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ABSTRACT

Blue-Green Infrastructure (BGI) has been proposed as a suitable adaptation measure that can enhance the resilience of existing

urban drainage systems (UDSs). However, there are limited studies that have rigorously investigated the performance of BGI

options considering future climate change and internal UDS failures. In this study, a coupled 1D–2D PCSWMMmodel was devel-

oped and applied to investigate the effectiveness of potential BGI options in the reduction of pluvial flooding using a case study

of a ‘failed’ UDS in Kampala, Uganda. The study results suggest that climate change will increase the frequency of occurrence of

extreme rainfall from 1 in 100 years to 1 in 10 years, thereby exacerbating the urban flooding challenge in Kampala City. The

study results also ascertained that the use of spatially distributed infiltration trenches and bioretention cells at a catchment

scale could lead to a modest reduction of the total flood volume and the average flood duration of at least 12.0% [9.8–

14.0%] and 34.3%, respectively, when combined with improved UDS cleaning and maintenance. The findings point towards

the need to implement BGI options in combination with improved asset management and investments in the expansion of

grey UDSs to enhance global resilience to pluvial flooding under climate change.

Key words: Blue-Green Infrastructure, CMIP6 climate change scenarios, coupled 1D–2D modelling, internal system failures,

statistical downscaling, urban flooding

HIGHLIGHTS

• Use of latest CMIP6 GCM outputs to evaluate future climate change impacts on extreme rainfall.

• Combination of coupled 1D–2D modelling and compound-threat analysis to test the effectiveness of BGI options.

• Consideration of dynamic interactions between BGI and the urban water cycle under extreme rainfall and internal system

failure scenarios.

• Decentralisation and redundancy are vital in enhancing the resilience benefits of BGI.
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GRAPHICAL ABSTRACT

NOMENCLATURE

1D one dimensional
1D–2D one dimensional–two dimensional
BCC-CMC-MR Beijing Climate Centre Climate System Model-Medium Resolution
BGI Blue-Green Infrastructure
CMIP3 Coupled Model Intercomparison Project Phase 3
CMIP5 Coupled Model Intercomparison Project Phase 5
CMIP6 Coupled Model Intercomparison Project Phase 6
CW catchment width
DEM Digital Elevation Model
EPA SWMM Environmental Protection Agency’s Storm Water Management Model
GCMs general circulation models
GFDL-ESM4 Geophysical Fluid Dynamics Laboratory Earth System Model version 4
IDF Intensity–Duration–Frequency
IDF_CC Intensity–Duration–Frequency Curves under Climate Change
IPCC Intergovernmental Panel on Climate Change
IPSL-CM6A-LR Institut Pierre-Simon Laplace Climate Model version 6A-Low Resolution
LOCI local intensity scaling
MAE mean absolute error
MLC Maximum Likelihood Classification
MRI-ESM2-0 Meteorological Research Institute Earth System Model version 2.0
NetCDF4 Network Common Data Form version 4
NorESM2-MM Norwegian Earth System Model version 2
NRMSE Normalised Root Mean Square Error
NSE Nash–Sutcliffe Efficiency Index
PCSWMM Personal Computer Storm Water Management Model
PIMP Percentage Imperviousness
RCPs representative concentration pathways
RFSM Rapid Flood Spreading Model
RWH rainwater harvesting
SSPs shared socio-economic pathway
TAMSAT Tropical Applications of Meteorology using SATellite data and ground-based observations
UBOS Uganda Bureau Of Statistics
UDSs urban drainage systems

1. INTRODUCTION

Recent studies suggest that over 1.81 billion people are directly exposed to flooding (100-year return period and
minimum flood depths of 0.15 m), with 89% of the aforementioned population living in low- and middle-income

countries (Rentschler et al. 2022). In Sub-Saharan Africa, urban flooding has been exacerbated by climate change,
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rapid urbanisation, insufficient coverage and capacity of existing grey urban drainage systems (UDSs), internal
system failures, long-term asset deterioration, construction in low-lying flood prone areas and sea level rise
(Mugume et al. 2017; Lumbroso 2018; The World Bank 2022; Arinabo 2023; Francisco et al. 2023). In Kampala

city, flooding affects 170,000 people annually resulting in flooding damages estimated at US$ 49.6 million per
year (World Bank 2021). Specifically, the Nakivubo urban drainage (UDS) which drains the Nakivubo catchment
in Kampala’s central business district is a critical drainage system that has experienced an increase in pluvial
flood risk in recent years (Mugume et al. 2017; Arinabo 2023).

Conventional hydraulic reliability-based UDS design approaches focus on minimising the probability of occur-
rence of hydraulic failures resulting from a specified design storm and do not consider other causes of UDS
failures (Mugume & Butler, 2017). UDS failure is defined in this research as the system’s inability to safely collect,

convey and dispose of storm water, wastewater or combined sewer flows leading to negative impacts such as
flooding, spillage, pollution and increased risk of flood related health impacts (Mugume et al. 2015; Lee et al.
2020; Vollaers et al. 2021). In recent studies, UDS failures have been categorised as either functional or structural

(Mugume et al. 2015; Dong et al. 2017; Mugume & Butler 2017; Yazdi 2018). Functional failures which result
from hydraulic overloading are caused by extreme rainfall, urban creep, increased dry weather flows, excessive
infiltration, and exfiltration. Structural failures, on the other hand, are caused by malfunction of system com-

ponents such as pumps and sensors, pipe failure, gully pot and sewer blockage and deposition of sediments
and solid waste in existing UDSs (Mugume et al. 2015, 2017; Tscheikner-Gratl et al. 2019; Guptha et al. 2022;
Mcdonnell & Motta 2022; Pleau et al. 2022; Rosin et al. 2022).

Cognizant of emerging compound climate change and internal system failure threats, new resilience-based

approaches that enhance flexibility, redundancy, response & recovery attributes are required to minimise flood
risk in cities (Mugume et al. 2015, 2017). In recent research, implementation of spatially distributed Blue-
Green Infrastructure (BGI) options in cities has been proposed as a suitable adaptation strategy for enhancing

flexibility and redundancy attributes of existing UDSs (Kõiv-Vainik et al. 2022; Sitzenfrei et al. 2022; Ortega
Sandoval et al. 2023; Mugume et al. 2024; Osheen et al. 2024). BGI includes both natural and engineered systems
that can enhance the physical, chemical and microbiological quality of stormwater in cities (Neumann et al.
2024).

However, there is still a low uptake of BGI options at the city scale due to various socio-economic, institutional
and political barriers and the lack of standardised guidelines for the design and optimal location of new BGI in
cities (Drosou et al. 2019; Alves et al. 2020; Kuller et al. 2021; Pauleit et al. 2021). A number of recent studies

have investigated the effectiveness of implementing BGI options that include rainwater harvesting (RWH) sys-
tems, infiltration trenches, bioretention cells, detention ponds, green roofs and permeable pavements in the
reduction of urban flooding (Webber et al. 2020; Rodriguez et al. 2023; Mugume et al. 2024; Neumann et al.
2024). Most of these BGI modelling studies suggested that BGI options designed using current design standards
are most cost-effective during moderate rainfall with return periods of up to 10 years (Mugume et al. 2024). In
addition, these studies have highlighted that residual flood risk remains particularly caused by the occurrence

of extreme rainfall events (Webber et al. 2020), failure of existing UDSs that receive flows from BGI (Mugume
et al. 2024) and malfunction of individual BGI units (Funke & Kleidorfer 2024).

In addition, there are limited studies that have rigorously investigated the performance of BGI options consid-

ering a combination of future climate change (Jiang & McBean 2021; Guptha et al. 2022; Pons et al. 2022; Yang
et al. 2022) and internal UDS failures (Mugume et al. 2024). In recent studies, the Coupled Model Intercompar-
ison Project Phase 5 (CMIP5) general circulation model (GCM) results have been applied to investigate the
performance of BGI under future climate change. CMIP5 GCM results are generated based on two representative

concentration pathways (RCPs) representing medium (RCP4.5) and high (RCP8.5) future emissions scenarios
based on projected radiative forcing components (Leandro et al. 2020; Jiang & McBean 2021; Nadoya et al.
2022). However, despite the notable improvement of CMIP5 extreme rainfall projections when compared to ear-

lier Coupled Model Intercomparison Project Phase 3 (CMIP3) model outputs, large spatial and temporal
uncertainties still exist in tropical East Africa (Zebaze et al. 2019; Akinsanola et al. 2021), suggesting the need
to utilise more recent and accurate CMIP6 GCM results (IPCC 2021).

In recent work, Jiang & McBean (2021) modelled combinations of BGI options (RWH, swales, bioretention
cells, and permeable pavements) using the PCSWMM model at a lot-scale to investigate their effect on the
reduction of runoff volume and peak flows in London, Ontario, Canada. The impacts of climate change on
extreme rainfall intensities were assessed using the web-based IDF_CC tool using CIMP5 GCM results for the
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RCP8.5 scenario (Schardong et al. 2020). The study results suggested that the considered BGI options could pro-
vide effective control for water quantity for rainfall events with low return periods of 2–5 years.

Furthermore, Pons et al. (2022) applied a multiplicative random cascade approach to generate future rainfall

time series, considering the RCP 8.5 scenario. The future rainfall time series was applied to investigate the per-
formance of green roofs in eight locations in Norway and France. The study results suggested that the
performance of green roofs decreased in most Norwegian cities (due to an increase in precipitation), but
improved in Marseille, France (due to a decrease in rainfall event frequency). Yang et al. (2022) investigated
the hydraulic and water quality performance of BGI in Chaohu City, China, using downscaled CMIP5 GCM
projections. The study results demonstrated that the BGI options in the given areas mitigated runoff volume,
peak flow, and non-point pollution by 45–80%, 39–60%, and 31–82%, respectively, but declined under all con-

sidered RCP future climate scenarios.
However, these studies were undertaken using CIMP5 GCM results which exhibit large spatial and temporal

uncertainties in the projection of extreme rainfall over East Africa (Zebaze et al. 2019; Akinsanola et al. 2021). In
a recent study, Yao et al. (2023) utilised CMIP6 simulated rainfall data, for the shared socio-economic pathway
(SSP) scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5) to investigate the effect of a combination of BGI (rain gardens,
green roofs, permeable pavements) and grey infrastructure options (strong tanks and rehabilitation of UDS using

large diameter pipes) on enhancement of resilience of an existing UDS in Xiao Zhai area in Xi’an City, China.
The study results suggested that the considered Grey-Green Infrastructure (GGI) increased the resilience index
from a range of 0.36–0.89 to 0.67–0.95 representing an 85% increase. Furthermore, Wang et al. (2023) utilised
the recent CMIP6 GCM results to undertake continuous simulation of the performance of spatially optimised

GGI options using a case study of Guangzhou city in Southern China. The study results suggested that increased
spatial distribution of the proposed GGI solutions significantly improved global UDS resilience to flooding under
future climate change. In addition, Zhang et al. (2024) applied a multi-objective optimisation approach to adjust

the spatial layout of Green Infrastructure in Lanzhou City, Chengguan, Northwest China. However, the appli-
cation of CMIP6 GCM results to investigate the performance of BGI in cities is still limited (Wang et al. 2023;
Yao et al. 2023; Zhang et al. 2024).

To the author’s knowledge, there are no studies that have investigated the effectiveness of BGI when subject to
compound climate change and internal system failure threats. Furthermore, there are limited studies that have
utilised the latest CMIP6 GCM model outputs to investigate BGI performance (Wang et al. 2023; Yao et al.
2023). The latest CMIP6 global climate model experiments considered an ensemble of over 23 GCMs and a

more comprehensive experimental design which enabled a more accurate representation of physical, chemical
and biological processes at higher spatial and temporal resolution (Meinshausen et al. 2020; IPCC 2021;
Nadoya et al. 2022; Siabi et al. 2023). In addition, the CMIP6 GCM results utilised the recent SSPs and radiative

forcing scenarios leading to more accurate future climate change simulation results at regional scales (Eyring
et al. 2016; O’Neill et al. 2016; Riahi et al. 2017; Meinshausen et al. 2020; Dong & Dong 2021; Rhymee et al.
2022; Wang et al. 2023).

In this study, a coupled 1D–2D model of the existing Nakivubo urban drainage system (UDS) in Kampala City
was developed and utilised to investigate the performance of an existing UDS considering dual threats, that is:
future climate change and internal UDS failures. The impacts of future climate change on urban rainfall in Kam-

pala were quantified using statistically downscaled SSP2-4.5 and SSP5-8.5 scenarios from the latest CMIP6 global
climate model outputs for the near future period (2050). The resulting flooding impacts were quantified by con-
sidering ‘failed’, ‘partially-failed’ and ‘non-failed’ UDS initial states, using total flood volume and average flood
duration as system performance indicators (Mugume et al. 2024). Furthermore, the developed coupled 1D–2D

model was applied to test the effectiveness of potential BGI options with respect to the reduction of flooding
impacts.

Using the developed methodology, the overarching objective of the research that entailed investigation of the

effect of compound future climate change and internal system failure threats on the performance of spatially dis-
tributed BGI options with respect to the reduction of urban pluvial flooding was investigated. Furthermore, the
main research questions that formed the basis of the research are presented:

(a) What is the effect of future climate change, assessed using the latest CMIP6 GCM outputs on pluvial flooding
in Kampala City?

(b) How do compound climate change and internal UDS failure threats affect the performance of existing UDSs?
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(c) How effective are RWH systems, infiltration trenches and bioretention cells in reducing urban flooding in
existing grey UDSs under future climate change and internal system failure conditions?

The novelty of this research lies in application of a combination of a more complex coupled 1D–2D urban flood
modelling approach and rigorous compound-threat analysis (consideration of future climate change using the
latest CMIP6 GCM results and internal system failures) to investigate the effectiveness of BGI in enhancing

the resilience of an existing UDS in the highly urbanised catchment. The adopted approach has enabled consider-
ation of dynamic interactions between BGI elements, the urban water cycle under extreme climate and internal
system failure conditions and provides a more realistic view of the effectiveness of BGI for the reduction of plu-
vial flood risk in cities.

2. METHODOLOGY

In this research, a methodology that combines coupled 1D–2D urban drainage modelling and failure modelling
was applied to investigate the performance of BGI for the reduction of urban flooding in Kampala, Uganda. Func-

tional failures were assessed by simulating UDS performance considering different rainfall intensities and return
periods, T for both current and projected future climate change. Assessment of the impacts of future climate
change was undertaken using the latest SSP scenarios that include: SSP2-4.5 and SSP5-8.5 for five selected gen-
eral circulation models (GCMs). Internal UDS failures, on the other hand, were considered in the UDS using

‘failed’, ‘partially-failed’ and ‘non-failed’ initial states (Mugume et al. 2015). The proposed study approach
which was adapted from Mugume et al. (2024) is illustrated in Figure 1.

2.1. Projection of future climate change impacts on urban rainfall

In recent studies, it has been argued that the use of the recent CMIP6 data results in more accurate future climate
change projections over Uganda when compared to the CMIP5 data. This is attributed to the use of more com-

prehensive and robust GCMs with more sophisticated physics and higher resolution for the simulation of CMIP6
global climate model outputs (Nadoya et al. 2022). In addition, the use of recent SSPs (Meinshausen et al. 2020)
provides a more accurate description of socio-economic developments that influence the emission of green house
emissions as opposed to RCPs that only consider projections of radiative forcing components (van Vuuren et al.
2011)

Figure 1 | Adopted study approach.
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2.1.1. CMIP6 global climate model results

In this research, historical and future CMIP6 climate datasets downloaded from the Copernicus climate data base

(Buontempo et al. 2022) were utilised for evaluation of the impact of climate change on rainfall in Kampala city.
Two time scales, that is a historical baseline (1991–2020) and a near future projected 2020–2049 (2050) period,
were considered in this study. Furthermore, two SSP future scenarios, SSP 2-4.5 and SSP 5-8.5, representing
medium and high emission scenarios, respectively, were projected using a multi-model ensemble of five

GCMs: NorESM2-MM, MRI-ESM2-0, GFDL-ESM4, BCC-CMC-MR and IPSL-CM6A-LR (Table 1). The selection
of these GCMs was based on their demonstrated ability to accurately replicate rainfall patterns in Uganda
(Nadoya et al. 2022) and their accessibility within the Kampala Grid, covering the geographical coordinates of

0.3184°N and 32.36°E, including the Makerere University meteorological centre, the source of observed meteor-
ological data.

The SSP 2-4.5 is a medium forcing (4.5 W/m2 radiative forcing) and the most plausible scenario that aligns with

climate actions aimed at meeting existing emission reduction obligations, while SSP 5-8.5 (8.5 W/m2 radiative
forcing) represents an extreme scenario envisioning global economic growth driven by natural gas, oil, and
coal combustion, exacerbating climate change (Nadoya et al. 2022; Siabi et al. 2023). Historical and projected
rainfall data for the five GCMs under SSP 2-4.5 and SSP 5-8.5 scenarios for the period 1991–2049 were down-

loaded in the NetCDF4 format and categorised into the baseline period (1991–2020) and the near future
(2020–2049). Statistical downscaling using regression techniques was undertaken to match the local climate at
the catchment scale (Rhymee et al. 2022).

2.1.2. Local intensity scaling statistical downscaling approach

The local intensity scaling (LOCI) method was applied to correct the frequency and intensity of wet days through
the elimination of drizzle days (days with little rainfall) in the GCM raw data (Schmidli et al. 2006; Nakkazi et al.
2022). This approach entails two steps. In the first step, a wet-day threshold for the mth month Pthres,m is deter-

mined from the raw GCM rainfall time series to ensure that the threshold exceedance matches the wet-day
frequency of the observed rainfall. In the second step, a scaling factor, sm (Equation (1)) is calculated and
used to ensure that the mean of the corrected rainfall is equal to that of the observed rainfall (Equation (2))

(Teutschbein & Seibert 2012; Fang et al. 2015; Shrestha 2016).

sm ¼ m(Pobs,m,djPobs,m,d . 0
m(Praw,m,djPraw,m,d . Pthres,m

(1)

Pcor,m,d ¼ 0, if Praw,m,d , Pthres,m
Praw,m,d � sm, otherwise

� �
(2)

where Pobs,m,d is the observed daily rainfall; Praw,m,d is the simulated raw daily GCM rainfall and Pcor,m,d is the bias-

corrected daily rainfall.
The projected future rainfall for the considered GCMs was analysed and bias corrected using the described

LOCI method. Using the bias-corrected projected future rainfall, new Intensity–Duration–Frequency (IDF)

curves were developed using the Watkins and Fiddes procedure (Watkins & Fiddes 1984). Furthermore, 10-

Table 1 | Selected CIMP6 global climate models employed in the study

Global climate model
(GCM) Institution

Spatial resolution
(Lat� Lon)

Temporal
resolution Source

GFDL-ESM4 Geophysical Fluid Dynamics Laboratory
(GFDL), USA

2.81°� 2.81° daily Dunne et al.
(2020)

BCC-CSM2-MR Beijing Climate Center, China 1.0°� 1.0° daily Wu et al. (2021)

IPSL-CM6A-LR Institut Pierre-Simon Laplace, France 1.25°� 2.5° daily Dong & Dong
(2021)

NorESM2-MM Norwegian Climate Centre, Norway 1.875°� 2.5° daily Seland et al.
(2020)

MRI-ESM2-0 Meteorological Research Institute (MRI),
Japan

1.125°� 1.125° daily Kawai et al.
(2019)
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year return period design storms were obtained using the alternate block method (Balbastre-Soldevila et al. 2019).
Change factors for all GCMs under various scenarios were determined relative to present climate conditions
using design storms, illustrating the effects of climate change on future rainfall.

2.2. Modelling of surface flooding

The main approaches for modelling surface flooding can be broadly categorised as one dimensional (1D), dual
drainage or 1D-1D, 2D surface flood spreading models and coupled 1D–2D modelling (Mugume 2015; Butler
et al. 2018). In 1D modelling, surface flooding from the minor system is temporarily stored as exceedance

flows at the top of nodes using ‘virtual flood cones’. In the 1D modelling approach, the overland flows that
occur in the major drainage system are excluded from the analysis (Mugume 2015; Rossman 2016; Butler
et al. 2018). In contrast to the 1D modelling approach, the 1D-1D modelling approach enables distinct consider-

ation of vertical interactions between the major and minor system flows (Djordjevic ́ et al. 1999; Schmitt et al.
2005; Maksimovic ́ et al. 2009) and enables more accurate description of the transitions from free surface
flows in the minor system to surcharging (pressurised flow), and finally to occurrence of overland flows in the

major system that are modelled as a network of ponds and pathways (Djordjević et al. 2005; Ryu 2008; Maksi-
mović et al. 2009; Mugume 2015; Butler et al. 2018). The 2D Rapid Flood Spreading Models (RFSMs) on the
other hand build on and extend the 1D approach through a realistic distribution of the total flood volume gen-
erated by the minor system model over the catchment surface (Ryu 2008; Blanc et al. 2012; Butler et al. 2018).

In this research, coupled 1D–2D modelling, which provides a more accurate approach for the simulation of
surface flooding when compared to 1D, 1D-1D and 2D RFSMs was applied (refer to Supplementary Information,
Section 2 for a detailed comparison of urban drainage modelling approaches). This approach utilises a network of

2D grid cells and can represent bidirectional flow between the 1D and the 2D domains using direct links or weir/
orifice type elements and enables a more realistic representation of system flows during extreme events in which
surface flows are not confined to streets or road profiles (Maksimović et al. 2009; Digman et al. 2014; Leandro &

Martins 2016; Ortega Sandoval et al. 2023; Mugume et al. 2024). It also enables a more exact representation of
buildings and urban structures which facilitates a more realistic analysis of surface flows during flooding con-
ditions (Maksimovic ́ et al. 2009).

Furthermore, coupled 1D–2D modelling was undertaken in PCSWMM v7.5.3406, a physically based coupled
1D–2D model developed by Computation Hydraulics International Ontario, Canada (Chitwatkulsiri et al. 2022;
Manchikatla & Umamahesh 2022; Ortega Sandoval et al. 2023). PCSWMM utilises the US EPA SWMM 5.0.015
hydrology and hydraulics engine that is primarily developed for modelling of water quantity and quality in urban

areas for both short- and long-term simulation runs (Rossman 2016). The key components and features that
require representation in the model include urban hydrological modelling, 1D-hydraulic modelling, and the
coupled 1D–2D modelling.

The main steps entailed in the adopted coupled 1D–2D modelling approach include the delineation of a bound-
ing layer, 2D node generation, 2D mesh creation, and the connection of each junction in the 1D model to the
closest 2D junctions. The adopted coupled 1D–2D modelling approach is graphically illustrated in Figure 1.

(Ortega Sandoval et al. 2023; Mugume et al. 2024).

2.3. Modelling of internal UDS failures

Three UDS initial system states that are ‘failed’, ‘partially-failed’, and ‘non-failed,’ were considered in the study.
The ‘failed’ UDS initial state represents the ‘worst-case’ UDS initial state condition in which all links (conduits)

have experienced complete structural failure caused by pipe failures, collapsed open channel sections, blockages,
deposited sediments and solid waste, which collectively limit the hydraulic conveyance capacity of the existing
UDS. In this initial state, a Manning’s n value of 100 is assigned to all links, reflecting the asset condition typical

in many developing country cities with inadequate cleaning and maintenance and the presence of deposited sedi-
ments and solid waste (Mugume et al. 2015, 2024).

On the other hand, the partially ‘failed’ UDS initial state represents the current condition in which links in the

UDS have experienced partial failures or are partially filled with deposited sediment and solid waste resulting in
the reduction of the hydraulic conveyance capacity of the UDS. In this initial state, a Manning’s n value of 0.063,
which represents a 50% reduction in the peak flows, was applied for coupled 1D–2D modelling to determine the

2D surface flooding extents corresponding to 50% failure (refer to Supplementary Information, Section Table S6).
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On the other hand, the ‘non-failed’ UDS initial state represents the ideal condition where all links are well-main-
tained, clean, structurally sound, free of sediments or solid waste, and meet the designed hydraulic conveyance
capacity. A Manning’s n value of 0.020 is used to model all links in the ‘non-failed’ system (Mugume et al. 2015).
Employing the adopted failure modelling approach can enable a quantitative assessment of the effectiveness of
UDS cleaning, repair, and maintenance strategies, which can complement the benefits of BGI (Mugume et al. 2024).

2.4. Case study 1D–2D model set up

2.4.1. Datasets used in the study

The datasets utilised include a 5 m horizontal resolution Digital Elevation Model (DEM), soil and land use maps,

existing UDS hydraulic parameters (bottom width, top width, side slopes & invert levels), and observed hydro-
meteorological data (Table 2). GIS-based spatial analysis of the DEM was applied to delineate the catchment
into 47 sub-catchments. Zonal analysis was carried out to obtain the average slopes of each delineated sub-catch-

ment, which ranged from 0.045 to 0.156. The iterative supervised classification which is a form of the maximum
likelihood classification approach (Han & Burian 2009) was used to compute the Percentage Imperviousness
(PIMP) for the Nakivubo catchment as 64.4%. Furthermore, a 77-year observed daily rainfall dataset for Maker-

ere University meteorological station was used in this study. The main steps entailed in the extreme rainfall
analysis include: extraction of maximum daily rainfall for each month and year, derivation of IDF curves
using the Annual Maximum Series method, determination of the 2-year–24 hr rainfall and derivation of design

rainstorms using the alternating block method (Fiddes et al. 1974; Mugume & Butler 2017; Butler et al. 2018;
Mugume et al. 2024).

2.4.2. Description of the existing Nakivubo UDS

A real-world case study UDS that drains the Nakivubo catchment in Kampala city was used in this research. The
location of the Nakivubo catchment and the major drainage catchments of Kampala including Kinawataka

(32.7 km2), Lubigi (64 km2) and Nalukolongo (33.1 km2) are shown in Figure 2.
The Nakivubo catchment drains a total area of 39.1 km2, delinated into 47 sub-catchments. The catchment is

highly urbanised with mixed developments that include high income industrial and commercial areas in Lugogo
industrial areas, the Central business district as well as low to medium income areas located upstream of the

catchment which includes parts of Makerere University.
The existing primary and secondary drainage systems comprise a network of pipes, trapezoidal open sections,

and bridge and culvert crossings (Mugume et al. 2015). The modelled Nakivubo UDS is 12.3 km long and com-

prises a dendritic network of 177 conduits and 177 nodes. The average sub-catchment slope and PIMP were

Table 2 | Datasets used in the study

Data classification Dataset Data Quality
Period/
Publication year Data source/ Website

Topographic DEM 5� 5 m spatial
resolution

2016 Kampala Capital City Authority (KCCA)

Soil Soil map 250� 250 m
spatial
resolution

2015 Food and Agricultural Organization (FAO),
https://www.fao.org/soils-portal/data-hub/soil-
maps-and-databases/faounesco-soil-map-of-the-
world/en/

Land use Land cover
maps

30� 30 m 2018 United States Geological Survey (USGS),
https://earthexplorer.usgs.gov/

Hydraulic UDS
properties

2016 Kampala Drainage Master Plan

Climatological –
Observed

Precipitation Daily 1991–2019 Makerere University Meteorological Centre
4� 4 km 1991–2019 Tropical Applications of Meteorology using

SATellite data and ground-based observations
(TAMSAT),
https://data.tamsat.org.uk/data-download/
rainfall/

Climatological –
Projected

Precipitation Daily temporal
resolution

2020–2049 Copernicus,
https://climate.copernicus.eu/
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computed as 7.7% [0.5–15.7%] and 64.4%, respectively. Using the analysed input data, detailed hydrological and
hydraulic models of the Nakivubo UDS were built in PCSWMM v7.5.3406. A detailed description of the 1D
hydrological and hydraulic modelling is provided by Mugume et al. (2024).

Furthermore, a set of design rainstorms with a fixed duration of 24 h and return periods, T of 2, 5, 10, 25 50 and
100 years were used in the model (hereafter referred to as T2, T5, T10, T25, T50 and T100, respectively) for the
current climate analysis. For the projected future climate change analysis, downscaled rainfall events with a

return period of 10 years for each selected GCM and considering both SSP2-4.5 and SSP5-8.5 scenarios were
used to run the model. Furthermore, the rainstorms were applied uniformly across all the sub-catchments
within the catchment.

2.5. Modelling of BGI options

RWH tanks, infiltration trenches, and bioretention cells were modelled in PCSWMM, considering spatial cov-

erages that ranged from 0.3 to 1.1% of the total catchment area. The BGI options were modelled to treat
runoff from 60 to 20% of the of the impervious pervious areas, respectively. Each BGI option was modelled inde-
pendently while maintaining the same overall storage volume. Based on an estimate of the number of homes
within the catchment, RWH’s spatial coverage was determined. Official national population data was used to

analyse the population within the catchment (UBOS 2020). Using the assessed population data and assuming
an average household size of four persons in Kampala (Mugume et al. 2017) and considering that 70% of the
households install a RWH tank, the total volume allocated to RWH was determined as 239,753 m3 for Nakivubo

catchment (refer to Supplementary Information, Table S7).
To enable comparative evaluation of the effectiveness of singular BGI options in the reduction of pluvial flood-

ing, the same retained volume (239,753 m3) was specified for each BGI option. The total number of units of each

BGI option is presented in Supplementary Information, Table S8. A total of 47,951 RWH units with a total sto-
rage volume of 239,753 m3 were modelled in PCSWMM as ‘rain barrels’ and were spatially distributed in all the
sub-catchments. The RWH units are assumed to be empty prior to the start of the rainfall event. Furthermore, a

drain delay of 6 h was adopted for modelling purposes. In addition, a total of 2,664 spatially distributed

Figure 2 | Location of the Nakivubo catchment in Kampala.
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infiltration trenches are modelled in PCSWWM, each with an area of 150 m2 and a volume of 90 m3. The hydrau-
lic conductivity and porosity values of 70.8 mm/hr and 0.30 were applied in the model (Havik 2012). Finally, a
total of 3,330 spatially distributed bioretention cells were modelled in PCSWWM at a sub-catchment level. The

hydraulic void ratio and seepage rates of 0.4 and 70.8 mm/year were applied in the model (Havik 2012).

2.6. Model validation

Field surveys provide a useful tool that enables an improved understanding of the physical behaviour of extreme
events suchasfloods, tsunamis, or hurricanes (Wüthrich et al.2024). In this research,model validationwasundertaken
by comparing field measurements of the observed maximum flood depths at 20 selected flood hotspot locations in the

catchment, with corresponding values of the simulated flood depths (Figure 3).
For each of the selected locations, the coordinates and simulated flood depth were extracted from the

PCSWMM model and compiled in a field flood depth validation sheet. Thereafter, field visits to each of the 20

selected flood hotspot locations were undertaken. During the field visits, the observed maximum flood depth
at each location was measured as a vertical distance between the ground level and the highest flood mark on
existing buildings (Wüthrich et al. 2024). In some instances, the validation process also involved interviewing
residents to confirm the maximum flood levels at some of the buildings.

Furthermore, the coordinates of each location were obtained using a mobile GPS application (Mugume et al.
2024). Georeferencing was applied to confirm the coordinates of selected locations with corresponding coordi-
nates extracted from the PCSWMM. Any discrepancies in coordinates were documented, and the field

coordinates were crosschecked to ensure a more accurate comparison of the field and simulated flood depths.
The corresponding simulated flood depth at each selected location was extracted from the flood depth map
and the results were compared (Mugume et al. 2024). This methodology aligns with recent studies, where

post-event surveys of reported flooding impacts were used to validate flood modelling results (Varlas et al.
2019; Mugume et al. 2024; Wüthrich et al. 2024).

The Nash–Sutcliffe Efficiency (NSE) Index, the mean absolute error (MAE) and the normalised root mean

square error (NRMSE) were used as performance indicators to evaluate the goodness of fit between the observed

Figure 3 | Location of selected flooding hotspots.
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maximum and simulated flood depths (Equations (3), (4) and (5)). The NSE Index values range from negative
infinity to 1 (Equation (3)). Values between 0 and 1 are generally acceptable, with NSE¼ 0.65 considered as unsa-
tisfactory; NSE¼ 0.80 as acceptable; NSE¼ 0.90 as good; and NSE. 0.90 as very good (Ritter & Muñoz-

Carpena 2013).

NSE ¼ 1�
Pty

t¼1 (d
t
o � dt

m)
2

Pty
t¼1 (d

t
o � do)

2 (3)

NRMSE ¼
P

(dm � d0)
2P

d2
o

(4)

MAE ¼ 1
N

XN
I¼1

jdm � doj2 (5)

where do is the mean of the observed flood depths; dm is the simulated flood depth; dt
o is the observed flood

depth at time t and N is the number of observations.

3. RESULTS AND DISCUSSION

3.1. Model validation

The computed NSE values for the catchment were 0.841 and 0.876, considering the T25 and T50 rainfall return
periods, respectively. This suggests that the measured maximum flood depths were attributed to pluvial flooding

events with return periods ranging from 25 to 50 years (Table 3). Furthermore, the computed NRMSE values were

Table 3 | Coupled 1D–2D flood model validation results

Coordinates Simulated flood depth (m) RMSE parameter (dm -ds)2

Location
ID Long. Lat.

Measured flood
depth (m) T5 T10 T25 T50 T100 T5 T10 T25 T50 T100

NA-1 32.5687 0.3224 0.20 0.14 0.18 0.20 0.24 0.38 0.00 0.00 0.00 0.00 0.00

NA-2 32.5688 0.3221 0.28 0.17 0.21 0.24 0.32 0.42 0.01 0.00 0.00 0.00 0.00

NA-3 32.5687 0.3216 0.19 0.11 0.13 0.16 0.25 0.29 0.01 0.00 0.00 0.00 0.00

NA-4 32.5716 0.3184 0.72 0.34 0.47 0.58 0.61 0.74 0.15 0.06 0.02 0.01 0.01

NA-5 32.5772 0.3057 0.12 0.00 0.01 0.02 0.03 0.16 0.01 0.01 0.01 0.01 0.00

NA-6 32.5778 0.3084 0.22 0.02 0.03 0.03 0.09 0.17 0.04 0.04 0.04 0.02 0.26

NA-7 32.5823 0.3029 0.68 0.29 0.31 0.45 0.53 0.56 0.16 0.14 0.06 0.02 0.06

NA-8 32.5812 0.3047 0.35 0.15 0.19 0.24 0.25 0.28 0.04 0.03 0.01 0.01 0.10

NA-9 32.5803 0.3056 0.33 0.17 0.21 0.24 0.29 0.84 0.03 0.01 0.01 0.00 0.00

NA-10 32.5944 0.3170 0.60 0.14 0.22 0.55 0.58 0.85 0.21 0.14 0.00 0.00 0.34

NA-11 32.5928 0.3183 0.82 0.38 0.55 0.70 0.73 1.14 0.20 0.08 0.02 0.01 0.02

NA-12 32.5768 0.3042 0.95 0.41 0.60 0.74 0.78 0.94 0.29 0.12 0.04 0.03 0.01

NA-13 32.6295 0.3130 1.06 0.16 0.23 0.29 0.32 0.48 0.81 0.69 0.59 0.55 0.09

NA-14 32.6301 0.3110 0.52 0.03 0.11 0.16 0.19 0.39 0.24 0.17 0.13 0.11 0.01

NA-15 32.6109 0.3144 0.75 0.32 0.45 0.61 0.65 0.84 0.19 0.09 0.02 0.01 0.00

NA-16 32.6096 0.3140 0.78 0.49 0.62 0.77 0.80 1.08 0.08 0.03 0.00 0.00 0.00

NA-17 32.6093 0.3152 0.67 0.38 0.49 0.64 0.68 0.78 0.09 0.03 0.00 0.00 0.04

NA-18 32.6044 0.3160 0.39 0.03 0.16 0.32 0.38 0.44 0.13 0.05 0.00 0.00 0.00

NA-19 32.6020 0.3163 0.42 0.01 0.07 0.17 0.22 0.43 0.17 0.12 0.06 0.04 0.00

NA-20 32.5925 0.3137 0.68 0.12 0.17 0.33 0.43 0.75 0.31 0.26 0.12 0.06 0.00

Normalised root mean square error (NRMSE) 0.433 0.281 0.152 0.120 0.144

Mean absolute error (MAE) 0.339 0.261 0.160 0.128 0.163

Nash–Sutcliffe Efficiency Index (NSE) 0.559 0.709 0.841 0.876 0.856
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0.152 and 0.120, 0.144 for T25, T50 and T100 return periods, respectively. The computed MAE values were 0.160,
0.128 and 0.163 for the T25, T50 and T100 return periods, respectively. Given that the NRMSE and MAE values
are close to 0 and the NSE values are close to 1, the model validation results suggest that the accuracy of the

developed coupled 1D–2D model was relatively high. The computed minimum NRMSE and MAE values and
maximum NSE value suggest that the observed maximum flood depths were attributed to T50 extreme rainfall
events.

The study results have demonstrated that in the absence of simultaneously measured rainfall and flow data for

an existing UDS, model accuracy of a coupled 1D–2D model can be ascertained through measurement of
observed maximum flood depths at selected georeferenced flood hot spot locations. Model validation can also
be undertaken using more recent citizen science approaches which utilise user-contributed photos and videos

of flooded streets to estimate flood depths during extreme flooding events and to support the optimisation and
selection of flood evacuation routes for emergency services (Alizadeh et al. 2022).

The study results have also demonstrated that the use of local sensitivity analysis (refer to Supplementary Infor-

mation, Section 2.5) to identify the most sensitive model parameters, coupled with the use of high resolution
Digital Elevation Models, and satellite imagery can significantly improve the accuracy of the developed urban
flood models (Reinstaller et al. 2022). For future research, citizen science approaches for the validation of

urban flood models in developing country cities are recommended (Alizadeh et al. 2022).

3.2. Effect of climate change on urban rainfall

3.2.1. Local intensity downscaling of urban rainfall

In this study, a minimum value of 1 mm/day was considered as the baseline to differentiate between wet and dry

days. The results of the computed number of rainfall days (and their corresponding threshold values) and the cor-
rection factors for rainfall are presented in Tables 4 and 5, respectively, for the downscaled NorESM2-MM and
GFDL-ESM4 global climate models.

Low threshold values (,1 mm) imply that within that month, the projected rainfall intensity and frequency
were low as compared to threshold values above 1 mm.

Furthermore, the computed monthly correction factors were positive for all considered GCMs which suggests

an increase in the projected future rainfall for Kampala. For the NorESM2-MM GCM, June and August are
expected to be the wettest months, with factors exceeding four, while May and October will be the driest, with
factors below 1.5. Similarly, for the GFDL-ESM4 GCM, July and August will be the wettest months, with factors
over four, while May, October, and November will be the driest, with factors less than 1.0. Nonetheless, it is

important to note that even during the driest months, there will still be an increase in rainfall intensity compared
to the current climate conditions.

Table 4 | Calculation of the number of rainy days for each GCM

Month Observed average no. of rainfall days Raw historical GCM average no. of rainfall days

Threshold (mm)

NorESM2 -MM GFDL-ESM4

1 9.83 9.83 0.68 0.35

2 8.25 8.25 0.44 1.37

3 14.00 14.00 1.07 1.40

4 16.63 16.63 2.43 4.98

5 14.21 14.21 1.36 4.76

6 9.63 9.63 0.03 1.06

7 9.17 1.21 1.00 0.22

8 12.88 12.88 0.04 0.29

9 15.13 15.13 0.25 1.22

10 18.33 18.33 2.03 4.42

11 16.13 16.13 3.74 6.47

12 11.54 11.54 3.38 1.82
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3.2.2. Analysis of future climate change impacts on urban rainfall

The study results show that for all assessed GCMs, the medium emission scenario (SSP 2-4.5) led to smaller

increases in daily rainfall compared to the severe emission scenario (SSP 5-8.5). The results further suggest
that for both SSP 2-4.5 and SSP 5-8.5 climate change scenarios, the climate change factors are greater than 1
suggesting a general increase in rainfall intensity and duration in Kampala (Table 6).

Furthermore, for the SSP5-8.5 scenario, considerable variability was observed within the downscaled GCM
model results. Specifically, the BCC-CMC-MR and IPSL-CM6A-LR GCMs resulted in the highest increase in
daily rainfall of 116 and 116%, respectively, while the NorESM2-MM, MRI-ESM2-0 and GFDL-ESM4 GCMs

resulted in moderate increases of 11, 33 and 44%, respectively. Furthermore, future climate projections for the
SSP 2-4.5 scenario resulted in increases in rainfall that varied from 8 to 95% (Table 6).

The IPSL-CM6A-LR and BCC-CMC-MR GCMs resulted in relatively high change factors when compared to

other GCMs and published climate change factors for Uganda (Ngoma et al. 2021) and hence were excluded
from subsequent analysis. After the exclusion of the aforementioned GCMs, the GCMs with the lowest and high-
est change factors, namely NorESM2-MM and GFDL-ESM4, were selected for further investigation to ensure
that the band of uncertainty is represented in the simulated urban flooding impact indicators.

Using the results of statistical downscaling, annual maximum daily rainfall values for each future year were
derived (refer to Supplementary Information, Tables S1 and Table S2) and new design storms were developed
for the near future period (2020–2049) considering a return period of 10 years (Figure 4).

Table 5 | Calculation of correction factors for rainfall

NorESM2 -MM GFDL-ESM4

Month Obs Raw Factor Raw Factor

1 7.98 4.24 2.24 3.45 2.58

2 7.88 3.19 2.86 5.92 1.73

3 10.27 5.87 2.14 9.78 1.23

4 10.50 9.30 1.53 16.43 0.92

5 8.03 6.87 1.46 12.76 1.00

6 7.24 1.49 4.94 3.65 2.80

7 7.36 4.99 1.85 1.72 4.90

8 9.60 2.24 4.36 2.52 4.30

9 9.90 4.56 2.30 5.03 2.60

10 9.35 9.17 1.31 13.88 0.99

11 10.99 10.72 1.58 17.97 0.96

12 7.88 8.23 1.63 8.81 1.13

Table 6 | Computed climate change factors for downscaled daily rainfall for selected GCMs

GCM Modelling centre Scenario Computed Climate Change factor

GFDL-ESM4 Geophysical Fluid Dynamics Laboratory SSP 2-4.5 1.24
SSP 5-8.5 1.44

BCC-CMC-MR Beijing Climate Center SSP 2-4.5 1.98
SSP 5-8.5 2.16

IPSL-CM6A-LR Institut Pierre-Simon Laplace SSP 2-4.5 1.95
SSP 5-8.5 2.16

NorESM2-MM Norwegian Climate Centre SSP 2-4.5 1.08
SSP 5-8.5 1.11

MRI-ESM2-0 Meteorological Research Institute (MRI) SSP 2-4.5 1.10
SSP 5-8.5 1.33
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The study results suggest that future climate change will lead to 8–24% and 11–44% increase in daily rain-

fall intensities for the SSP2-4.5 and SSP5-8.5 scenarios, respectively. In previous studies, a current climate
change factor of 1.2 has been applied to upscale rainfall for Kampala prior to undertaking detailed urban
flood modelling studies (GIZ 2022). These results suggest that new climate change factors that range from
1.24 to 1.44 should be used to upscale observed rainfall for the near future period (2020–2049) to facilitate

a more accurate assessment of flood risk in Kampala. The study results can facilitate a more accurate evalu-
ation of potential climate change adaptation options, which is vital for enhancing the resilience of existing
UDSs. In future research, the effect of land use change caused by rapid urbanisation, urban creep, and

inner city densification should be investigated to provide a more wholistic picture of the projected future
flooding impacts in Kampala.

3.3. UDS performance under current climate conditions and varying UDS initial states

The results of the coupled 1D–2D modelling for the existing Nakivubo UDS considering ‘failed’, ‘partially-failed’
and ‘non-failed’ UDS initial states are presented in Figures 5–7, respectively. The flood extent maps show that
flooding is concentrated around the primary channels due to the prevailing topography that consists of gentle

hills and narrow valleys where the existing UDSs are constructed. Furthermore, the study results show that
the T100 design rainstorm resulted in a 76.1% increase in flooding extent when compared to the T2 design rain-
storm under the ‘failed’ UDS initial state.

On the other hand, the T100 design rainstorm resulted in a 33.6% increase in flooding extent when compared to
the T2 design rainstorm under the ‘partially-failed’ UDS initial state. Furthermore, the simulated flooding extents
for all considered design storms for ‘failed’UDS initial state were higher than the ‘partially-failed’UDS initial state
by 3–36.1%. However, the proportion of flood depths greater than 0.5 m was higher for the ‘partially-failed’ UDS

initial state (44.8–74.3%) when compared to the ‘failed’ UDS initial state (38.4–54.3%). Furthermore, the results
suggest that the ‘non-failed’ UDS initial state leads to a reduction of flooding extent of 5.7–28.8% when compared
to ‘failed’ UDS initial state results (refer to Supplementary Information, Table S4 ).

These results confirmed that complete failure of the 1D-minor system is the ‘worst-case’ UDS initial state that
is characterised by pipe failures, collapse of open channel sections, blockages, deposition of silt and sediment
and the presence of vegetation significantly. This state reduces the system’s ability to convey storm water flows,

leading to more severe and widespread flooding even in cases where the initial UDS design capacity might
otherwise convey the flows resulting from a given design rainfall event. The model results also indicate that
regular cleaning, maintenance, and monitoring are critical to minimise internal system failures and to minimise

pluvial flooding.

Figure 4 | Extracted design storms considering the projected future climate change conditions.
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3.4. UDS performance under future climate conditions and varying UDS initial states

The results of the coupled 1D–2Dmodelling for the existing Nakivubo UDS considering a ‘failed’, ‘partially-failed’

and ‘non-failed’ UDS initial states under the projected future climate change are presented in Figures 8–10,
respectively. The study results for the ‘failed’ UDS initial state suggest that future climate change considering
the T10 design storm will increase the flooding extent by 2.8–14.8% for the SSP2-4.5 scenario. On the other
hand, the T10 design storm increased flooding extent by 5.0–29.9% considering SSP5-8.5 severe forcing scenarios.

These results also indicate that considering the worst-case scenario (GFDL-ESM4, SSP5-8.5), a T10 design storm
under projected future climate change will lead to a similar increase in flooding extent as a T100 year design
storm under the current climate conditions.

In addition, the study results for the ‘partially-failed’ UDS initial state suggest that future climate change con-
sidering the T10 design storm led to a slightly lower increase in flooding extent of 4.4–8.9% for SSP2-4.5
scenarios. On the other hand, the T10 design storm resulted in a 16.2–17.4% increase in the resulting flooding

extent considering the SSP 5-8.5 severe forcing scenarios. Similar to the ‘failed’ UDS initial state, the results
for the ‘partially-failed’ UDS initial state also indicate that considering the worst-case scenario (GFDL-ESM4
(SSP5-8.5)), a T10 design storm under projected future climate change will result in a similar flooded area as a

T100 year design storm under the current climate conditions.

Figure 5 | Simulated flooding extent (flooded area) for the existing Nakivubo UDS considering the ‘failed’ initial UDS state and
current climate conditions considering various return periods: (a) T2; (b) T5; (c) T10; (d) T25; (e) T50 and (f) T100.
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On the other hand, the study results for the ‘non-failed’ UDS initial state suggest that future climate change
considering the T10 design storm led to a slightly lower increase in flooding extent of 4.3–9.3% for the SSP2-
4.5 scenario. On the other hand, the T10 design storm resulted in a 13.7–14.8% increase in the resulting flooding

extents considering the SSP 5-8.5 severe forcing scenarios. The results for the ‘non-failed’ UDS initial state indi-
cate that considering the worst-case scenario (GFDL-ESM4 (SSP5-8.5)), a T10 design storm under projected
future climate change will lead to result in a similar flooded area as a T50 year design storm under the current
climate conditions (refer to Supplementary Information, Table S5).

It should be noted that the primary and secondary drainage systems in Kampala were designed considering
T10 and T2 design storms, respectively. The study results have therefore demonstrated that the current hydrau-
lic conveyance capacity of the Nakivubo UDS is insufficient to handle the current T2 flows and that compound

climate change and internal system failure threats will significantly increase flood risk, as the UDS hydraulic
capacity is pushed beyond limits more frequently. Furthermore, by incorporating climate projections in urban
drainage modelling, this research has demonstrated how future climate change exacerbates the impacts of

internal UDS failures and points to the need for cities to prepare for higher flood risk thresholds in the
future. The results have also demonstrated that improvement in UDS cleaning and maintenance practices
could reduce the projected flooding extent by up to 5.5 and 15.1% for the SSP2-4.5 and SSP5-8.5 scenarios,

respectively.

Figure 6 | Simulated flooding extent (flooded area) for the existing Nakivubo UDS considering the ‘partially-failed’ UDS initial
state and current climate conditions considering various return periods: (a) T2; (b) T5; (c) T10; (d) T25; (e) T50 and (f) T100.
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3.5. Effectiveness of modelled BGI options under current climate conditions

The results for the ‘failed’ UDS initial state suggest that the use of infiltration trenches leads to an average

reduction in total flood volume of 18.2% [11.8–29.8%] under current climate conditions. On the other hand,
the use of bioretention cells leads to an average reduction of total flood volume of 12.2% [7.9–19.8%] (Figure 11).
The use of spatially distributed RWH tanks led to an average reduction in total flood volume of 11.1% [7.2–
17.8%]. The results further indicated that RWH, infiltration trenches and bioretention cells led to a very low

reduction in average flood duration of 8.9, 4.8 and 5.1%. However, for the T2 design rainstorm, infiltration
trenches and bioretention cells lead to a minimal increase in the average flood duration of 4.5 and 1.5%, respect-
ively. Further investigation showed that the average flood duration was computed for only 15 flooded nodes,

which resulted in higher average values when compared to the corresponding values for higher return periods
with a higher number of flooded nodes that is: T5 (24 flooded nodes), T10 (39 flooded nodes), T25 (47 flooded
nodes), T50 (51 flooded nodes) and T100 (55 flooded nodes).

Furthermore, the results for the ‘partially-failed’ UDS initial state suggest that the use of infiltration trenches
leads to 18.7% [12.0 - 31.6%] reduction in total flood volume. The use of bioretention cells and spatially dis-
tributed RWH tanks led to an average reduction of total flood volume of 12.5% [8.0–21.0%] and 11.4%

[7.3–19.2%], respectively (Figure 12). The results further indicated that RWH tanks, infiltration trenches and

Figure 7 | Simulated flooding extent (flooded area) for the existing Nakivubo UDS considering the ‘non-failed’ UDS initial state
and current climate conditions. Blue colour is the inundated area and the red mark is the outlet: (a) T2; (b) T5; (c) T10; (d) T25; (e)
T50 and (f) T100.
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Figure 8 | Simulated flooding extent (flooded area) for the existing Nakivubo UDS considering the ‘failed’ initial state and
projected T10 future climate change conditions: (a) NORESM2 SSP2-4.5; (b) NORESM2 SSP 5-8.5 (c) GFDL SSP2-4.5 and (d) GFDL
SSP 5-8.5 scenarios.

Figure 9 | Simulated flooding extent (flooded area) for the existing Nakivubo UDS considering the ‘partially-failed’ initial state
and projected T10 future climate change conditions: (a) NORESM2 SSP2-4.5; (b) NORESM2 SSP 5-8.5 (c) GFDL SSP2-4.5 and
(d) GFDL SSP 5-8.5 scenarios.
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bioretention cells resulted in a minimal reduction of the average flood duration of 10.2, 10.9 and 6.5%,
respectively.

On the other hand, the results for the ‘non-failed’ UDS initial state suggest that the use of infiltration trenches
leads to an average reduction in total flood volume of 19.9% [14.1–30.1%]. The use of bioretention cells and
spatially distributed RWH tanks leads to an average reduction of total flood volume of 14.2% [10.3–20.6%]

and 12.9% [9.4–18.6%], respectively. The results further indicated that RWH tanks, infiltration trenches and bior-
etention cells led to a more substantial reduction of 40.7, 28.6 and 27.1% in the average flood duration
(Figure 13).

These results are in agreement with Panos et al. (2021) who concluded that the use of distributed bioretention
cells in redeveloped areas can enable the existing UDS to convey additional storm water flows caused by 8.5–
12.5% increase in effective rainfall prior to its failure. Furthermore, the study results agree with Mugume et al.
(2024) andWebber et al. (2020) who concluded that BGI can effectively minimise flooding caused by low to mod-
erate rainfall events (Mugume et al. 2024), leaving substantial residual flood risk when more extreme rainfall
events occur. This, therefore, necessitates a paradigm shift from the implementation of singular BGI options
to consideration of integrated grey-blue-green infrastructure (IGBGI) in which investment in spatially distributed

BGI is complemented with rehabilitation or expansion of existing grey infrastructure leading to enhancement of
global UDS resilience to flooding and co-benefits that include the provision of alternative water supplies,
reduction of urban heat island effect and improvement of storm water quality (Alves et al. 2020; Webber et al.
2020; Wang et al. 2023).

3.6. Effectiveness of modelled BGI options under future climate change conditions

Model simulations considering a ‘failed’ UDS initial state were undertaken using the projected T10 design rain-
storms. The results suggest that the use of bioretention cells led to an average reduction of total flood volume of

9.8% [7.4–11.8%]. The results further suggest that the use of infiltration trenches and spatially distributed RWH
tanks led to an average reduction in total flood volume of 14.6% [11.1–17.6%] and 8.9% [6.8–10.8%], respect-
ively. Considering the duration of flooding, the results indicate that RWH, infiltration trenches and bioretention

cells led to a minimal reduction in the average flood duration of 7.4, 6.8 and 1.3%, respectively (Figure 14).

Figure 10 | Simulated flooding extent (flooded area) for the existing Nakivubo UDS considering the ‘non-failed’ state and
projected T10 future climate change conditions. Blue colour is the inundated area and the red mark is the outlet: (a) NORESM2
SSP2-4.5; (b) NORESM2 SSP 5-8.5; (c) GFDL SSP2-4.5 and (d) GFDL SSP 5-8.5 scenarios.
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Furthermore, model simulations considering a ‘partially-failed’ UDS state were undertaken using the projected

T10 design rainstorms. The results suggest that the use of bioretention cells led to an average reduction of total
flood volume of 9.8% [7.4–11.8%]. The results further suggest that the use of infiltration trenches and spatially
distributed RWH tanks led to an average reduction in total flood volume of 14.6% [11.1–17.6%] and 8.9%

[6.8–10.8%], respectively. Considering the duration of flooding, the results indicate that RWH, infiltration
trenches and bioretention cells led to a minimal reduction in the average flood duration of 6.7, 4.0 and 1.9%,
respectively (Figure 15).

The model simulation results for the ‘non-failed’ UDS initial state suggest that the use of bioretention cells led

to an average reduction of total flood volume of 12.2% [9.8–14%]. The results further suggest that the use of infil-
tration trenches and spatially distributed RWH tanks led to an average reduction in total flood volume of 16.8%
[13.4–19.3%] and 11.2% [9.1–12.9%], respectively. Considering the duration of flooding, the results indicate that

RWH, infiltration trenches and bioretention cells led to more than 34.3% reduction in the average flood duration
(Figure 16).

The study results suggest that future climate change and internal UDS failures significantly reduce the perform-

ance of all considered BGI options which is in agreement with Neumann et al. (2024). These results also agree
with Zhang (2024) who concluded that optimally located spatially distributed green infrastructure led to a low
reduction of peak flows of 3.3–18% under future climate change in Guangzhou, China. Furthermore, the study

results have demonstrated that appropriately designed infiltration-based systems led to more significant flood

Figure 11 | BGI effect on reduction of (a) total flood volume (top) and average flood duration (bottom) for ‘failed’ UDS initial
state condition.
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reduction benefits during extreme rainfall (Neumann et al. 2024). However, further research using pilot studies is
required to determine optimal design parameters (hydraulic conductivity, porosity, void ratio, seepage rate) for

infiltration-based systems which are influenced by the choice of design parameters and prevailing sub-surface
soil conditions in various cities (Neumann et al. 2024).

In addition, the study results suggest that although spatially distributed RWH tanks were more effective when

compared to infiltration-based systems under current climate conditions (Mugume et al. 2024), the additional
hydraulic loading caused by climate change induced extreme rainfall significantly reduced their effectiveness.
Improving the effectiveness of RWH systems for urban flood reduction effectiveness would require the tanks

to be equipped with passive or more advanced active control systems for the regulated release of rainwater to

Figure 12 | BGI effect on reduction of (a) total flood volume (top) and average flood duration (bottom) for the ‘partially-failed’
UDS initial state condition.
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the UDS to ensure that an adequate storm water control volume is maintained in the tanks prior to the sub-
sequent rainfall event (Mugume et al. 2017).

4. CONCLUSIONS

This research focused on the evaluation of effectiveness of BGI in the reduction of pluvial flooding provides a
rigorous characterisation of the potential of BGI in enhancing the resilience of UDSs experiencing compound

climate change and internal system failure threats. A methodology that combined local intensity downscaling
of five CMIP6 Global Climate Models (GCMs) for projection of future rainfall, coupled with 1D–2D urban drai-
nage modelling and internal system failure modelling was developed. The developed methodology was applied to

investigate the performance of BGI options for the reduction of pluvial flooding, using a case study of the Naki-
vubo UDS which drains a highly urbanised catchment in Kampala, Uganda. Based on the study findings, the
following conclusions can be made:

(a) 2D surface flow modelling and visualisation: The adopted coupled 1D–2D modelling approach provided
valuable visual representations of 2D flood extents and depths in the case study catchment. The study also

revealed the need to use multiple GCMs to ensure that uncertainty in climate modelling results is accounted

Figure 13 | BGI effect on reduction of (a) total flood volume and (b) average flood duration for ‘non-failed’ UDS initial state.
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for in the 2D surface flow modelling. This approach can support engagement with local communities and key

stakeholders and can facilitate co-creation of context-specific adaptation strategies that can be implemented by
city authorities, property developers and other flood risk management stakeholders to enhance resilience to
flooding.

(b) UDS performance under internal system failures: The study has demonstrated that BGI provides sec-
ondary flood mitigation benefits in situations where existing UDSs experience internal system failures
caused by blockages, pipe, pump and sensor failures, power outages, structural collapse of drainage chan-
nel sections, deposition of sediments and solid waste. The study findings suggested that the hydraulic

conveyance capacity of the existing Nakivubo UDS in Kampala is inadequate to safely convey storm
water runoff resulting from the projected future rainstorms. The study findings also suggested that
implementation of spatially distributed BGI at urban catchment scale reduces reliance on centralised

UDSs thereby providing multiple layers of flood protection, which is crucial for maintaining UDS function-
ality during failure conditions.

(c) Resilience under climate change: The study has demonstrated that climate change will increase the fre-

quency of occurrence of extreme rainfall in Kampala from 1 in 100 years to 1 in 10 years by 2050 which
will exacerbate the urban flooding challenge in Kampala. This therefore creates the need to integrate BGI
into urban planning to enhance existing UDS flexibility and redundancy attributes thereby enhancing the resi-

lience of existing UDSs under a changed climate.

Figure 14 | BGI effect on reduction of (a) total flood volume and (b) average flood duration for ‘failed’ UDS initial state.
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(d) Effectiveness of BGI: The study has demonstrated that catchment scale implementation of spatially distrib-
uted infiltration trenches, bioretention cells and RWH systems leads to a modest reduction in flood
mitigation benefits, suggesting that BGI are only effective during the occurrence of low to moderate rainfall.

Based on the study findings, it is concluded that for Kampala City, BGI should be integrated into urban plan-
ning policies and strategies to complement investments in improved asset management, rehabilitation and

expansion of existing grey UDSs in order to provide cost-effective solutions towards resilient and sustainable
storm water management. However, further research is needed to address challenges that include: (a) quantifying
co-benefits and trade-offs in the implementation of BGI under different urban contexts and climate conditions (b)

optimisation of scale and spatial distribution of BGI during integration with existing grey urban drainage infra-
structure (c) improved modelling of 2D surface flows using recent 2D direct rainfall (rain-on grid) modelling
approaches to better represent 2D surface flow interactions with the modelled BGI options and (d) development

and application citizen science approaches for improved 2D surface flowmodel validation in data scarce environ-
ments using Citizen Science and Artificial Intelligence (e) implementation and monitoring of pilot scale
bioretention cells and infiltration trenches to facilitate improved BGI model calibration and validation data col-

lection in varying city contexts.

Figure 15 | BGI effect on reduction of (a) total flood volume (top) and (b) average flood duration (bottom) for ‘partially-failed’
UDS initial state condition.
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Finally, the novelty of this research lies in the application of a combination of a more complex coupled 1D–

2D urban flood modelling approach and compound-threat analysis (consideration of future climate change and

internal system failure scenarios) to investigate the effectiveness of BGI in enhancing the resilience of existing
UDSs in cities. The adopted approach therefore enabled consideration of dynamic interactions between BGI
elements and the urban water cycle under extreme climate and internal system failure conditions. Finally,

the research has presented a new approach that is not considered in conventional urban drainage design
and rehabilitation approaches.
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