usage in SWMM model, especially when
it comes to Green Infrastructure simulation. This is because single-event hydrologic modeling
could not capture what happens between storm events (dry-period) (Mhonda, 2013). The timestep used for the event-based simulation is 5 seconds. The time step used for the historical data
is 60 seconds, this was chosen because of the large number of data sets. However, it turned out
that the time step used for the historical data was not useful to capture important milestones of
the events that existed in this continuous precipitation data.
The modelling approach for this project lacks enough information to confidently input many of
the building block parameters of the SWMM model. Hence, many of the parameters were
carefully selected from previous studies that were made on this site, also literature was used to
infer parameter values. Apart from these two approaches mentioned to input parameter values,
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we also relied on engineering expertise to make assumptions for some key parameters for the
model.
For instance, the parameter that predicts the flow of water from the impervious to pervious was
estimated from engineering judgment to be 75% of the rainfall on the impervious part of the subcatchments routed to the rain garden and the remaining 25% routed to the pervious section of the
sub-catchments.

2.5.5. Model Findings

It was found from the modeling effort that the GI in the form of Rain garden were able to reduce
the peak discharge at the outflow of the system by more than 98%. The model outputs were found
to be not sensitive to the Manning’s n on the impervious areas of the sub-catchments.
The rain gardens fitted in the watershed have berms which are a raised bank terracing the
boundaries of the gardens. Optimizing the height of the berms was found necessary from
engineering point of view. It is important to identify an optimum height of the berms and that
way it would not be overdesigned and hence the cost would rise. The model was run for different
berm heights and the simulation results are as seen below (Fig. 2-10 and 2-11).
As it can be seen from (Fig. 2-12), for different vegetation cover and berm heights the outflow
of the watershed was analyzed. The results show that berm heights do not have any effect for
higher vegetation cover. To the contrary the lower the vegetation cover, for a higher berm height,
the outflow begins to drop.

Total Outflow, cms

26

Elapsed time(days)

Total Outflow, cms

Fig 2-10. Discharge (cms) at Berm height =200mm, Ksat = 0.2mm/hr

Elapsed time(days)
Fig 2-11. Discharge (cms) at Berm height = 0 mm, Ksat = 0.2mm/hr

Due to the variability of volume during peak discharge, it would be convenient to compare the
ratio of volume of runoff to rainfall during the peak discharge duration (1 day approximately
here).
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To determine the effect of rain garden -berm height, on the runoff after a rainfall event it is
important to consider the volume of runoff around the peak discharge time rather than the peak
discharge value. This is because the peak discharge during a day builds up after a duration of
time. Hence, we take a fraction of volume of rainfall (V-rainfall) and the volume of runoff (Vrunoff) (see eq. 1) and see the effect as the berm height varies. As it can be seen from the plot
below (Fig. 2-12) shows that the berm starts to have a significant impact with increase in
height.
Percentage

= Vrunoff/Vrainfall x 100…………………………………………….Eq. 2-2

Fig 2-12. Berm height vs Percentage at Vegetation cover = 0.1 and Ksat = 0.2mm/hr
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3. Results and Discussion

The SWMM simulations for both the undeveloped and developed Lubigi catchment scenarios
were considered. The results as predicted hypothetically were followed by flooding scenarios
and peak discharges inundating the sub-catchments. This was specifically prevalent when the
model is running taking a kinematic wave routing option for the overland flow.
By applying 12% of rain garden GIs to each of the sub-catchments, the discharge at the outlet of
the system was reduced by more than 98 % (see Fig. 3-1). Most of the runoff was lost to
infiltration, some to storage. The evaporation parameter is not considered here as the rainfall
record considered here is only for 100 days. Had the storm data was a continuous, for an extended
period, like in years and decades, the evapotranspiration component would be necessary to be
considered as it could have considerable impact on the analysis.
From the above calculations and the engineering assumptions that we made, we arrived at a
feasible coverage of green infrastructure to be around 12% to be a requirement to attenuate the
discharge at the outfall.
However, looking into Fig. 3-1 the choice of 12% of GI seems to be overestimated after reverting
to carefully do a manual sensitivity of green infrastructure percentage coverage versus the flow
of the stormwater (flood) at the outlet of the system. The discharge at the outlet of the watershed
that was estimated using 12% of GI was found to be met by applying around 3% of GI coverage
from the entire watershed.
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Fig 3-1. Flow versus percentage of GI Used

3.1. Economic Analysis
After analyzing the volume of runoff and peak discharge in the five sub-catchments of Lubigi
watershed, it is found that installing green infrastructure as an option to attenuate peak values is
necessary. For this a rain garden with a dimension of 5m x 5m x 0.2m to attenuate the rainfall
event of 80 mm was selected. The first basic calculations were done taking only the storage
capability of the facility. The number of rain garden facilities for each respective sub-catchment
is as shown in the table below.
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Table 3-1. Cost Calculation of GI

Subcatchment

Area of
each subcatchment
(ha)

Percent
Impervious

Number of
Rain Garden
Facilities
(Rounded)

1
2
3
4
5

869
310
406
390
848

24
34
35
34
26

34000
17000
23000
22000
36000

As it can be seen from the table (Table 3-1), the total number of rain garden facilities required
was 132,000 facilities. These large number of rain garden facilities is technically not feasible to
install in a 2800 ha from engineering point of view. Not only installing this facility would need
tremendous manpower and tools, but also even the modeling efforts in SWMM would be
challenging. SWMM has a limit for the number of facilities set to 1000 units. Hence, the area
was manipulated in order to maintain the 1000 units in SWMM.
One of the main defining criteria for implementing GI in sub-Saharan Africa is the cost associated
with fitting GI for stormwater management. As mentioned since being a new technology in the
developing world there is little documented information on this matter.
To offset this issue and here we proceed with making some basic engineering cost analysis to
make this endeavor as transparent as possible right from the onset.
In addition, the cost per facility is around $10 to $20 per square meter if done by the community
members, and $100 to $200 per square meter if installed professionally.
Assuming is the raingarden facility is installed by the community, which has its advantages in
terms of developing sense of ownership and responsibility towards the facilities. It can also create
jobs in the community.

31
Hence, taking an average price of $15 per square meter of rain garden facility to install, the total
amount would be:
($15/sq. m) x (25 sq. m) x (132,000 units) = $49,500,000
If this was to be funded by the community which reside in Lubigi which is in Kawempe District
(a population of 260,000), it would be
$49, 500, 000/260,000 = $190 per capita
The average annual income in Kampala is $ 620 (World Data Info, 2015). It is important to keep
in mind the population of 260,000 is not all a working class. There are children, unemployed
people and some who do not have an income for different reasons.
The land prices in the Lubigi area between the years 2002 and 2009 soared from $10,000 to
$20,000 for 1,000 sq. m of land (Giddings, 2009). It would be difficult to compensate the
inhabitants of Kampala for the land that is used for GI due to lack of legislation (Muinde, 2013).
However, emergency legislations that impose compensation for private land taken are necessary
to be established to encourage the implementation of GI. It would be difficult to compensate the
inhabitants of Kampala for the land that is used for GI due to lack of legislation (Muinde, 2013).
However, emergency legislations that impose compensation for private land taken are necessary
to be established to encourage the implementation of GI.
A number of existing case studies show that green infrastructure could reduce the high initial
cost of a grey infrastructure. Nevertheless, future social, economic and environmental effects that
GI could have would not be known until enough data are gathered with time and assessment are
conducted in the future.
Some studies showed that, implementation of GI helped lessen the cost of grey infrastructures
by 15% to 80 %, with some few where GI project cost was a more than the cost associated with
conventional methods (Weitman et al., 2009)
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3.2. Model Checks and Sensitivity Analysis
3.2.1 Model Check
The model was run without GI implementation and routing all the rainfall in catchment to the
outlets of the respective sub-catchments and finally to the outlet of the system. The result from
the model simulation is checked against a back of the envelope calculation for verifying if the
model parameters are selected to fairly represent the characteristic of the watershed. This will
help offset the issues that arise due to lack of measured discharge measurements to calibrate and
validate the model before using it to estimate a discharge from a given rainfall data.
The peak discharge for a rainfall event of 78 mm was calculated by hand and was found to be
Q = A*Vmax..…..Eq. 4
Where: A is area of the watershed
Vmax is the peak volume of precipitation in a day
1 day in seconds = (24 hr) * (60min/hr) * (60 secs/min) = 86400 sec
Q = (2824 ha * 10000 (sq. m/ha) * 0.078 m)/86400 sec = 25.49 cms
The model output (see Fig. 3-2) provided a reasonably fair result as compared to the back of the
envelope calculation shown in here above, Eq. 4
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Fig 3-2. Runoff (cms) check at the outlet of the system, catchment impervious scenario, without GI

3.2.2. LID (GI) Parameters’ Sensitivity
GIs in SWMM are represented as either separate sub-catchments or as a fraction of the existing
sub-catchments. Fig. 3-3 shows how a rain garden is represented in a SWMM model. And
Fig.3-4 shows how the water flows in the facility conceptually.

Fig 3-3. Rain Garden Pictorial Representation in SWMM
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Fig 3-4. Conceptual Model of Rain Garden Drainage process

There are a number of variables/parameters that need to be taken care with caution when adding
LID feature to a SWMM project. These parameters determine the characteristics of the LID (in
this case a rain garden) and hence the impact to the entire model performance and response
eventually. The parameters of concern for a raingarden GI are the percent of impervious area that
are treated (% Impervious treated), number of GI units, berm height of the rain garden GI,
vegetation volume fraction of GI, conductivity through the soil medium. The GI performance
was found to be sensitive to the parameter seepage rate of rain garden facility.
The Ksat (saturated hydraulic Conductivity) parameter was also seen to have a significant
influence on the GI performance, it was found that it has a substantial effect on the overall output
of the discharge at the outfall of the system. (see Fig. 3-5). When the Ksat values are greater than
10mm/hr the effect almost becomes null. Although, the learning experience was not steep, it was
still full of challenges in deciphering a lot of parameters in the model. But the experience is one
that is to be appreciated in terms of the assistance we have gotten from the open SWMM
Knowledge community and the manuals for the EPASWMM model.
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Fig 3-5. Effect of LID Conductivity on the Outflow

3.2.3. Model Benefits and Limitations

One of the initial things that engineers, and modelers take into consideration is the selection of a
suitable model for a problem situation. While choosing a model, besides relying on its predictive
performance it is important to note that there is a preference for every modeler. This could range
from familiarity with the model, objective of the modeling task to level of accuracy required. It
is important to assess the benefits and limitations of a model in terms of getting unique sets of
parameter and possible uncertainty that could prevail due to lack of data.
SWMM is a dynamic rainfall-runoff model which is used to capture the details of an urban setting
used for single-event and continuous simulation. It has been found to be well suited for the task
at hand. Some of the reasons for adopting it for this project were that SWMM's being open source,
also the documentation and an experienced international user base are considered many
practicing engineers and scientists alike as one of the best out there. In addition, SWMM's

36
advantages lie in its ability to model both hydrology and hydraulics together. Besides, the source
code is available in a way to be utilized, studied, and manipulated for research and analysis
purposes.
However, it cannot incorporate all the complex natural details. For instance, we are putting the
LID in the model by areal percentage coverage. We cannot get to put the LID’s to suitable critical
hydraulic-hydrologic locations. This in turn has also caused to lump many of the soil parameters
like saturated hydraulic conductivity, field capacity, porosity, wilting point and other parameters
that play a significant role in the infiltration process.
4. Conclusions
This project is a part of a continuing effort to model the performance of a retrofit stormwater
management practices and get an estimate of the runoff volume reduction, runoff peak reduction
due to infiltration and storage. The end result of this paper is to provide a comprehensive
illustration of the modeling techniques of GI in sub-Saharan Africa and the reinforcement for
further research in the application of GI in Africa for stormwater management in large scale,
especially to incorporate the concept during the initial planning stage of the development of new
urban areas. It was found that by applying 12 % of GI only the peak discharge was reduced by
98 %.
However, working backward to find out the optimum amount of GI required to reduce the
discharge at the outlet by more than 98% of the watershed is met by applying only 3% of GI
coverage from the entire watershed.
The SWMM model was not calibrated due the lack of measured discharge values. In the future,
putting sensors for measuring discharge values could adjust and improve the model to better
predict the performance of the rain garden under multiple rainfall events. Despite that, the model
did a good job despite the lack of data and uncertainty that existed with choice of parameter
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values. A direct expected calculation that was accomplished in the second chapter show a very
similar outcome with the model prediction. For instance, the GI coverage from the direct
calculation was found to be 2.5% which is close to the model output 3%.
The efforts here only involved the engineering analysis and modelling of green infrastructures.
The selection of rain garden was solely based from engineering point of view, it did not consider
any input from the community who are going to be beneficial from this effort. Introspectively,
the authors asserted the need for the involvement of community during the initial planning and
design stages of the GI projects for future efforts. This could be utilized by measuring societal
(community) needs and rating for specific types of GI preferences. This could create a sense of
ownership and may help address the issues of stormwater and pertinent issues like financing
these facilities effectively.
GI poses questions in terms of measuring return on investment, and the effectiveness in urban
areas in the long run. The absence of regulation at provincial, and municipal levels could also
raise impediments, because GI facilities do not fit traditional wastewater treatment models, so
there may not be standards or urban codes to govern how the projects should be carried out
especially when it comes to potential of aquifer recharge.

5. References
Aad MPA, Suidan MT, Shuster WD (2010) Modeling techniques of best managemnt practices: rain
barrels and rain gardens using EPA SWMM-5. J Hydrol Eng 15:434–443

Damodaram, C., Giacomoni, M. H., Prakash Khedun, C., Holmes, H., Ryan, A., Saour, W., &
Zechman, E. M. (2010). Simulation of combined best management practices and low impact
development for sustainable stormwater management. Journal of the American Water Resources
Association, 46(5), 907–918. https://doi.org/10.1111/j.1752-1688.2010.00462.x

38
Franti, T. G and Rodie, S. (2007). Stormwater Management Rain Garden Design for Homeowners
Green, H. W., & Ampt, G. A. (1911). Studies on soil physics: Flow of air and water through soils. J.
Aric. Sci., 4, 1–24.
Giddings, S. (2009). The Land Market in Kampala, Uganda and its Effect on Settlement Patterns
Helder, D. L., Galster, D., Burckhard, S., Warmath, E., Thanapura, P., & O’Neill, M. (2013). Mapping
Urban Land Cover Using QuickBird NDVI and GIS Spatial Modeling for Runoff Coefficient
Determination. Photogrammetric Engineering & Remote Sensing, 73(1), 57–65.
https://doi.org/10.14358/pers.73.1.57
Jennings, A. A., Berger, M. A., & Hale, J. D. (2015). Hydraulic and Hydrologic Performance of
Residential Rain Gardens. Journal of Environmental Engineering (United States).
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000967
KCC. (2002). Kampala Drainage Master Plan: Executive Report, Nakivubo Channel Rehablitation.
Liu, Y., Theller, L. O., Pijanowski, B. C., & Engel, B. A. (2016). Optimal selection and placement of
green infrastructure to reduce impacts of land use change and climate change on hydrology and
water quality: An application to the Trail Creek Watershed, Indiana. Science of the Total
Environment, 553, 149–163. https://doi.org/10.1016/j.scitotenv.2016.02.116
McGrane, S. J. (2016). Impacts of urbanisation on hydrological and water quality dynamics, and urban
water management: a review. Hydrological Sciences Journal, 61(13), 2295–2311.
https://doi.org/10.1080/02626667.2015.1128084
Mhonda, A. (2013). Evaluating Flash Flood Risk Reduction Strategies in Built-up Environment in
Kampala Evaluating Flash Flood Risk Reduction Strategies in Built-up Environment in Kampala.
Enschede, ITC, 63. Retrieved from http://www.itc.nl/library/papers_2013/msc/upm/mhonda.pdf
Muinde, D. K. (2013). Assessing the effects of land tenure on urban developments in Kampala, 64.
Retrieved from http://www.itc.nl/library/papers_2013/msc/upm/muinde.pdf
NEMA. (2009). Highlights of the Uganda Atlas of Our Changing Environment: Kampala’s Changing
Environment.

39
Rossman, L. (2015). Storm Water Management Model User’s Manual Version 5.1. United States
Environment Protection Agency, (September), 353. https://doi.org/10.1002/pola.24190
Rossman, Lewis A. & Huber, W. C. H. (2016). Storm Water Management Model Reference Manual
Volume I – Hydrology ( Revised ), I.
Rossman, Lewis A. & Huber, W. C. H. (2016). Storm Water Management Model Reference Manual
Volume III – Water Quality, II.
Stander, E. et al. (2012). The Effects of Rain Garden Size on Hydrologic Performance
Stovin, V. R., Moore, S. L., Wall, M., & Ashley, R. M. (2013). The potential to retrofit sustainable
drainage systems to address combined sewer overflow discharges in the Thames Tideway
catchment. Water and Environment Journal, 27(2), 216–228. https://doi.org/10.1111/j.17476593.2012.00353.x
Visitacion, B. J., Booth, D. B., Asce, M., & Steinemann, A. C. (2009). Costs and Benefits of StormWater Management: Case Study of the Puget Sound Region. Journal of Urban Planning and
Development, 135(4), 150–158. https://doi.org/http://dx.doi.org/10.1061/(ASCE)07339488(2009)135:4(150
Weitman, D., Weinberg, A., & Goo, R. (2009). Reducing stormwater costs through LID strategies and
practices. In Low Impact Development for Urban Ecosystem and Habitat Protection.
https://doi.org/10.1061/41009(333)90
WMO and APFM. (2009). INTEGraTEd FlOOd MaNaGEMENT CONCEPT PaPEr ASSOCIATED
PROGRAMME ON FLOOD MANAGEMENT. Retrieved from
http://www.apfm.info/pdf/concept_paper_e.pdf
World Data Info. (2015). Average income around the world. Retrieved from
https://www.worlddata.info/average-income.php

40

Chapter Three

41

Africa-Appropriate Urban Stormwater Management: The State of the Art
For submission to: WIREs
Overview Article
Simon K Kahsai *, Graduate Research Assistant, Oregon State University, kahsais@oregonstate.edu
John S. Selker, Distinguished Professor, Oregon State University, John.Selker@oregonstate.edu
Jan Seibert, Professor, University of Zurich, jan.seibert@geo.uzh.ch

Abstract
Green Infrastructure (GI) employs on-site approaches that work by enhancing water retention
and purification where runoff is generated to mitigating land development impacts on human
safety and quality of life presented by stormwater. GI has been shown to be an effective approach
to lessen urban runoff volume, peak discharge and pollutant loadings to downstream dwellers
and receiving water bodies in industrialized countries, but is nearly absent in the developing
world, especially in urban sub-Sahara Africa. Yet GI appears to be especially well suited to these
settings where traditional (pipe-centered) practices of urban hydrology and stormwater
management are challenging due to the combination of deficiency in resources to build and
maintain centralized infrastructures combined with rapid and unplanned development. We
review the existing GI literature pertinent to stormwater modeling, design, and management in
Sub-Sahara Africa. Based on a comprehensive review of the literature from both Western and
African sources, we propose an approach tailored towards urban Africa usage, which we refer to
as Africa-appropriate urban stormwater management.
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We point out the urgency of implementation of the GI technique due to the rapid land
development and the concomitant loss of hydrologically critical areas, rapidly soaring land price
and the opportunity cost of not using GI for stormwater management.
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1. Introduction
1.1. Urbanization
Urbanization has been a driving economic force of civilized humanity (Turok et al., 2013).
People move to urban settings seeking opportunities for education and employment. This pull is
often complemented by a push from rural areas where climate change, lack of access to land
tenure, and lack of agricultural support drive people off the land. However, this has not always
brought the sought benefits in sub-Saharan Africa. In fact, a negative correlation between
urbanization and economic growth in sub-Saharan African cities has been recorded (Turok et
al., 2013). It is evident that urbanization affects the economic, social and environmental elements
of a city. One focus of this article is the connection that exists between urbanization and the
environment, specifically on the changing stormwater response with development.
Today, more than 50% of the world’s population lives in urban areas and is expected to reach 6
billion by 2045 (UNDESA, 2014). The rate of urbanization is expected to increase with almost
similar rates in all regions of the African continent (Fig.18). The large-scale land development
of urbanization impacts watershed hydrology, causing higher peak flows, large runoff volume
and less retention of water, which in developing countries often leads to life-threatening
stormwater impacts on the most marginal members of society. Urbanization poses increased
challenges to stormwater management with are only predicted to be more severe and
unpredictable in the face of climate change and population growth.
Although this paper is seeking to review the introduction of a sustainable technique to manage
stormwater, urbanization lies at the core of implementation of this technique. The connection
that exists between urbanization and the urban landscape has an impact on the evolution of the
natural regime hence altering urban hydrology.

Urbanization rate
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Year
Fig 3-1-1. Source: World Bank, 2014. Percentage urbanization* by region in Africa 1980-2030

*Rate of urbanization: the increase in the proportion of urban population over time, calculated as the rate of growth of the urban
population minus that of the total population.

1.2. Urban Hydrology
One significant consequence of urbanization that changes the hydraulic regime is the replacement of
pervious surfaces with impervious ones. When natural surface covering (i.e. soil or plants) is replaced
with impervious surfaces (i.e. pavement) there is a fundamental change the water drainage dynamics by
reducing the surface area available to infiltrate and increasing the amount and speed of surface runoff.
The increase in impervious surfaces and built drainage systems are essential drivers of the change in
urban hydrology and water quality dynamics deviating from the natural regime (Lundy et al., 2012). In
addition, the increased peak and total surface runoff is associated with increasing levels of
contamination as nonpoint source pollution (Fletcher et al., 2013). Engineers and planners have long
approached stormwater as a burden that needs to be removed from the urban environment (Brown et
al., 2009), but recently a trend to manage a system locally and sustainably has shed light on the
consideration of stormwater as a renewable resource rather than a nuisance.
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The treatment of stormwater can vary significantly based on the collection method. The collection of
stormwater may be separate or combined with wastewater depending on the infrastructure present.
A system has collects and delivers stormwater separately is customarily termed as grey infrastructure.
The disadvantage to this collecting and transporting stormwater separately is that separate infrastructure
must be installed and maintained. In contrast, a system that combines wastewater and stormwater can
utilize the same infrastructure for both purposes by mixing the water from both sources. However,
during heavy rainy seasons when the conduction and treatment system capacity is exceeded, the
overflow discharge contains both wastewater and stormwater, known as combined sewer overflow
(CSO). Many older or low-resource municipalities rely on combined sewer-storm flow systems,
increasing the likelihood of overwhelming the capacity, leading to serious health issues due to raw
sewage overflow through manholes or backing up into households; which ultimately it is brought into
contact with people. It could also cause ‘urban stream syndrome’ with characteristic features of flashier
hydrograph, increased concentrations of nutrients, transformed channel morphology and a decline in
biotic fullness as a direct result of urbanization (Walsh et al., 2005).
Development of a stormwater management system to avoid the “urban stream syndrome” is further
complicated by the lack of a suitable metric to quantify urban development (MacGregor-Fors 2011).
Though many studies came up with varied practices to measure urban development, there is a lack of
consensus surrounding the applicability and limitations of such measurements. Some of the techniques
range from total population and population density to total impervious areas (TIA) and effective
impervious area (EIA) as the main influencer for hydrological changes. Further compounding urban
development is the fact that many existing systems are not capable of handling their existing load,
nonetheless the increased load expected with urbanization. Many urban African areas are characterized
by insufficient drainage systems, and often the capacity is toppled with more development, blocked by
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sediments or solid waste ( Douglas et al., 2008). This complicating factor of systems not operating as
designed or intended is often overlooked but is important in application. The increased runoff due to
urbanization may exacerbate the issues of blockages with the potential of increased debris and solid
waste being swept up by the increased total surface runoff. When considering the effects of urbanization
on stormwater management, maintenance and blockages are a core issue that need consideration during
the design process. With urbanization predicted to steadily continue in the future, management strategies
should be considered and adapt to and lessen the effects of urbanization on hydrology and stormwater
management.
1.3. Green Infrastructure for stormwater management
One approach to managing stormwater as a result of urbanization is green infrastructure (GI). GI is an
approach that seeks to build hydraulic components that mimic the functionality of the natural predevelopment hydrologic regime. By increasing the impervious surface, urbanization functionally
increases the amount of runoff volume due to decreased infiltration and creates a flashier system which
reduces the time water can infiltrate. GI attempts to address both concerns, decreased area and time for
infiltration, by slowing down the flow of water and allowing it to naturally percolate in designated areas.
The greater retention of water in the landscape is sought by employing decentralized surface water
detention mechanisms and increasing groundwater stocks through infiltration (Usepa, 2000; Coffman
et al., 2004). The non-prescriptive quality of GI makes it highly adaptable to fit the needs, opportunities
and resources of community, but the breadth of GI options can also make communicating and selecting
GI strategies challenging. Furthermore, the diverse terminologies for designating the principles and
practices in urban drainage makes the communication challenges. For example, GI is frequently
referred to as Low Impact Development (LID) in USA and Canada; Sustainable Urban Drainage
Systems (SUDS) in the UK; and Water Sensitive Urban Design (WSUD) in the Middle East and
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Australia (Fletcher et al., 2015). For this article, we simply employ the term GI to include the breadth
of facilities considered in this genre (Box 1).

Box 1 Types of Green Infrastructures
Green roofs cover roofs with vegetation and capturing rain while at the same time providing
habitat and reducing heat-load in buildings (Getter et al., 2006).
Barrels /cisterns are storage vessels filled from roofs by rain gutters (Guo et al., 2007).
Permeable pavement allows stormwater to infiltrate through the pavement to reduce runoff,
and increase groundwater recharge (Tennis et al., 2004).
Filer strips are vegetated land with gentle slopes. The main purpose is to capture sediments and
other physical and chemical contaminants from surface water (Zhou et al., 2014).
Bio-retention cells, also known as rain gardens, are primarily used to reduce peak runoff volume
and improve water quality from urban stormwater (Roy-Poirier et al., 2010).
Infiltration trenches are shallow excavated trenches (1m to 4m) that are lined with filter fabric
(usually coarse stone) which capture stormflow and allow the water to infiltrate and recharge
groundwater (Gulliver et al, 2008).
To date, there has been little development, adoption, or evaluation of GI for urban stormwater issues in
Africa. However, the flexible design and cost-effective implementation of GI make it an ideal candidate
for implementation in urban Africa. The purpose of this study is to explore the plausibility of GI for
stormwater management in urban Africa by leveraging existing studies from the developed part of the
globe. It is important to frame a comprehensive strategy for sustainable management of stormwater
using GI in Urban Africa within the framework of African culture, economic constraints, land tenure
systems, as well as technical and policy requirements. While there will inevitably be challenges to
implementing GI, as to be expected with any proposed strategy, this should not hinder consideration
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and the utility of GI in African urban environment. While GI has not gotten significant attention in
Africa, possibly due to its novelty to many policymakers and the society in Urban Africa, there is great
potential for GI to address many problems the region is facing. GI has been seen to have potential in
Africa to manage peak runoff, reduce surface runoff, and minimize contact with contaminated water
(Zhang et al., 2017). The adoption of the distributed management techniques will require government
promotion and sources of funding for initial investment (Porse, 2013). As it is the case with many other
developed parts of the world to manage stormwater, different urban agencies, like transportation, a
building may also need to interact and partake in the process of management (Jallé et al., 2013).
Project endeavors with GI in small scale would enhance the understanding of the people and hence help
to curb the challenges. This has the potential to help many urban places in sub-Saharan Africa by
leveraging existing studies and the possibility to replace the installation of conventional systems that
may be less cost-effective and less sustainable.
2. Stormwater Management in Africa
2.1. History and Current Trend
High intensity rainfall and contaminated stormwater are critical issues with urbanization and
development in most urban locations, Africa is no exception. Flooding is a major catastrophic humanaugmented natural phenomenon caused by excess surface water runoff stormwater. The conventional
approach to mitigate flooding is the implementation of runoff and stormwater collection system using
a network of underground pipes and basins. However, stormwater conveyances in many African urban
areas are traditional drainage trenches, open drains adjacent to roads, in which the drains do not
necessarily form a network (Reed, 2013). Additionally, it is common for urban African drainage systems
to be combined with sewer systems (Parkinson et al., 2007; Reed, 2013; Tucci, 2001). Having a
combined stormwater and wastewater conveyance channel increases the risk of human expose to human
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waste due to system overflow and poor drainage. Furthermore, vulnerable communities are more likely
to have insufficient drainage networks and therefor have an increased exposure to flooding events and
human waste exposure. The lack of a well-established drainage system is an underlying issue with most
stormwater issues in urban areas in Africa.
2.2. Case Studies
For the purposes of understanding the current state of stormwater management in Africa, insights can
be taken by cities where data is available to evaluate the current conditions. This section uses cities in
Uganda, South Africa, and Rwanda as case studies to evaluate the effects of urbanization and highlight
the possibility of implementing GI as an effective strategy for stormwater management.
Kampala, the capital of Uganda, is witnessing rapid urbanization, coupled with unplanned development,
climate change, and lack of financial capacity to invest in stormwater infrastructure, and hence has been
afflicted with frequent floods (Matagi, 2002). The Lubigi catchment in North West Kampala is
notoriously known for flash floods, often causing casualties and property damage (Habonimana, 2014).
Studies of the flooding dynamics have sought to identify technically feasible mitigation options, of
which GI is one (Mhonda, 2013; Sliuzas et al., 2013; Shackleton et al., 2015). In the Lubigi catchment,
a combination of rooftop rainwater harvesting, infiltration trenches, and detention ponds was predicted
to decrease peak discharge by 25% at the main outlet of the catchment (Mhonda, 2013). Thus, we see
that in the case of Kampala, which is perhaps the geography where urban GI has been most deeply
considered in Africa, that quantitative analysis has shown the significant need and potential for GI, but
the implementation is yet to be undertaken.
A key challenge of GI implementation in most urban areas in Africa is the absence of critical land for
implementing GI managed by public governance. Like most new installations for storm water
management, GI requires a footprint of land to be converted into GI facilities such as retention ponds,
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rain gardens, filter strips, etc. This is a controversial issue in many cities where available land is limited
(e.g., in South Africa - Shackleton et al., 2015). Despite being the largest economy in Africa, and
relatively many modern infrastructures, most newly urbanized areas of South Africa are unplanned with
respect to stormwater management. Publicly manageable lands are few in peri-urban areas where
almost three-quarters of the land is privately owned (Shackleton et al., 2015). It is further shown (ibid)
that 60% of land in nine towns in South Africa is vegetated, providing the natural ecosystem services
for managing stormwater. This coverage is almost double the amount of the average of 33% for 100
cities worldwide (Dobbs et al., 2014). Accordingly, it can be seen from the South African urban areas
that policy and educational opportunities exist to encourage the land-owning community of these small
towns to contribute to the watershed in which they are part of for the purposes of stormwater
management. This case study raises the consideration of available lands needed for GI implementation,
while in the planning process critical land need to be identified and an investment to acquire private
lands may be necessary.
While GI can provide an effective strategy to replace the traditional stormwater management, early
planning is a key component. An important consideration during the planning process is, of course, a
cost benefit analysis where the benefit of reduced flooding is weighted against the land required to
implement the structures to carry out these functions. A good example could be found from the case
study in Kigali, the capital of Rwanda, which is subjected to many flash flood every year (Kigali
masterplan 2013, 2014; Mugisha, 2015 ). In a study, a group of consultants hired by the city of Kigali
(Mugisha, 2015) came up with the idea of restoring wetlands to mitigate the effects of flooding.
However, it was predicted that working to restore the land to its previous marshy state is challenging in
terms of the cost associated to demolishing the existing infrastructure and due to some politically
sensitive issues (Mugisha, 2015).
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GI could also save potential strategic places for retrofitting the facilities into the urban environment
beginning at the planning stage, which otherwise these strategic places could be lost to the built
infrastructure. For GI to successfully carry out the functions it is designed for requires dedicated
planning and identification of critical land before development. From the case studies seen above, it can
be deduced that the adoption of GI in urban Africa requires, detailed quantitative documentation, the
education of communities to enhance the knowledge about GI, central governments buying critical piece
of land and introducing early planning to developing areas to include GI as a major part and parcel for
stormwater management. It is evident that establishing the governmental policy framework needs to be
addressed for GI to be a successful effort in urban Africa. Even in areas that have shown promise for
GI, the importance of implementing development guidelines, early planning to implement these
measures, and a compressive design implementation team is key to a successful GI implementation.

2.3. Drawbacks with conventional systems
Conventional stormwater management systems do not mimic the natural flow regime when dealing with
stormwater management. These systems have been advantageous because they minimize surface expose
and tend to have a small surface footprint.

However, conventional systems require continuous

maintenance as they are vulnerable to blockage in the underground works (Zhang et al., 2017). These
issues are more problematic in urban Africa, where the runoff often carries heavy sedimentation and
solid waste, leading to frequent failure of subsurface drainage systems. Outcomes of these issues
include flooding of surfaces with combined effluent (e.g., potentially disease bearing water);
eutrophication of downstream water bodies; pollution and disturbance of the ecosystem by the addition
of contaminated stormwater directly to streams (Burns et al., 2012). It is evident that the conventional
systems are not only ill-established in terms of accommodating the rapid expansion of the cities in
Africa but also deteriorating with time for lack of proper maintenance and follow up. This section
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summarizes the drawbacks of conventional stormwater management systems with the purpose of
identifying flaws that may be minimized by an alternative system such as GI.
2.3.1. Maintenance and Operation
Most towns in Africa lack sewer and stormwater systems. Even if there is drainage infrastructure, it is
common to see the failure to perform (Douglas et al., 2008). The reasons behind these failures are
multiple, which can be summarized as issues of lack of planning; constraints on investments; cultural;
institutional; and financial challenges in long-term maintenance (Porse, 2013). On the other hand,
communities could play a significant role in taking care of GI rather than the complex conventional
systems which require skilled technicians. GI utilizes designs that fundamentally minimize maintenance
and operation costs. While conventional systems tend to be enclosed or underground, many GI systems
are easily accessed at the surface which makes identification of possible problems easier and quicker.
Additionally, GI often implements low-technology solutions that do not require specialized machinery
or tools to operate or maintain. The nature of GI can also provide a valuable training opportunity to the
community without requiring extensive qualifications. This is leveraged by design of accessible GI
solutions that utilize the natural systems and cycles. Most municipalities in urban Africa suffer from a
shortage of staff and the lack of a planned routine to maintain the sewer/stormwater infrastructure. For
instance, as in the case of Coldstream High-Density Suburbs in Chinhoyi, Zimbabwe (Chinyama et al.,
2013). While meeting its primary intended purpose of stormwater management, GI could also engage
the community in maintaining and operating the facilities, this, in turn, builds a sense of ownership,
agency, and responsibility.
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2.3.2. Sedimentation
GI could play a key role by mitigating destructive erosive processes found in most urban regions in subSaharan Africa (Khoshtaria et al., 2017). This is true since many roads, and pathways in industrial and
residential areas are not paved. Soil particles that erode from construction sites, along with pollutants
are a major cause for clogging sewer systems and causing instability to life in major receiving water
bodies. By assessing sedimentation impacts on the hydrology and hydraulics of a catchment drained
by conventional systems, a sediment depth of 5 percent of pipe diameter causes reduction of capacity
by 3 percent and the added roughness causes 20 percent loss in discharge capacity (Martin-Mikle et al.,
2015). A quantitative study showed that GI could help in mitigating sediment loading to receiving
water (Molla, 2015). This is evident that GI would help in reducing erosion process on the urban
drainage regime and reduce potential sediment pollution that could enter urban streams, contributing to
changes in the geomorphology of urban rivers and streams.
2.3.3. Solid Waste Management
It is common to see people littering in the open space in cities of most developing countries. This is due
to in large part to a lack of garbage services. Another reason is the lack of organized personnel who
respond to the management of waste containers in a timely and efficient manner. This waste ultimately
blocks the entrances of sewers, as well as accumulating at pipe junctions in conventional drainage
systems. These disabled drains are the cause of standing water and many urban floods, resulting in
material and health losses (Scheinberg et al., 2011). The issue of solid waste management requires
thoughtful consideration when planning for GI. If appropriately designed, the cost of maintenance and
cleaning for GIs is less than the cost that is incurred to maintain a conventional stormwater facility. In
most in developing countries, waste collected vary between 35% to 68%, with the remaining solid
wastes not reaching appropriate disposal points, ending up in the open environment (Technology, 2010).
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Another issue with conventional systems is the problem of accumulation of waste in the piping during
low-flow seasons. Stormwater pipes having flow velocities lower than the design requirement lose their
self-cleansing capability which necessitates manual cleansing. The failure to take care of the pipes
causes foul-smells through manholes and end up causing serious public nuisances (Chinyama et al.,
2013), as well as reduced capacity for high flow periods.
The amount of waste that is generated in Dar es Salaam for instance, is 0.4 kg/cap/day. The amount of
the waste generated that is not collected by proper management procedures is 60%. For a total
population of around 3.1 million, the waste generated and not managed is 0.4 kg/cap/d x 3,100,000 cap
x 0.6 = 740 metric tons/day. It can be seen from this calculation, for instance, that with this much waste
unmanaged, one could not have a livable city or would not be able to build a sustainable city.
There is also the issue of health and social considerations that are impacted consequently. Solid wastes,
in addition, are causes of urban flooding since it ends up on the receiving ends of the conventional
systems, and clog the drainage.
3. Benefits of GI when utilized properly in Urban Africa
There are only 20 sub-Saharan African countries that actually have had partaken in GI research
studies (du Toit et al., 2018). And most of these studies lacked in depth research on have multiple
benefits as an ecosystem service supporter (du Toit et al., 2018). There are not many studies of GI
feasibility and the benefits that they could bring along the designated purpose that is specific to
African settings. Some studies suggest that the use of GI could enhance the livability of urban and
peri-urban areas in Africa, by assessing and recounting successful experiences from the developed
part of the world (Herslund et al., 2017; Herslund et al., 2017; Mguni et al., 2016).
It is a rational practice from a scientific standpoint to extrapolate or make use of findings/methods from
studies of a different geographic region if the study areas have similar characteristics. Although it is a
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useful technique to extrapolate findings and methods from studies done in a different region, it is
apparent that there would be discrepancies in being accepted by society and in meeting the hydrological
and/or environmental characteristics. However, more studies on African countries is the way to change
the perceptions and appreciate the value of multi-functionality of GI in an African urban community
(Cilliers, 2019).

3.1. Environmental Benefits
Changes in urban hydrology have caused degradation of water quality and changes of the hydraulic
regime of receiving streams (Fletcher et al., 2013). In addition, urban development is the cause of urban
heat syndrome, a phenomenon characterized by a significant increase in temperature of the urban
surrounding than the undeveloped surrounding. There have been several thorough reviews of the
concept of ‘urban stream syndrome’ (Ellis et al., 2013). Some of these studies show the effects on the
health of people and animals (Goldfarb et al., 2015), altering the local weather patterns and the impact
on animals and water bodies. Many studies over the decades have recognized the increase of runoff as
a result of urbanization resulting from an increased fraction of impervious area (Shuster et al., 2005).
Aside from volume delivered to streams, imperviousness decreases groundwater recharge and hence
low sub-surface flows between rainfall events (Leopold, 1968). Little interest had been given to the
impacts of urban hydrology on receiving water ecosystems, but now, considering these impacts has
become an integral requirement for stormwater management. GI is gaining credit for meeting and
curbing the effect of this particular challenge when planned and implemented properly (Turok et al.,
2013). It becomes evident that the use of GI would play a great role in improving stream health and
water quality by mitigating the flow of pollutants in runoff to streams in Urban Africa; for instance, the
case of Lake Victoria and its basin is a practical example with pollution load from the urban areas alone
in the amounts of 7000 tons of Biochemical Oxygen demand (BOD)/year, 3000 tons Total Nitrogen
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(N)/year and 2700 tons Total Phosphorus (P)/year ( Oguttu et al, 2008; Onganga et al, 2014) caused by
a combination of stormwater and inadequate sewer systems.
While primarily GI facilities are doing the job of mitigating flood and runoff effects, these facilities, in
addition, have the capability of dealing with reducing pollution and improving the state of water quality.
By looking and comparing the statistics it is clearly shown that adoption of GI has the advantages that
could be materialized in the context of urban Africa, which could ultimately could also open avenues
for the advancement of research in GI in the areas of water quality in urban Africa.

3.2. Economic Benefits
Here we explore a valuable benefit to the community who ultimately would be the principal actors in
taking care of GI. Thus, the people who provide the maintenance and operation of the GI facilities
must sense a return from the facility, likely in addition to the intended hydrological purpose. Studies
have shown that urban agriculture can be very valuable in communities with low income, where urban
agriculture is positively correlated with dietary variety (Zezza et al., 2010). In the study (ibid) it is
shown that four African countries have the largest income shares from urban agriculture as compared
to other countries from other continents.
A review of the literature suggests a 20% guideline for increased property value for those properties
fronting or neighboring a park (Braden et al., 2004). Also, studies show that the improvement of water
quality and flood reduction could increase the price of properties by 5 percent (Johnston et al., 2006).
However, one limitation of this study could be a transferability of the results to other locations in urban
Sub-Saharan cities. Further studies show that avoided flooding could save financial losses in the order
of $17,000 to $24,000 per hectare, for properties in a flood plain (Choumert et al., 2008).
An assessment of selected studies shows that green alleys, rain barrels, and tree planting are estimated
to be 3-6 times more effective in managing stormwater per unit investment than conventional methods
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(Foster et al., 2011). Another very good example is the city of Portland, Oregon, USA where an
investment of $8 million in GI saved $250 million in hard/grey infrastructure (Foster et al., 2011).
Furthermore, New York city’s GI plan in 2010 aimed to reduce management costs by $2.4 billion over
20 years (Foster et al., 2011). The study further planned for every vegetated 4000 m2 to reap a profit of
$8,500 in energy demand, $170 in reduced CO2 emissions and $1000 in improved air quality and $4700
in increased property value (thus $3.5/m2). Also, the study further predicted that GI could help lessen
CSOs volumes by 8 million cubic meters by 2030 at a total cost of $1.5 billion less than the conventional
methods.
The research discussed above were not done in Africa, and to our knowledge there are no studies of the
economic assessment of GI in the context of urban Africa. However, these studies strongly suggest that
urban Africa would benefit in transition into adopting GI as an important element of economic and
social viable stormwater management option.
Looking into the economic analysis on rain gardens from chapter 2, although it can be seen that GI is
way cheaper than the conventional techniques in initial cost, however, the price associated with it
implementation around $200 is high for an average Ugandan making $600 a year. This shows that the
stormwater management should still be funded from government and other public and private agencies.
3.3. Hydrological Benefits
GI can offer hydrological benefits in terms of flood alleviation, improved water quality and reduced risk
to the community and the environment. Conventional stormwater systems use pipe networks remove
stormwater as quickly as possible from urban areas, hence causing an increased peak volume of water
to downstream of the watershed by fast-tracking the path of water out of the watershed. GI facilities on
the other hand help in mitigating flood by decreasing stormwater volume mainly through infiltration,
storage, and evapotranspiration, hence lowering peak flows (Sun et al., 2014). Also, research shows
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that the combination of different types of GI facilities, optimized, in catchment scale by considering the
cost associated and the objective of reducing the flood impact is even more beneficial (Shuster et al.,
2013). There are results that corroborate the effectiveness of GI controls and design in providing flood
reduction benefits in small and large scales. At a smaller scale, it is found that retrofitting bioretention/rain garden were found to cut runoff volumes and peak flows by 97% and 99% respectively.
This is from a 0.16 ha of an impervious parking area and 65 m2 turf grass surrounding the GI (DeBusk
et al., 2011).
GI at a watershed scale has also been shown to play a significant role in mitigating the impact of
flooding. A study conducted in sugar creek watershed, Illinois with a total drainage area of 87.6 km 2
(Ahiablame et al., 2016) found the performance of different types of GIs put separately and in a
combination of different GIs (Table 3). Also, a recent study in Bazhong (located in the Qinba
mountains, northeastern Sichuan Province, China) supports the use of GI in large scale have shown a
significant reduction of flow that had previously been created by imperviousness (Ahiablame et al.,
2016).
From these studies we see that GI mitigates both mild runoff and floods. The capacity of GI facilities
is not less of the conventional systems, as it just needs to be designed and planned according to spatial
reference appropriately from an engineering perspective.
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Table 3-1. GI impacts on Flooding with different facilities and levels of implementation of GI (Mensah, 2014) City of Normal-Sugar Creek
Watershed, McLean County in Central Illinois

N.B. (a)Implementation level = Area contributing stormwater runoff to the GI facility
(b) In the case of porous pavement, Implementation Level = areas of road covered by GI

Implementation level at 25 to 100 %
Separate Facility
Porous Pavement (PP)
Rain Barrels (RB)
Rain Garden capturing from a roof (RG-Roof)
Rain Gardens on Parking (RG-Parking)
Implementation of two or three LID
practices at 50% implementation level
50% RB +50% RG-Roof
50%PP+50%RB+50%RG-Roof+50%RGParking

Impact of reduction in average annual
runoff (Percent reduction in runoff)
11 to 39
5 to 19
3 to 13
8 to 28
Impact of reduction in average annual
runoff in Percent
15
50

4. Feasibility in Urban Sub-Saharan Africa
Most African municipalities do not have a framework for the implementation of GI for stormwater
management documented as part of their policy. Here we assess different facets that could surface and
could be a challenge if not considered early before moving to utilize GI as an option.
4.1. Land Development
Most of the open spaces in urban Africa are being encroached very rapidly by many different
stakeholders for development purposes because of urbanization. For instance, many towns in South
Africa have less than 10 percent of their total lands are by open green spaces. The state in Lagos, Nigeria
is more shocking, open green spaces now constitute only less than 3 per cent of the city. The open
spaces is disappearing at an alarming rate (Mensah, 2014). This could be an issue in terms of the
potential lands for GI which are being occupied. The increased land value associated with urbanization
directly increases the cost of GI implementation ( Mguni, et al., 2015a; Mguni et al., 2016).
In some other ground in cities like Asmara, Eritrea, it is a common phenomenon to see urban sprawl
becoming the main cause of wasteful use of important land (Tewolde et al., 2011). For instance, from
1989 to 2000, land development to peri-urban and urban setting increased by almost 1700 ha. In the

60
following second decade from 2000 to 2009, the urbanized area enlarged by more than 2700 ha. This
led to the loss of existing water bodies by 70% and sources of urban agriculture by 30%. It becomes
clear that GI is dependent on land availability as compared to conventional underground systems. It
becomes noteworthy to invest in GI the sooner as most urban places in Africa are expanding at a rapid
rate. From the technical perspective, this could potentially muddle the ease of spatial planning/design
had it been done earlier. And from the economic standpoint, it is inevitable that the land value is going
to surge with time and the encroachment of land.
4.2. Weather and Climate
The implementation of GI, to continue to be efficient and be able to meet severe weather events in the
future, the decisions and investments should consider the climate scenarios in the continent. Hence,
when GI would not only be meeting the inherent advantage they provide for mitigating the impact of
runoff and peak discharge but also mitigating the impact of climate change (Herslund et al., 2017). In
addition, the urban poor in many developing countries could benefit from GI as an adaptive mechanism
to climate change instigated ill effects (UNFCC, 2014). GI could play a great role in community
resiliency to adapt to climate change and normalizing the altered energy exchange that happens due to
the typical biophysical feature as compared to the surrounding areas (Molla, 2015)
4.3. Societal Aspects
The application of GIs is intrinsically transdisciplinary, starting from the planning to design and to
implementation and operation (Molla, 2015). The diverse interests of the stakeholders add to the
challenge. The land in urban places in Africa is majorly privately owned. As we are looking into using
GI to help in mitigating flood impacts it is evident that these facilities need to be accepted within the
community. The idea is to develop the planning and utility of the GI facilities in the framework of
integrated urban stormwater management (Schmitt et al., 2004) and (Salvadore et al., 2015). In a
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practical example, in a study in South Africa from a positive participants of 68 from a poll of 366
households, it turned out that 96% believe that stormwater management is primarily the responsibility
of the local municipalities and out of these, 34% considered that property owners should hold secondary
responsibility (Ward et al., 2016). These shows that communities used to consider conventional systems
as the sole responsibility of the government or the local administration for taking care of its operation
and maintenance. With the adoption of GI in the respective private lands of the society could give the
sense of responsibility and ownership to individuals.
The recurring issues of failure and cost associated with the conventional systems have led communities
and city leaders to consider sustainable and more cost-effective options. For instance, the state of
drainage infrastructure in the city of Enugu, Nigeria in the year 2013, has had 366 artificial drainage
systems (conventional) and almost 55% of the facilities were with serious defects reported as clogging
by sediments, solid waste, and landslides (Chukwu et al., 2013). The studies further pointed out that the
involvement of different stakeholders into the idea of managing stormwater by sustainable options could
alleviate the issue of the city. It could be inferred that for GI to be taken as a serious option, the people
who are directly affected by insufficient management of stormwater systems need to have a thorough
understanding GI and involve in its implementation.
4.4. Modeling
A number of projects in sub-Saharan cities have employed modeling stormwater using open source
models like EPASWMM (De Paola et al., 2015), openLISEM (a spatial model for runoff, floods and
erosion) (Habonimana, 2014) and SWAT (Armitage, 2011). These models are not only free to utilize
but benefit from continual development and progress in terms of performance with rich online resources
and community to support professionals. However, the key limitation in most developing nations is the
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lack of skilled personnel with the skills needed to use such tools to plan and implement all-inclusive
urban drainage systems (Armitage, 2011).
Due to the complexity of the geography and processes effecting water movement, hydrological and
hydraulic simulations are necessary to evaluate the performance of GI facilities in urban areas. Once
created, these modeling frameworks can be used to predicting the performance of stormwater
management systems with changed conditions due to climate change and development. The modeling
process is more complex in urban settings than for undeveloped catchments, requiring high spatialtemporal resolution to capture the operative physical processes. For instance, the requirement for rainfall
input data is about 5 min temporal resolution and 3 km spatial resolution for an urban catchment of the
order of 1000 ha. In addition, scarcity of monitoring records of discharge (P. Mguni et al., 2015b) and
lack of sufficient field measurements make model calibration and validation difficult, increasing the
level of uncertainty in the modeling efforts. It is important to take careful note of the improvements
that need to be achieved in terms of model flexibility and the employment of models which make use
of remotely sensed data (Qin et al., 2013) as most cities in sub-Saharan Africa lack historical
precipitation data. The Trans-African Hydro-meteorological Observatory (TAHMO.org) has made
significant inroads into making available the required data, but coverage is yet far from complete, and
the data sets are limited to the last 5 years or fewer at the 550 TAHMO stations.
Practitioners will also need to be trained in utilizing these modeling tools for the GI modules that these
tools are starting to incorporate. Little was known until recently in terms of the capability of GI in large
scale and long-term implementation. This is because of most available studies on urban stormwater
management deal with design storms and event-based flood management in relatively small watersheds
(Qin et al., 2013). However, with the advancement of research and understanding of how these facilities
operate, and the advent of detailed on-line training materials, many engineers and modelers are starting

63
to advocate for these facilities have become part of powerful urban drainage tools like EPASWMM.
The orderly adoption of GI for African stormwater management would be accelerated greatly by an
organized effort to make the tools, training materials, and foundational scholarly articles available to
local engineers and modelers without the need to for expensive external consultants.
The case study in Kampala, Uganda from the previous chapter will play a substantial role in acting like
steppingstone in educating upcoming researchers in how to approach learning a modeling tool, where
to go for references and expert help and recommendations. Also, future researchers will be encouraged
to explore other modeling tools and compare which suits for a problem they come across.
5. Opportunities
The deficiency of weather datasets hinders the analysis of where and which kinds of GI should be
employed in urban Africa. The discipline of urban hydrology already suffers the limitations of using
characteristic temporal and spatial disparities of rainfall processes (Qin et al., 2013). However, this
limitations is being addressed by the dense network of weather stations that are being installed as part
of TAHMO, which is the first observation system of its kind in Africa, or globally (van de Giesen et al.,
2014). With the passage of time, judging from the recent past, the price of land in urban Africa should
be expected to significantly increase, which in turn would place greater obstacles to the use of GIs. The
sooner plans and policies for GIs are adopted for stormwater management in urban Africa, the better it
is in terms of setting aside land needed for implementation of GI. Moreover, there is an opportunity
cost associated with an increased future price of land compared to the present value. What is more, the
advancement of modeling techniques and the widespread use of open source tools with rich resources
is another platform that would help greatly in this endeavor of adopting GI in urban Africa without the
challenge of looking out for commercial simulation tools.
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6. Conclusions
This overview article suggests that there is important a potential utilization of GI in sub-Saharan Africa
as a replacement of conventional pipe systems for the purposes of stormwater management. It is
recommended that GI is considered early in the planning process and executed sooner than later because
of the challenging issues of urbanization and development hence consuming potential land. Moreover,
the value of the land would be increasing with time, accruing more opportunity cost. Many studies have
also shown that the initial and operation cost of GI is lower if utilized in place of conventional systems.
Further, failure to adopt these facilities could come at a cost of losing hydrologically critical areas,
which could more possibly lead to not finding any sites for GI if it is to be designed in an effective and
optimized manner. This is crucial as the state-of-the-science of spatiotemporal optimization of placing
GI is advancing at an accelerated rate. Not only, could GI play a role in the mitigation of runoff and
flood effects, but could also contribute to the treatment of the quality of stormwater. It could further
open the investigation and research of the GI facilities in the context of the local characteristics of cities
in urban Africa.
It is understandable that stating the potential advantages of utilizing GI would not be enough to kick off
innovation as interdependent as GI for stormwater in urban Africa. It becomes apparent that
governmental institutions and municipal agencies need to incorporate the rules and regulations for GI
into the framework of an existing policy of the respective cities, like what has been done in Addis
Ababa, Ethiopia (Herslund et al., 2018). GI facilities could play a role in fighting the concomitant threats
of urban stream syndrome and urban heat island effects which often come with urbanization and
development. GI also has the additional benefits of being used by people for recreational purposes as
these facilities most of the time add to the aesthetics of the landscape thereby contributing to the overall
health of the community (du Toit et al., 2018).
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The purpose of this paper is to point out the utility and appropriateness of managing African urban
stormwater with GI. We emphasize that these approaches offer a more sustainable, cost-effective, and
socially beneficial alternative to conventional piped infrastructure. While the technical performance of
GI is now well established, its implementation is intrinsically a social undertaking. We recommend that
African engineers and planners undertake with all possible energy the implementation of GI.
International donors are strongly encouraged to develop the on-line resources to facilitate local planners
to select optimal sites for the infrastructure, and engineers to prepare detailed designs of GI projects. It
will take time to refine the most effective schemes based on GI, and the door is quickly closing on
capturing the required open spaces in the rapidly spreading urban areas of Africa.
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Conclusions and Recommendations
This study showed that GIs could play a major role in reducing the volume and discharge of
stormwater as a result of flashier precipitation events. The study didn’t employ any optimization
techniques for putting GIs in the catchment to reduce the effect of stormwater. The study only relied
on GIS analysis and expert decision making in pointing out potential spatial positions for allocating
GIs.
In the future, the authors recommend the use of optimization techniques to strategically locate GIs
could potentially contribute more towards the economic advantages of selecting GI facilities by taking
into consideration multiple objectives (like runoff volume reduction, quality, cost, desirability by
people…etc) GI facilities of stormwater modeling. This could help include not only functionality in
terms of it engineering benefits but also cost and social factor like the acceptability by the community.
As it is mentioned prior the modeling efforts in this project, it lacked measured discharge
measurements hence no calibration and validation procedures were carried out. Although, the lack of
these process was offset by implementing water balance calculations as shown in chapter two. Also,
the weather data used were not at finer scales and not from close by stations to the study area. This
will need to be considered cautiously with future studies.
The lack of quality data at fine scale weather data is going to be resolved by the efforts of TAHMO
project very soon. There is a continuous development with the TAHMO project even as this paper is
published (see Tahmo.org). The issue of station proximity and lack of stations is going to be addressed
by the efforts of this same project in the near future.
The rainfall-runoff modeling efforts showed that stormwater in Lubigi, Kampala is influenced by
unmanaged land development. Over the course of the development of the sub-catchment, the
hydrologic response of the entire watershed was altered significantly, causing heavy catastrophic
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storms. By applying 3% GI of the watershed, the hydrologic response followed a natural regime and
decreasing the runoff volume substantially.
Furthermore, to carry out a more accurate modeling in the future it becomes apparent to have enough
information on the distribution of saturated conductivity values, Ksat, values and the detailed
information on the subsurface and the underlying geology across the study area.
The average income in Lubigi, Kampala is $620 and the initial cost of GI in this area is around $47.5
per capita (~8% of average annual income) as suggested by our simulation results. However, the
initial cost of 12% coverage GI is $190 per capita as per practical requirement. This shows that the
involvement of the central government and other funding agencies will be necessary for financial
help.
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Appendix A. Open SWMM Knowledge Base
Most of the information that helped setup the SWMM model and understand the algorithms the
pertain to each and every process in the model were addressed by either asking questions in the
Open SWMM Knowledge Base (https://www.openswmm.org/) site or searching for an already
answered question similar to what we faced along setting up this model. The site also contains the
code for EPASWMM model which helped us understand what was going on inside the intricate
equations inside the model.
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Appendix B. EPASWMM Governing Equations
1. Non-Linear Reservoir model of a sub-catchment
A sub-catchment in SWMM model is represented as a rectangular surface with uniform slope and a
Width that drains to single outlet. The overland flow in SWMM sub-catchment can be represented by
a nonlinear reservoir model (see fig).

Fig. Nonlinear reservoir model of a sub-catchment (SWMM Manual Volume I)
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Governing Equations:
As it can be seen from the model the inflow is precipitation and the sub-catchment losses water
through evaporation and infiltration. The depression storage (ds) can be categorized as the initial
abstractions from rainfall
From conservation of mass, the difference between water flowing to the model and water leaving the
model is the net change in depth (d) per unit time.

where
i = precipitation
e = surface evaporation rate
f = infiltration rate
q = runoff rate
d = ponding depth
ds = depression storage
Sub-catchment partitioning

Fig. sub-catchment partitioning
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2. Infiltration Model
The Green-Ampt (Green & Ampt, 1911) model for infiltration incorporated in the SWMM model was
used to simulate the infiltration characteristics of the catchment for the given precipitation data and for
further analysis.
Governing Equations:

fp = potential infiltration
Ks = Saturated hydraulic conductivity
= Capillary suction heads along the wetting front

= initial moisture deficit to be filled below the wetting front
F = cumulative infiltration

Fig. Two-zone representation of the Green-Ampt infiltration model
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Appendix C. EPASWMM Parameter Values
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