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Abstract: In recent years, many urban areas in Ethiopia have experienced frequent flood events as 

a result of climate change and urban sprawl. Unplanned and unsustainable poor urban storm water 

management strategies will aggravate the impact and frequency of flood occurrence. In this study, 

impacts of urbanization and climate change on generated flood magnitude are analyzed using the 

urban hydrological model of Storm Water Management Model (SWMM) and Low Impact Develop-

ment (LID) sustainable land use optimization techniques. Three rainfall distribution patterns (TS1, 

TS2 and TS3) in combination with rainfall duration periods of 10, 30 and 60 min and a pessimistic 

climate change scenario of RCP 4.5 compared to RCP 8.5 are used for the analysis purpose for se-

lected infiltration and storage LID techniques (Bio-Retention Cell, Infiltration Trench and Rain Bar-

rel). The study results showed that combined LID techniques have a significant impact on urban 

flood reduction of up to 75%. This significant amount of flood reduction is greater than the amount 

of excess flood magnitude which occurred as a result of climate change using the most pessimistic 

climate change scenario. The study results also confirmed that rainfall patterns have a significant 

impact on peak discharge for shorter rainfall durations. This study highly recommends using cost 

effective, easy and environmental adaptive and sustainable LID techniques for urban flood man-

agement in addition to existing drainage structures. 
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1. Introduction 

Due to global warming and climate change, frequent heavy precipitation and urban 

flooding are becoming serious problems in many countries all over the world [1,2]. Recent 

studies confirmed that there is a high probability of extreme rainfall occurrence in the 

future due to climate change [3]. Other researchers agreed on future climate impacts on 

precipitation variables and corresponding causes [4–8]. In recent years, many urban areas 

in Ethiopia have experienced various levels of flooding events as common tragedies [9–

11]. The flash and high-volume floods on streets disrupting transportation facilities are 

becoming critical problems demanding solutions. Addis Ababa City is currently one of 

the urban areas vulnerable to flooding as a result of rapid urban sprawl, poor or no im-

plementation of urban flood management strategies in addition to global common climate 

change impact. Furthermore, an increase in summer season precipitation is expected with 

a possible risk of flooding in urban areas [10,12]. The city is susceptible to both riverine 

and flash floods due to extreme rainfall events and upper catchment modifications (in-

creased paved areas through deforestation).  
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As with most global urban areas, the vulnerability to flooding in Addis Ababa is 

caused the low level drainage standards, poor drainage capacity, inappropriate drainage 

alignment, aged drainage facilities and complicated drainage pipe networks with unrea-

sonable settings, rapid housing development along river banks, and interruption of drain-

age facilities with other urban utility lines. It is then difficult to drain logged water out of 

the system in time before it causes severe flooding. Taking Arada and Addis Ketema Sub 

cities as an example, the drainage pipe network infrastructures in some areas are more 

than 100 years old, lacking the capacity to meet the current storm runoff volume. Existing 

drainage networks are fully or partially blocked by solid waste, the areas are fully occu-

pied by impermeable pavements and buildings which are increasing the expansion of ur-

ban built-up areas, decreased or no infiltration into the underground, thus causing flood-

ing on the Earth’s surface everywhere in every summer season. In addition, natural de-

pression storages, ponds and wetlands, which are functioning as natural water storage 

facilities to delay and store flood events, are gradually filled or built-up artificially for 

other purposes. Decadal growth rate of both population and built-up areas is above 30% 

within the city which indicates that there is significant sprawl of urban or impervious 

areas [13,14]. Following rapid urban spread, there is an estimated annual peak runoff in-

crease with a growth rate beyond 2.5% and more than half of the city’s population live in 

slum areas which are susceptible to riverine and flash flooding as a result of unplanned 

and informal settlements [10].  

According to a report done by the Addis Ababa Fire and Emergency Prevention and 

Rescue Authority (AAFEPRA), 121,000 houses in the city, including 1000 governmental 

and private institutions, are in locations vulnerable to flooding and 143 areas have been 

identified as having a high risk of flooding. In 2017, for instance, there were 76 flood 

events in the city, damaging houses and properties worth 20 million birr. The events and 

their corresponding damages are constantly increasing within all sub cities. As a result, 

the city has started developing a city-wide drainage master plan study through Addis 

Ababa City Roads Authority (AACRA) to overcome existing urban flood and drainage 

problems. 

Many researchers agreed to build a ‘sponge city’ which means creating optimized 

urban environment through maximizing infiltration, storage, water quality and minimiz-

ing runoff magnitudes [1]. Low Impact Development (LID), an equivalent storm water 

management technique has also been developed by researchers of United States since 

1990s [15]. LID aims to control the runoff and pollution by means of decentralized, small-

scale source control, making the development area as close to the natural hydrological 

cycle pattern as possible. It is a kind of environmental technique which easily realizes 

urban rainwater collection and utilization. Its facilities mainly include rain gardens, green 

roofs, permeable pavements, vegetative swales, bio-retention cells and rain storage 

through rain barrels. Low Impact Development is the basis of storm water management 

with the goal of simulating a site’s pre settlement hydrology by using design techniques 

that infiltrate, filter, store, evaporate, and detain runoff close to its source. Since LID uses 

a variety of useful methods for controlling runoff, designs can be customized according 

to local regulatory and resource protection requirements, as well as site constraints [16,17]. 

Even though many developed countries are implementing the strategy for their urban 

environments, Germany was the first country to adopt governmental control systems of 

urban runoff, and runoff management laws and regulations, technology guidance, and 

economic incentive policies on LID were also established [18].  

Although the present control effect and performance of LID measures on runoff has 

been investigated and agreed among many scholars, there are still limited studies and 

implementation strategies that have focused on the control effects of the indicator and 

combined LID measures on small urban and semi-urban catchments under climate 

change-induced variable rainfall characteristics. Impacts of LID on runoff reduction with 

rainfall durations greater than 1 h (relatively for longer storm events) are done by 

[1,19,20]. However, urban runoff problems frequently occur as a result of intensive short 
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rainfall durations causing flash floods [21], which needs independent analysis to elude 

the problem. Due their efficiency, sustainability and climate adaptability, currently there 

are high global demands to use LID to manage urban storm water [22,23]. Hence, the main 

objective of this study is to reduce urban flood magnitudes using various LID-based catch-

ment optimization techniques. The research will deliver an intuition on the performance 

of selected LID scenarios to overcome increasing challenge of urban flood management 

under climate uncertainty.  

In this research, four selected LID scenarios (1) no application of LID practice, (2) 

infiltration-based LID practice, (3) an LID method based on water harvesting and (4) an 

LID technique based on the combination of infiltration and water harvesting are desig-

nated to analyze runoff characteristics in various land uses and rainfall characteristics. 

This study focused on (1) Storm Water Management Model (SWMM) model construction 

and validation using the Runoff Curve Number method; (2) the selection and design of 

LID scenarios; (3) evaluation of four LID scenarios in peak runoff reduction; (4) the impact 

of land use changes on LID applications; and (5) runoff characteristics of various LID sce-

narios under different rainfall patterns. The results of this study will introduce decentral-

ized urban flood management strategies and offer technical inputs for the design, plan-

ning and construction of environmentally adaptive urban drainage systems.  

2. Materials and Methods 

2.1. Study Area 

The study area is located in Southwest of Addis Ababa City, Ethiopia between 

38°43′12.22″–38°44′03.11″ E and 8°55′29.85″–8°56′22.42″ N, in Nefas Silk Lafto Sub city 

(Figure 1). Elevation range from 2350 m to 2200 m above mean sea level. The area coverage 

is about 220 hectares in which 72.5% is mixed residential, 20.5% condominium houses and 

the other 7% is commercial and mixed use buildings. The area lies within a complex mix 

of highland climate zones with an average temperature of 15.8 °C and annual rainfall of 

1260 mm. Winter and summer are the two major seasons. Due to spread of impervious 

areas and climate induced increase in summer precipitation, flooding has become a fre-

quent problem in various areas. Figure 2 shows the long-term monthly rainfall and tem-

perature for the study area. 

There is about 4.2 km of existing drainage network to serve the whole catchment area. 

However, the area demands planned and well-designed drainage networks with total 

length greater than 9 km with various types and sizes. In addition to inadequate drainage 

networks, existing drainage structures work partially due to solid waste blockage, inap-

propriate inlet structures and improper management. As a result, frequent flood events 

have been observed in the area affecting residents and transportation facilities which de-

mands sustainable storm drainage strategies. Figure 3 show existing drainage networks, 

flood prone areas and observed site conditions.  
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Figure 1. Study Area: map of Ethiopia (a); Map of Addis Ababa City showing recorded floods with 

blue points (b); study area condition showing flood prone areas in red (c); and proposed drainage 

system plan black points showing sub-catchment centroids (d). 

 

Figure 2. Long term monthly rainfall and temperature data of the study area. 
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Figure 3. Existing drainage networks (left) and the observed flood events with non-functional drainage inlets (right). 

2.2. LID 

LID is a decentralized ecological-based storm water management approach favoring 

soft engineering to manage runoff on site through vegetated and storage networks [16,17]. 

It is climate-adaptive, easy to construct, small in size, economical, and aesthetically valu-

able to the landscape. LID uses the integration of hard engineering such as mechanical 

surface runoff control and/or storage methods by using detention and retention structures 

with soft engineering such as infiltration, filtration and treatment.  

Several LID components are created within the Storm Water Management Model 

(SWMM) and then added to the corresponding subarea by varying parameters according 

to the actual site situation.  

2.3. SWMM Model and Simulation Process 

In this research, SWMM is applied for urban rainfall runoff process simulation. The 

model is a commonly used and widely applicable dynamic urban rainfall runoff process 

simulation model which is primarily used to simulate single storm events or long-term 

(continuous) simulation of runoff from primarily built-up areas [24].  

According to SWMM, the drainage system is categorized into four components: at-

mosphere, land surface, groundwater, and conveyance. The study area is sub divided into 

several sub-catchments according to the type of underlying surface and drainage net-

works. Moreover, the runoff process in each sub-catchment is computed under specific 

storm intensities. Proposed LID techniques are introduced for each sub-catchment based 

on land surface conditions. The overland flow is calculated by specifying each subarea 

into a nonlinear reservoir model and dynamic wave routing model is selected to simulate 

the inflow, outflow and reflow in the pipelines. The study area is first divided into several 

large-scale sub-catchments based on the existing natural streams or main drainage net-

works and main roads, then further subdivided based on collector streets and drainage 

networks. The study area is divided into 34 sub-catchments in total as the layout of the 

drainage system is shown in above Figure 1. 

2.4. Climate Change 

In our study, climate change impact on extreme rainfall magnitudes is considered for 

the most pessimistic scenario of RCP 4.5 in comparison with RCP 8.5 and base line climate 

scenarios. According to IPCC, 2014 report and other recent studies conducted by the au-

thors of [6,25–27], there is an agreement that there has been significant increase in 
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precipitation extremes due to climate change even though annual average precipitation 

has decreased. In addition to extreme rainfall magnitude changes, climate change will also 

impact rainfall patterns and their durations [5]. Table 1 shows extreme precipitation indi-

ces and their corresponding changes within the study area using various work of the lit-

erature. 

Table 1. Extreme precipitation indices and their corresponding changes within the study area using 

various work of the literature. 

Extreme PCP Indices. 
RCP 4.5 RCP 8.5 

Reference Extent of Study 
2020s 2050s 2080s 2020s 2050s 2080s 

Rx1day 

20–25 25–30 30–35 15–20 15–20 15–20 [6] Ethiopia 

---- 7.22 ---- ---- ---- ---- [27] Addis Ababa 

---- ---- ---- ---- ---- 15–30 [26] Worldwide 

Rx5day 

35–40 35–40 35–40 10–20 15–20 10–20 [6] Ethiopia 

21 ---- ---- ----- ----- 17 [27] Addis Ababa 

---- ---- ---- ---- ---- 10–30 [26] Worldwide 

SDII 
−4–20 −4–22 −5–23 −12–5.5 −7–8 −5–18 [6] Ethiopia 

---- ---- ---- ---- ---- 5–25 [26] Worldwide 

Total pcp 
40–65 40–65 40–65 15 10 −10 [6] Ethiopia 

---- ---- 29.3 ---- ---- 21 [27] Addis Ababa 

95th p 20 25 20 25 5 10 [6] Ethiopia 

Pav 
---- ---- ---- ---- ---- 5–15 [26] Worldwide 

---- ---- 5–10 ---- ---- 15–30 IPCC, 2014 Global  

Based on the above literature, average climate change values of extreme precipitation 

indices (Table 1) are taken to fix rainfall intensity for selected rainfall return periods of 5, 

10 and 25 years. Consequently, a mean rainfall intensity increase of 19.6% is taken for the 

corresponding RCP 4.5 climate scenario for all return periods. However, the maximum 

probable range of rainfall intensity change is a 35% increase. 

2.5. Design of Rainstorm  

Rainstorm is the basis for urban rainfall runoff process and model simulation to de-

sign appropriate drainage networks. Many scholars have developed their own equations 

to estimate rainfall intensity using available historical rainfall data and catchment condi-

tions. The general formula for rainfall, duration and frequency relationships originally 

developed by [28] is: 

� =
�

(� + ��)�
 (1)

where: i = rainfall intensity (mm/h); td = rainfall duration (h); a, b, c = constants  

The general formula modified by [28,29] incorporating return period (T) and addi-

tional coefficient k is used as follows:  

� =
���

(� + ��)�
 (2)

where: T = rainfall return period (year); a, b, c and k = constants. Constants a, b, c and k 

are obtained through regression by using historical recorded rainfall data of durations of 

10, 20, 30 and 60 min. 

In addition to the above formula, the following widely used and recommended 

method proposed by Ethiopian Roads Authority Drainage Design Manual [30] is used for 

intensity computation and verification of sub-hourly data obtained from the Ethiopian 

meteorological agency. 

 �� =
��� � �(� + ��)�

�� � (� + ��)�
 (3)
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where: Rt = rainfall depth for time ‘t’; R24 = 24 h rainfall depth; b and n = coefficients. Short 

rainfall durations of 10, 20, 30 and 60 min are taken for the purpose of analysis. 

2.6. Model Parameter Calibration and Validation 

Initial model parameter values were determined by empirical values as recommend 

in the SWMM manual [24], as shown in Table 2. Then, the parameter values were cali-

brated and validated using the principle of the comprehensive curve number coefficient 

(CCNC), as shown in Table 3. Thus, the initial parameter values were modified to meet 

the corresponding comprehensive runoff coefficient (CRC). When the final model param-

eters shown in Table 2 were used, the corresponding comprehensive runoff coefficients 

were obtained, as shown in Table 3. All simulation results satisfied the requirement of the 

CCNC in the densely built-up commercial areas (78–94). 

Table 2. Calibration and validation results of model parameters in SWMM. 

No Model Parameter Parameter Definition 
Value 

Range 

Initial 

Value 

Final 

Value 

1 N-Imperv Manning coefficients in impervious areas  0.006–0.05 0.01 0.014 

2 N-Perv Manning coefficients in pervious areas 0.08–0.5 0.1 0.1 

3 S-Imperv Depression storage in impervious areas/mm 0.011–0.24 0.02 0.05 

4 S-Perv Depression storage in pervious areas/mm 0.2–5 0.5 2 

5 Max-Rate Maximum infiltration rate (mm/h) 25–75 25 40 

6 Min-Rate Minimum infiltration rate (mm/h) 0–10 2 5 

7 Decay Infiltration decay constant (1/h) 2–7 3 5 

8 %Zero-Imperv 
Percentage of impervious area with no depression storage 

(%) 
0–100 10 25 

Table 3. Empirical values of the regional comprehensive curve number coefficient. 

No Land Use (Catchment Type) 
Comprehensive Curve Number 

Coefficient (CCNC) 

Equivalent Runoff Coef-

ficient 

1 Densely built commercial areas 78–94 0.7–0.9 

2 Densely built residential areas 76–92 0.6–0.8 

3 Sparsely built residential areas 72–88 0.5–0.7 

4 Sparsely populated areas 70–86 0.4–0.6 

A rational formula was used to estimate peak discharges for corresponding rainfall 

return periods and durations. Then, using equivalent the curve number coefficient, vari-

ous SWMM parameters were fixed. 

2.7. Design of LID Scenarios  

From widely available candidate LID measures, only rain barrels (storage methods), 

bio-retention cells and infiltration trench (infiltration methods) were selected in this study 

as a result of their simplicity, efficiency and cost. Field investigation was conducted to 

select their suitability and applicability. Based on space (land) constraints and simplicity, 

single use residential areas were identified as suitable for rainfall storage. In the other 

hand condominium areas, urban open spaces between mixed use buildings and residen-

tial areas are assessed as compatible for LID infiltration techniques.  

Accordingly, four types of LID scenarios selected were: no LID technique, an LID 

technique based on infiltration (bio-retention and infiltration trench), an LID technique 

based on water storage (rain barrel) and an LID technique based on the combination of 

infiltration and water storage. Figure 4 shows configuration and distribution of LID facil-

ities. 
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Figure 4. Configuration of various LID techniques and distributions. 

1. No LID technique: This does not consider any LID effect and it is therefore consid-

ered as a base line scenario. 

2. LID technique based on infiltration (LID-Infiltration): This scenario consists of LID 

types that temporarily store runoff and infiltrate into the ground. In this study only 

the effects of Bio-Retention cells and infiltration trenches were taken among alterna-

tive infiltration-based LID techniques. Based on land use types and their area cover-

age (Table 4) and population density, both LID techniques were proposed on rela-

tively sparsely populated areas and condominium houses as shown in Figure 4.  

3. LID technique based on water storage (LID-Storage): Rain barrels were proposed to 

be located in densely populated residential areas. Storage units were set up for runoff 

control in sub-catchment areas which are prone to flooding by collecting runoff from 

roof tops. It was proposed that 60% of households use rain barrels for this purpose. 

There are about 5500 housing units excluding condominium houses and about 3300 

rain barrels to be used.  

4. LID technique based on the combination of infiltration and water storage (LID-Com-

bination): This scenario is a combination of scenario 2 and scenario 3 (Table 5).  

Table 4. Different land use types and areas within the study area. 

No Land Use Type % Impervious Area (ha) Areal Coverage (%) 

1 Built-up (houses) 75 149.16 67.8 

2 Parking lots 50 16.06 7.3 

3 Green areas 40 27.06 12.3 

4 Roads and pavements 70 24.64 11.2 

5 Stream - 3.08 1.4 

Total - 220 100 

Table 5. Area coverage of different LID types. 

No LID Type Area (ha) Coverage (%) % of Total Area 

1 Bio-Retention cell 26.2 39.7 11.9 

2 Infiltration trench 18.4 27.9 8.4 

3 Rain Barrel 21.3 32.4 9.7 

Total 65.9 100 30.00 
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2.8. Rainfall Patterns and Durations 

Three rainfall patterns were selected in our study using the ratio of peak rainfall time 

to total rainfall duration time (r). (TS1) Normal storm distribution with the peak at the 

middle of total storm duration (r = 0.4–0.6), (TS2) Peak rainfall at the end of rainfall event 

(r = 0.8–1) and (TS3) Peak rainfall at the start of the rain (r = 0–0.2). Rainfall durations of 

10, 30 and 60 min were taken to represent short intensive and moderate rainfall durations. 

Figure 5 shows the proposed three rainfall patterns. 

 

Figure 5. Rainfall patterns (TS1, TS2 and TS3). 

3. Results 

Effects of selected storage and infiltration storm runoff management techniques of 

LID for relatively shorter rainfall induced runoff peaks and volumes emerged and are 

analyzed in this study under considerations of no climate change and a pessimistic climate 

scenario of RCP 4.5.  

3.1. Effects of Various LID Scenarios on Rainfall-Runoff Relation of 10 min Duration 

As is shown in Figure 6, all LID techniques have significant runoff reduction capaci-

ties for the shortest rainfall duration of 10 min. The result showed that use of LID combi-

nation techniques has capacity for maximum peak reduction up to 76.4% for the case of 

rainfall pattern TS3 followed by 75.4% of both the TS1 and TS2 rainfall patterns. Peak 

runoff reduction efficiency of all LID techniques is similar for all rainfall patterns. Appli-

cation of LID storage using rain barrels (RB) only can reduce peak runoff up to 35% if it is 

effectively applied. The combination of LID infiltration techniques of bio-retention cells 

(BRC) and infiltration trenches (IT) can reduce peak runoff magnitude by 48.5%, whereas 

LID combination techniques of storage and infiltration have the capacity to reduce it by 

75.5%. In addition to peak runoff reduction capacities, all LID techniques have make con-

tributions to recharging ground water storage and can support by decreasing demand for 

domestic water to be used for household gardening. LID storage techniques can further 

reduce demand for domestic water to be used for toilets, washing and other purposes.  
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Figure 6. Effect of various LID scenarios on 10 min rainfall of: (a) rainfall pattern TS1; (b) rainfall 

pattern TS2 and (c) rainfall pattern TS3. 

3.2. Effects of Various LID Scenarios on Runoff of 30 min Storm Duration 

Use of LID techniques has remarkable runoff peak and volume reduction roles in a 

storm duration of 30 min without affecting time to peak as shown in Figure 7 below. LID 

combination measures have an average capacity of 71% peak runoff reduction for all rain-

fall patterns. There are peak reduction runoff rates of about 33%, 46% and 72% using LID-

Storage, LID-Infiltration and LID-Combination techniques, respectively. Compared to a 

rainfall duration of 10 min, there is insignificant decrease in peak runoff rate in the case 

of a 30 min rainfall event. The result indicates that there is high potential for runoff reduc-

tion if all types of LID techniques are implemented based on land use types and scenarios. 

In addition, impacts of flash floods on urban residential areas can be easily managed using 

decentralized LID storage techniques.  
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Figure 7. Impact of LID techniques on runoff generated from a 30 min rainfall duration of rainfall 

patterns: (a) TS1 (r = 0.4–0.6); (b) TS2 (r = 0.8–1) and (c) TS3 (r = 0–0.2). 

3.3. Effects of Various LID Scenarios on Rainfall-Runoff Relation of 1 h Duration 

Besides smaller areas contributing runoff as a result of intensive short rainfall dura-

tions, runoff from relatively larger areas and longer duration can also be managed using 

LID techniques. The results shown in Figure 8 confirm that both LID-Storage and LID-

Infiltration techniques have a significant role in runoff reduction for a 1 h rainfall duration 

as those of 10 min and 30 min shorter rainfall durations except very small decrease. LID 

combination techniques show that peak runoff reduction rates of 70.7%, 69.2% and 71.4% 

occur for rainfall patterns of TS1, TS2 and TS3, respectively. As it is shown in Figure 9, 

rainfall patterns have significant impacts on time to runoff peak for all rainfall durations 

of 10min, 30 min and 1 h. 
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Figure 8. Impact of LID Scenarios on 1 h duration rainfall patterns: (a) TS1 (r = 0.4–0.6); (b) TS2 (r = 0.8–1) and (c) TS3 (r = 

0–0.2). 

 

Figure 9. Effect of rainfall patterns on peak runoff magnitudes for storm durations of: (a) 10 min, (b) 30 min and (c) 1 h; 

(d) runoff volume and (e) average peak runoff. 
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3.4. Effect of LID Scenarios under Climate Change  

Considering a Representative Concentration Pathway (RCP 4.5) climate scenario and 

30 min rainfall duration, the effect is analyzed as shown in Figure 10. Compared to the no 

climate change scenario, RCP 4.5 showed significant peak runoff and volume increases 

up to 75%, 71%, 79% and 67.7%, 70.4%, 67.7% for rainfall patterns of TS1, TS2 and TS3, 

respectively. Even though there is a substantial peak runoff increase as a result of climate 

change, LID-Combination techniques have shown substantial potential to reduce the peak 

up to 70%, 68.7% and 71% for the corresponding rainfall patterns of TS1, TS2 and TS3, 

respectively, as shown in Figure 10a–c. In addition to peak reduction rates, they have an 

average 66.5% volume reduction rate for all rainfall patterns (Figure 10d). There is no sig-

nificant runoff reduction efficiency of LID measures for both climate change and baseline 

scenarios with similar values of 72% and 70% reduction in peak and volume, respectively, 

for all rainfall patterns.  

 

Figure 10. Climate Change and LID Impacts on Peak Runoff Magnitudes of Rainfall Patterns: (a) 

TS1; (b) TS2; (c) TS3 and (d) Runoff Volume. 

4. Discussion 

4.1. Impact of Rainfall Patterns on Peak Runoff  

Many researchers agree that there is high probability of rainfall magnitude, duration, 

frequency and pattern change as a result of climate uncertainty. From three rainfall pat-

tern scenarios, rainfall pattern TS2 (when r > 0.8) has an increased peak runoff impact for 

all rainfall durations. For the 10 min short rainfall event, rainfall patterns of TS2 and TS3 

have runoff peak increase rates of 28.1% and 6.4%, respectively, compared to the normal 

rainfall pattern (TS1) (Figure 11a). Whereas storm event with a 30 min rainfall duration 

showed a 16% increase and 23.2% decrease in peak runoff for rainfall patterns TS2 and 

TS3, respectively, as shown in Section 3.3 of Figure 9b. Compared to shorter rainfall 
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durations of 10 and 30 min, rainfall pattern TS2 for the storm event with a relatively longer 

duration of 1 h shows a lower peak runoff increase which is 10.4%. However, for the same 

1 h rainfall duration decreasing rainfall pattern, TS3 shows a significant peak runoff de-

crease of 24.7% compared to TS1 (Figure 11c). The decreasing rainfall pattern (TS3) for 30 

min and 1 h durations has showed a decrease in peak runoff compared to other rainfall 

patterns of TS2 and TS1, whereas a 10 min short rainfall duration does not show any de-

crease in peak runoff magnitude rather than a showing small shift of time to peak. On the 

other hand, both rainfall patterns TS2 and TS3 for all rainfall durations show significant 

shifts of time to peak compared to TS1 with proportional to their durations (Figure 11). 

 

Figure 11. Effect of rainfall patterns on peak runoff and time to peak for rainfall durations of: (a) 10 

min; (b) 30 min and (c) 1 h. 

The reason for peak runoff increase for rainfall pattern TS2 is that the impact of initial 

depression storage or antecedent moisture conditions of the surface. When the surface is 

dry, depression storages are filled with less intensive rainfalls during the initial stages of 

the rain and high intensive rainfall magnitudes at the end of storm event are completely 

converted to direct runoff. On the contrary, if the antecedent moisture condition of the 

surface is initially wet, rainfall patterns will have no significant impact on peak runoff. 

TS2 and TS3 did not show a significant change of runoff volume compared to TS1. As is 

shown in Figure 9 of Section 3.3, rainfall patterns also have significant impacts on time to 

runoff peak with rainfall durations of 30 min and 1 h due to a delayed or early concentra-

tion time of intensive rainfall. In TS2, peak runoff can be observed to occur later, whereas 

in TS3 it is observed earlier compared to TS1. The study result indicates that there may be 

a risk of flash floods due to climate change-induced rainfall pattern changes unless proper 

urban flood management strategies are applied. 
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According to the study conducted on field experimental plots performed by [31], in-

crease in peak runoff is observed for increasing type of rainfall pattern compared to other 

rainfall patterns. This study output is similar to the result of the study observed in the TS2 

rainfall pattern. The result of the field experimental by [32] confirmed that increasing in-

tensity rainfall types with a shorter duration have a significant impact on surface runoff 

with high erosion potential.  

Our study confirmed that rainfall pattern changes have no significant impact on run-

off volume changes for all rainfall durations, as shown in Figure 9d. There is only a little 

insignificant volume decrease in rainfall pattern TS2 compared to TS1 and TS3. The result 

implies that the storage type of urban storm management strategy can be effectively im-

plemented regardless of rainfall pattern changes produced by climate change. In the other 

hand design-related issues should consider the consequences of climate change on rainfall 

pattern changes. 

4.2. Impact of LID Measures on Runoff Management 

The results of LID impacts on 1 h duration shown in Figure 8 indicate that there is an 

average peak runoff reduction rate of up to 70% using both the LID storage and LID infil-

tration methods. Our study is supported by the related study done by [1] who observed 

peak runoff reduction rates up to 32% using both LID infiltration and storage techniques 

for rainfall events with 2 h and 3 h durations. The runoff reduction rate of the study result 

is relatively smaller than our result, however the storm durations vary. Since most fre-

quent flood events occur as a result of intensive rainfall events with durations less than 1 

h, our study result shows that LID techniques are vital for small urban watersheds used 

to manage flash flood events using decentralized approaches at community and house-

hold levels. From study results, we observed that effect and efficiency of LID measures on 

runoff reduction depend highly on types and number of LID techniques which need avail-

ability of adequate urban spaces. The result in Figure 12 confirmed that integrated and 

combined LID techniques are effective runoff reduction measures in which the area is 

suitable for implementation if supported by governmental urban planning policies. 

Another study done by [23] observed a total surface runoff reduction rate of 101% 

using an LID-based district unit planning model. This study result indicates that the meth-

ods are efficient urban flood management strategies and the maximum peak runoff re-

duction obtained in our study can be maximized by increasing LID scenarios. A study 

done by [33] obtained an annual runoff reduction rate up to 53.4% by considering the most 

effective LID scenario of MaxPerf. Even though most LID applications and research out-

puts are done in other countries with different land use and soil types, the study results 

agree their impact on runoff reduction which confirms our study result. In addition to 

sustainable urban runoff management, LID techniques such as bio retention have signifi-

cant impacts on mitigation of urban pollution by increasing water quality and improving 

the conservation rate of the natural environment [23,33]. According to the study done by 

[20], about 10% of urban flood attenuation was obtained for short rainfall events using 

permeable pavement and green roof LID techniques only. 

The LID model developed in this study is the tool used to indicate their applications 

in urban planning policies and strategies. The problem of existing urban flood manage-

ment is that it only uses centralized structural measures which are inadequate in size, 

difficult for management and maintenance. The proposed LID tool in this study can be 

used to solve flood problems by incorporating it into urban design guidelines and policies 

up to lower governmental structures such as weredas and kebeles. For implementation, 

the model can be integrated and decentralized with various institutional stake holder or-

ganizations or offices such as the environmental protection agency, solid waste manage-

ment office, water and sewerage authority, flood management and drainage, roads and 

infrastructures, design and construction office with other non-governmental organiza-

tions and the local community.  
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Figure 12. Effect of various LID methods on peak runoff reduction under various rainfall patterns 

and rainfall durations of: (a) 10 min; (b) 30 min and (c) 1 h. 

5. Conclusions and Recommendations 

This study explored the effect of LID on urban runoff peaks and magnitude reduction 

under various rainfall patterns as a result of climate change and urbanization on a selected 

urban area in the city of Addis Ababa, Ethiopia. The analysis was performed using the 

SWMM model for selected LID scenarios. Three LID scenarios (storage, infiltration and 

combined) were applied with three rainfall patterns and two climate change scenarios 

(base line and RCP 4.5). Intensive and short rainfall durations from 10 min to 1 h are used 

to analyze the impacts. 

The study showed that both LID storage and infiltration methods have significant 

runoff reduction roles to reduce flash flood impacts. If there are adequate urban spaces to 

provide LID measures, urban runoff can be managed, and the cost of drainage structures 

will be minimized by using combined LID techniques. The rainfall pattern on dry surfaces 

(Antecedent Moisture Condition, AMC I) has a more significant impact on peak runoff 

magnitude than those for moderate and wet surface conditions. The study showed that 

short rainfall durations are more sensitive than long rainfall durations to rainfall pattern 

changes and highly affect runoff peak magnitudes. However, the results showed that 

there is no significant change in runoff volumes as a result of rainfall pattern changes.  

The results of the study agree with various previous findings on the influence of cli-

mate change and urbanization on increasing peak runoff magnitudes. The study indicates 

that consideration of the rainfall pattern changes as a result of climate change in design 

and analysis of drainage structures on small and hilly urban and semi-urban watersheds. 

Climate change impacts will alter future rainfall patterns and runoff magnitudes signifi-

cantly unless proper climate adaptive urban storm water management practices like LID 

techniques are implemented properly.  

This research concluded that LID techniques are effective for urban runoff manage-

ment based on available space, soil type and land use/land cover conditions of the area. 

As the proposed LID methods have shown the significant advantages of peak and volume 

runoff reductions regardless of other multiple advantages such as ground water recharge, 

aesthetic values, cost reduction of urban drainage structures and creation of a climate 
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resilient urban environment to be studied in the future, the study highly recommends 

considering and implementing the methods for sustainable and climate adaptive urban 

runoff management through various policies and strategies of urban planning, design and 

implementation. 
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