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Abstract

Urban areas face increasing flood risks due to climate change, intensified rainfall events,
and high impervious surface coverage. Blue-Green Roofs (BGR) have emerged as a nature-
based solution to retain stormwater, while Smart BGR systems integrate active control
functions to enhance performance under varying rainfall conditions. This study evaluated
the rooftop-scale runoff reduction efficiency of conventional roofs, BGR, and Smart BGR
using 31 monitored rainfall events in 2024, while eight years of historical rainfall data
(2017-2024) were used only to characterize long-term rainfall patterns in the study area.
A multiple-linear regression analysis was performed for exploratory trend identification
between rainfall characteristics and runoff reduction; variables unrelated to short-term
storm responses such as evapotranspiration or initial storage were beyond the study scope.
Results showed that the annual runoff per unit area was 1.115 m3/m? for conventional
roofs, 0.547 m®/m? for BGR, and 0.128 m3/m? for Smart BGR, corresponding to reduction
rates of 50.98% and 88.53% for BGR and Smart BGR, respectively. In higher rainfall classes,
Smart BGR maintained significantly higher performance: for Class 3 (average 53.00 mm),
BGR reduced runoff by 54.89% while Smart BGR achieved 86.71%; for Class 4 (average
121.21 mm), the rates were 54.68% and 90.00%, respectively. These findings indicate that
Smart BGR’s storage optimization and controlled discharge enable superior effectiveness
during intense and prolonged events. The study highlights Smart BGR’s potential as
an advanced stormwater management technology, offering clear advantages over both
conventional roofs and passive BGR designs. Limitations include the need for testing under
more extreme rainfall scenarios, optimization of operational strategies, and economic
feasibility assessments. Nevertheless, Smart BGR represents a promising approach for
enhancing urban flood resilience in the context of climate change.

Keywords: nature-based solutions; smart blue-green roof; stormwater runoff reduction;
rainwater management; climate adaptation infrastructure

1. Introduction

Flooding and waterlogging events are natural disasters that cause significant harm to
human life and infrastructure across the globe, including South Korea [1-4]. The frequency
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and severity of extreme weather events have been intensifying worldwide as a result of
climate change. In particular, urban areas are increasingly vulnerable to flood damage
due to the expansion of impervious surfaces [5-8]. During periods of intense rainfall, the
natural processes of infiltration and evapotranspiration are significantly hindered, resulting
in rapid increases in surface runoff. This in turn amplifies the risk of urban flooding [9,10].

For example, during the period from 25 June to 26 July 2023, parts of South Korea
such as Cheongyang and Gongju recorded over 1000 mm of rainfall, while Mungyeong
and Cheongju experienced 940 mm and 908 mm, respectively. These extreme precipitation
events resulted in 75 human casualties (48 deaths, 3 missing, and 24 injuries) and property
damages estimated at over KRW 751.3 billion [11]. Similarly, the European Union and the
United Kingdom report annual flood damages amounting to approximately €7.6 billion,
affecting around 160,000 people directly or indirectly [12,13]. In China, from 29 July to 2
August 2023, typhoon-induced flooding affected approximately 1.29 million people and
resulted in 33 fatalities [14]. Such recurring losses—both human and economic—have been
exacerbated by accelerating climate change, urbanization, and economic growth [15].

Faced with these increasing water-related disasters, there is a growing need for new
urban water management strategies that enhance sustainability and climate adaptation.
Traditional flood management approaches based on gray infrastructure are increasingly
showing their limitations. In contrast, nature-based solutions (NbS), which emulate and
harness the functions of natural ecosystems, are gaining attention as effective and sustain-
able alternatives [14,16-20]. Rooftop runoff generation is determined by rainfall depth
and temporal distribution, roof imperviousness, drainage pathways, and the amount of
available storage prior to rainfall. Accordingly, runoff control in this study refers to the
ability of a rooftop system to temporarily store, delay, or eliminate surface discharge during
storm events. Smart BGR systems aim to increase this control capacity by actively managing
the storage state before and during rainfall.

Among various NbS technologies, green roofs have been widely adopted as multifunc-
tional systems that expand green space in densely built urban environments, temporarily
retain rainwater to reduce peak runoff, and mitigate the urban heat island effect through
evapotranspiration [21,22]. However, conventional green roofs typically consist of vegeta-
tion and drainage layers, which offer limited water retention capacity. During extended or
intense rainfall events such as monsoon seasons or increasingly frequent downpours driven
by climate change, these systems can exceed their retention limits, leading to overflow
and diminishing their effectiveness in mitigating stormwater runoff [23,24]. Overcoming
this limitation has been identified as a critical challenge for enhancing the flood mitigation
function of green roofs in urban settings.

To address these shortcomings, this study investigates the implementation of a Blue-
Green Roof (BGR) system, which integrates a water-retaining blue layer beneath the green
roof structure. This layer allows for temporary rainwater storage and is connected to an
underground storage tank, thereby forming an extended water cycle system that enhances
overall retention capacity. The blue layer retains a portion of stormwater, delays initial
runoff, and facilitates gradual evapotranspiration or delayed discharge, contributing to
healthier urban water cycles. BGR systems have been increasingly recognized as effective
NDbS technologies that provide not only runoff control but also broader benefits for human
well-being and urban resilience [25,26].

Previous research by Lee et al. (2023) demonstrated that passive BGR systems in
Korea achieved nearly complete runoff elimination for <10 mm rainfall events and 84.7%
reduction for 11-100 mm events, but performance sharply declined to 39.8% under >100 mm
events [27]. These results indicate that passive BGR systems become storage-limited and
lose effectiveness as rainfall magnitude increases. Therefore, the present study evaluates
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whether a Smart BGR system equipped with active water-level control can maintain high
runoff reduction performance even under large rainfall events, by comparing it against a
passive BGR and a conventional roof under real rainfall conditions.

The BGR and smart BGR system applied in this study incorporates a smart integrated
underground reservoir, which activates once the blue layer approaches its storage capacity.
Installed on the rooftop of a school building, this system is interconnected with an under-
ground tank located between the building and the schoolyard. Once the water level in
the blue layer reaches a designated threshold, sensors and automated valves redirect the
excess rainwater to the underground storage tank. This ensures that the blue layer remains
available for additional retention during subsequent storms, thereby continuously enhanc-
ing flood mitigation capacity. Moreover, the stored water can be reused for non-potable
purposes such as irrigation and cleaning, improving the efficiency of rainwater use [28,29].

This paper presents the design concept, system components, and installation process
of the proposed BGR system, along with a quantitative analysis of its performance in
rainwater retention and runoff control under real-world conditions (see Figure 1). The
system’s effectiveness is evaluated using one year of rainfall monitoring data, with a focus
on how the integration between the blue layer and the underground tank influences flood
reduction. Comparative analyses with conventional green roofs further demonstrate the
superior hydrological function of the proposed system. Additionally, the study examines
the economic and environmental benefits of BGR implementation, aiming to provide
practical insights for urban water management policies and the future expansion of green

infrastructure in cities.

A: Conventional Roof
B: Blue-Green Roof

C: smart Blue-Green Roof
D: Underground storage tank

-

Figure 1. (Top) Monitoring points by rooftop type (conventional, blue-green, smart blue-green) and
location of the underground storage tank at Gochon Middle School; (Bottom) Location of Gochon
Middle School Figures for testing procedures and manufacturing stormwater in an agitator.
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Ultimately, this research proposes an innovative and effective stormwater management
solution that contributes to sustainable urban development. By reducing flood risks and
promoting efficient rainwater utilization, the integrated Blue-Green Roof and underground
storage system represents a valuable NbS approach. The findings of this study are expected
to offer critical scientific evidence to inform future urban water management strategies and
green infrastructure policy decisions.

2. Materials and Methods
2.1. Description of Study Area

The demonstration site for the BGR system is located at Gochon Middle School in
Gimpo-si, Gyeonggi-do, South Korea, approximately 3 km north of Gimpo Airport and
near the Han River. The geographical location and spatial configuration of the experimental
roofs and underground storage tank are illustrated in Figure 1. As shown in the figure,
three rooftop sections were designated for experimental comparison: the conventional roof
(A), the BGR (B), and the smart BGR (C). An 80-ton corrugated-resin underground storage
tank (D) was installed beneath the school playground and hydraulically connected to each
rooftop section. The BGR and smart BGR systems were installed on the rooftop of one
of the classroom buildings to evaluate their hydrological performance under real-world
rainfall conditions. The underground tank temporarily stores excess rooftop runoff and
supplies irrigation water during dry periods, forming a closed-loop configuration that
supports efficient water-quality management and represents a practical retrofit design for
existing buildings.

Each roof section was hydraulically connected to the underground tank through
independent drainage pipes (Figure 2A). Flowmeters were installed only at the overflow
discharge outlets to measure the passive surface runoff, excluding any actively drained
flows through the Smart BGR valve. Accordingly, the monitored discharge represents the
actual surface runoff that leaves the roof system and could contribute to urban flooding,
allowing a direct comparison of the flood-mitigation capacity between the Smart BGR and
conventional BGR under identical rainfall conditions.

2.2. Installation of Facilities for Smart BGR System Evaluation

In this study, the BGR and Smart BGR were used as experimental groups, while the
conventional roof served as the control group. The monitored surface areas for each system
were as follows: 120 m? for the conventional roof, 80 m? for the BGR, and 100 m? for the
Smart BGR. These areas were not identical due to the presence of existing rooftop struc-
tures and drainage pathways at Gochon Middle School, which constrained the available
installation space. Therefore, runoff performance was evaluated based on unit area (m?)
rather than by comparing total runoff volumes.

Both the BGR and Smart BGR systems were constructed using modular units. As
shown in Figure 2A, a total of 1125 modules were installed across 180 m? of rooftop area
(500 modules for the BGR and 625 modules for the Smart BGR). Each module measures
400 mm (W) x 400 mm (L) x 150 mm (H) and weighs approximately 3.4 kg, resulting in a
total module weight of about 3825 kg. The blue layer depth of 150 mm was determined
primarily based on the structural safety limits of the existing building and the operational
requirements of the green layer. Increasing the layer thickness would have significantly
increased the static and saturated load on the roof, which could compromise the building’s
structural integrity. The 150 mm depth was empirically verified to provide sufficient water
storage for vegetation health and evapotranspiration while maintaining an acceptable load
margin. Each module provides a storage capacity of approximately 6 L, allowing the Smart
BGR section to retain about 3750 L of rainwater in total.
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Figure 2. (A) Layout of the rooftop experimental sections comprising the Smart BGR (100 m?),
conventional BGR (80 m?), and control roof (120 m?). The Smart BGR includes an automated drainage
and refill system that actively manages the blue-layer water level. When the water depth reaches
120 mm (Drain Start Point), the valve opens and the stored water is discharged to the underground
storage tank by gravity without pumping assistance. When the level decreases below 50 mm (Re-
fill Start Point), water is pumped back from the underground tank to the blue layer to sustain
vegetation moisture. The BGR section, by contrast, operates only through passive overflow, and all
flow-measuring points (red dots) record overflow runoff only, representing water actually discharged
to the ground surface. (B) Vertical configuration of the Green and Blue layers, consisting of a grass
layer, soil layer, support plate, and water-storage module. (C) Control thresholds of the Smart BGR
blue layer, showing the drain and refill levels within the 150 mm total storage depth.

The Smart BGR is equipped with a water level sensor and a valve-based active control
mechanism that automatically regulates the storage depth in the blue layer. When the
stored water height reaches 120 mm (Drain Start Point), the valve opens automatically,
allowing the stored water to drain to the underground storage tank by gravity without
any pumping assistance. When the water level drops below 50 mm (Re-fill Start Point),
water is actively pumped back from the underground tank to the blue layer to maintain
soil moisture and vegetation health. This configuration enables real-time feedback control
of rooftop storage capacity and provides an additional buffering effect that reduces the
overall volume of overflow compared with the passive-overflow-only BGR.

The underground tank, with a total volume of 80 m3, temporarily retains excess runoff
from multiple rooftop sections for reuse in irrigation, rather than being optimized against a
specific rainfall return period. When the underground tank reaches full capacity during
extreme rainfall, excess water is discharged through an overflow pipe connected to the
municipal storm drain network, ensuring safe release to the ground level drainage system.
This defines the final stage of the drainage hierarchy: (i) storage within the blue layer,
(ii) gravity drain transfer to the tank, and (iii) overflow discharge to the external drainage
network once design capacity is exceeded.

In this study, the flowmeters were installed only at the overflow outlets, and the
monitored runoff therefore represents the actual surface discharge leaving the system and
potentially contributing to urban flooding. The internal flow transfer between the blue
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layer and the underground tank was not monitored, as it does not contribute to surface
flood risk. Accordingly, the reported runoff data reflect only the overflow to the external
drainage system, allowing a direct comparison of flood mitigation effectiveness among the
conventional roof, BGR, and Smart BGR under identical rainfall conditions.

Even under these passive overflow conditions, the Smart BGR exhibited significantly
reduced and delayed runoff, demonstrating its superior flood mitigation performance
compared with the BGR. We acknowledge that when both the blue layer and the tank
become fully saturated, further storage is physically impossible, and the system behaves
hydraulically as a conventional roof. This design limitation defines the upper threshold
of the Smart BGR'’s flood reduction capacity. Future research will integrate underground
tank level sensors with real time rainfall forecast data from the Korea Meteorological
Administration (KMA) to enable predictive pre-drainage operations prior to heavy rainfall
events, thereby enhancing the system’s proactive flood-management capability.

The installation layout and operational principles of the Smart BGR are illustrated
in Figure 2A,C, which show the 120 mm drain and 50 mm refill thresholds, the gravity
drain and pump refill flow paths, and the locations of flow measuring and sensor points.
The actual installation sites of the BGR and Smart BGR on the rooftop of Gochon Middle
School, along with the underground storage tank beneath the playground, are shown in
Figure 3. Figure 3A shows the fabrication of the blue layer using recycled waste vinyl,
manufactured in modular form for easy assembly and installation, as shown in Figure 3B.
Figure 3C shows the installation of natural grass forming the green layer, while Figure 3D
presents the water-level gauge of the Smart BGR. The Smart BGR and BGR zones are
hydraulically connected through stormwater pipes (Figure 3E) to the underground storage
tank (Figure 3H). Flow measurement devices were installed to monitor overflow discharge
(Figure 3F), and a pumping system was used to operate the circulation loop (Figure 3G).
All sensor data were automatically recorded by the data logging system, as illustrated in

Figure 31

Figure 3. (A) View of the Blue Layer in BGR, (B) Installation of the Blue Layer in BGR, (C) View
after installation of the Green Layer in BGR, (D) Installation of a water level sensor in Smart BGR,
(E) Piping connecting runoff from each roof to the underground system, (F) Flow meter installa-
tion for measuring runoff from each roof, (G) Circulation pump for water cycle system operation,
(H) Installation of an underground storage tank, (I) Data storage system.
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2.3. Field Experiment and Data Acquisition

To evaluate the runoff-mitigation performance of different rooftop types under actual
weather conditions, a year-long field monitoring campaign was conducted from 1 January
to 31 December 2024 at Gochon Middle School in Gimpo, South Korea. The experiment tar-
geted three rooftop types: a conventional roof, a Blue-Green Roof (BGR), and a Smart BGR,
which incorporates active water-level control mechanisms. Each rooftop was equipped
with flow meters at the drainage outlets to continuously measure the runoff volume gener-
ated during rainfall events. In this study, the KTM-800 ultrasonic flowmeter was utilized to
measure runoff from the three roof types during rainfall. The KTM-800 is a non-intrusive,
clamp-on ultrasonic flowmeter that employs the transit time measurement principle, en-
abling accurate flow rate detection without disturbing the flow path. It is suitable for a
wide range of pipe diameters and liquid types, including rainwater commonly encountered
in environmental experiments. To ensure measurement reliability, the flowmeters were
calibrated at a KOLAS accredited (Korea Laboratory Accreditation Scheme) testing agency
before deployment. The KTM-800 ultrasonic flowmeter used in this study has a stated
measurement accuracy of +0.5% of reading for flow velocities between 0.3 and 10 m/s
and +1.0% of reading for velocities between 0.01 and 0.3 m/s, with repeatability within
0.2%. Accordingly, the measurement uncertainty of runoff volume estimates in this study
is primarily associated with event-to-event variability rather than instrument precision.

Precipitation data were simultaneously collected from an automated weather station
located within 1 km of the study site. For consistency and accuracy in hydrological analysis,
individual rainfall events were identified and classified based on temporal separation
criteria. Specifically, when more than 24 h elapsed without rainfall between events, a new
event was defined. In cases of consecutive rainy days, these were treated as a single rainfall
event to account for cumulative hydrological responses. Runoff volumes were computed
for each distinct rainfall event, and data anomalies caused by sensor malfunction or missing
rainfall records were excluded through a quality control process.

A total of 43 rainfall events occurred during the 2024 monitoring period, as summa-
rized in Table 2. Among these, 31 events were successfully recorded and analyzed, while
12 events were excluded: 9 events with no measurable runoff (below sensor detection limits)
and 3 events with temporary communication interruptions. These omissions were random
and unrelated to rainfall intensity, duration, or antecedent conditions; therefore, they are
not expected to introduce selection bias. The monitored events were evenly distributed
across the four rainfall classes (Class 1-4), confirming that the analyzed dataset is repre-
sentative of the full range of rainfall conditions observed in the Gimpo area during 2024.
The resulting dataset provides the empirical foundation for evaluating and comparing the
runoff-reduction performance of the BGR and Smart BGR systems under real-world urban
rainfall conditions. Rainfall was originally recorded at 1 min intervals from the nearby
AWS station, and overflow runoff was logged at 10 s intervals via the flowmeter; however,
both datasets were aggregated to 1 h intervals for this study to evaluate event-scale cumu-
lative hydrological responses. Sub-hourly hydrograph analysis will be considered in future
research to characterize peak attenuation and lag-time dynamics.

2.4. Linear Regression Analysis

A linear regression analysis was conducted to quantify the influence of rainfall charac-
teristics on runoff generation for each roof type. The independent variables considered in
the model were rainfall depth (mm), antecedent dry days (ADD, days), and consecutive
rainfall days (CRDs, days), while the dependent variable was the total runoff volume
(m?) measured from the conventional roof, BGR, and smart BGR during each monitored
rainfall event. Separate regression models were developed for each roof type to capture
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their distinct hydrological responses and to avoid bias caused by structural and functional
differences. The general form of the regression model was expressed as:

where Q is the runoff volume (m3), P is rainfall depth (mm), ADD is antecedent dry days
(days), and CRDs is consecutive rainfall days (days). The selected predictors represent
rainfall-driven factors that directly govern event-scale runoff generation. Variables such as
evapotranspiration, initial storage level, or intra-event temperature were excluded because
they remain nearly constant or physically negligible during rainfall periods and thus do not
act as independent explanatory factors within this study’s scope. The regression analysis
was conducted as an exploratory trend assessment rather than a predictive model.

For the conventional roof, rainfall depth typically exhibited the strongest positive
correlation with runoff volume. In contrast, the BGR model showed a reduced sensitivity to
rainfall depth, reflecting the influence of storage and infiltration provided by the green layer.
The smart BGR model demonstrated the lowest dependence on rainfall depth, particularly
for small- to medium-intensity events, due to its active water-level control and additional
storage capacity in the underground tank. These differences in regression coefficients
quantitatively highlight the enhanced runoff mitigation performance of BGR and smart
BGR systems compared with the conventional roof.

3. Results
3.1. Analysis Results of Rainfall Characteristics in Gimpo Area

To analyze recent rainfall patterns in the Gimpo area, rainfall data for the recent eight
years (2017-2024) were obtained from publicly available datasets provided by the Korea
Meteorological Administration. As shown in Table 1 and Figure 4, the average annual
rainfall depth in Gimpo during this period was 1242.1 mm. The maximum annual total
rainfall occurred in 2023 with 1510.0 mm, while the minimum was 957.5 mm in 2017,
showing a difference in more than 500 mm. When rainfall events were categorized into four
classes (Class 1: 0.5-9.9 mm/event, Class 2: 10-29.9 mm/event, Class 3: 30-59.9 mm/event,
and Class 4: >60 mm/event), the proportions were 53.8%, 20.8%, 12.3%, and 13.1% of all
rainfall events, respectively (See Figure 5). The mean annual number of rainfall events was
45.9, with a maximum of 52 events and a minimum of 37 events per year.

Table 1. Analysis Results of Rainfall Events in Gimpo over the Past Eight Years.

Maximum

Maximum Maximum Consecutive = Maximum Daily

Rainfall Depth Antecedent Dry Rainfall Days (CRDs) Rainfall Depth Ral?r:lfraﬁll)eErV(e)flts Arg‘:atlhlizﬁff 1
per Event (mm) Days (ADDs) per Event (mm) P
2017 167.0 26 4 103.0 50 957.5
2018 470.5 23 4 206.5 52 1439.1
2019 183.5 49 5 169.0 42 946.1
2020 286.0 46 8 118.0 41 1462.5
2021 93.0 23 6 70.5 50 1114.6
2022 253.0 35 5 200.5 37 1271.0
2023 154.5 26 4 116.5 52 1510.0
2024 408.0 29 14 164.5 43 1236.0
Mean 2519 32.1 6.3 143.6 45.9 1242.1
Stdev 130.9 10.3 3.4 48.8 5.8 222.0
Max 470.5 49.0 14.0 206.5 52.0 1510.0
Min 93.0 23.0 4.0 70.5 37.0 946.1

Notes: Rainfall depth (mm) was defined as the cumulative rainfall between the start and end of an event separated
by >24 h without precipitation. Antecedent Dry Days (ADD) indicates the number of consecutive days with zero
rainfall prior to the start of the event. Consecutive Rainfall Days (CRD) indicates the number of successive days
with non-zero rainfall during the event period.
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Figure 4. Graph of 2024 rainfall characteristics in the Gimpo area. The top graph represents daily
rainfall depth, the second graph shows rainfall depth per event, the third graph indicates Consecutive
Rainfall Days (CRDs), and the bottom graph displays Antecedent Dry Days (ADDs).

In Korea, rainfall is typically concentrated during the summer months (July-August),
with many cases of CRDs during this period [30]. For the development of flood mitigation
and runoff reduction technologies in urban areas, it is essential to analyze the characteristics
of rainfall events occurring over one or more consecutive days. In this study, a rainfall event
was defined as precipitation occurring within a 24 h period. Based on this criterion, the
maximum rainfall per event in the past eight years was 470.5 mm (2018), which occurred
over four CRDs, with a maximum daily rainfall of 206.5 mm. The second-highest value
was 408.0 mm in 2024, during which rainfall persisted for 14 CRDs. These characteris-
tics indicate the necessity of considering extreme rainfall exceeding 200 mm/day and
400 mm/event when designing urban runoff management strategies and implementing
runoff reduction technologies.

The rainfall characteristics in 2024 generally followed the trends observed over the
previous eight years, except for the record of 14 CRDs. In 2024, the maximum rainfall per
event was 408.0 mm, and the maximum daily rainfall was 164.5 mm. The class distribution
of rainfall amount and rainfall events also showed similar trends to the eight-year average.
Therefore, using the 2024 rainfall data as the basis for evaluating the runoff reduction
efficiency of BGR and smart BGR is considered a reasonable approach for assessing urban
runoff mitigation technologies under the rainfall conditions of the Gimpo area (Table 2).
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Figure 5. Distribution of rainfall depth class intervals in the Gimpo area: (A) Number of rainfall
events from 2017 to 2024, (B) Number of rainfall events in 2024, (C) Number of rainfall days from
2017 to 2024, and (D) Number of rainfall days in 2024.

3.2. Evaluation of Runoff Reduction Performance of BGR and Smart BGR

In 2024, rainfall runoff was monitored from three roof types: a conventional roof
(control), a BGR, and a smart BGR. Over the year, 43 rainfall events occurred, with 31 suc-
cessfully monitored. The total runoff volumes for the monitored events were 133.79 m? for
the conventional roof, 43.722 m3 for BGR, and 12.792 m® for smart BGR. When normalized
by roof area, the annual runoff volumes were 1.115 m®/m? (conventional), 0.547 m?3/m?
(BGR), and 0.128 m3/m? (smart BGR), corresponding to annual runoff reduction rates of
50.98% and 88.53% for BGR and smart BGR, respectively. These annual percentages are
cumulative outcomes derived from total annual volumes; therefore, confidence intervals
are not statistically applicable to these values. Both BGR and smart BGR incorporate a Blue
Layer designed to temporarily store rainfall, meaning runoff performance is influenced by
the initial storage level and rainfall characteristics. Under high-intensity rainfall, storage
capacity may be exceeded, causing overflow. While this occurs in both systems, smart
BGR employs an active control mechanism that optimizes pre-event storage and regulates
discharge timing, effectively mitigating overflow impacts during extreme events.

This study focused exclusively on rainfall-period runoff dynamics rather than the full
annual hydrological balance. Evapotranspiration (ET) was not included in the short-term
event analyses because solar radiation and aerodynamic conditions are minimal during
rainfall, and vegetation ET during storm periods is physically negligible. Consequently,
rainfall-runoff relationships were evaluated within the timescale of individual events to
quantify each system’s immediate retention and reduction capacity. The implications of
long-term ET and post-event storage changes are addressed in the Discussion section as
potential directions for extended monitoring.
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Table 2. Rainfall Characteristics, Rainfall Events, Monitoring Cases in 2024, Gimpo Area.
Date Rainfall Depth ADDs CRDs per Number of Number of
(mm) (Days) Event (Days) Rainfall Events Monitoring Events

01-10-2024 3 4 4 Event 1 -
01-14-2024 3 4 1 Event 2 Monitoring 1
01-18-2024 75 3 2 Event 3 -
01-20-2024 0.5 2 1 Event 4 -
02-25-2024 57 29 8 Event 5 Monitoring 2
03-07-2024 0.5 10 1 Event 6 -
03-22-2024 1.5 15 1 Event 7 -
03-26-2024 19 3 2 Event 8 Monitoring 3
03-29-2024 4.5 2 2 Event 9 Monitoring 4
04-15-2024 19 16 2 Event 10 Monitoring 5
04-20-2024 4 5 1 Event 11 -
04-24-2024 8.5 4 1 Event 12 Monitoring 6
05-07-2024 66 11 3 Event 13 Monitoring 7
05-12-2024 27.5 4 2 Event 14 Monitoring 8
05-15-2024 2 3 1 Event 15 Monitoring 9
05-27-2024 11 10 2 Event 16 Monitoring 10
06-08-2024 12 12 1 Event 17 Monitoring 11
06-15-2024 1 7 1 Event 18 Monitoring 12
06-23-2024 19.5 7 2 Event 19 Monitoring 13
06-30-2024 70 7 2 Event 20 Monitoring 14
07-08-2024 93.5 2 7 Event 21 Monitoring 15
07-10-2024 0.5 2 1 Event 22 -
07-27-2024 408 4 14 Event 23 Monitoring 16
08-08-2024 16.5 9 4 Event 24 Monitoring 17
08-16-2024 50.5 6 3 Event 25 Monitoring 18
08-18-2024 2 2 1 Event 26 -
08-23-2024 76 3 3 Event 27 Monitoring 19
09-02-2024 1.5 10 1 Event 28 Monitoring 20
09-05-2024 1.5 3 1 Event 29 Monitoring 21
09-13-2024 66 6 3 Event 30 Monitoring 22
09-16-2024 4 3 1 Event 31 Monitoring 23
09-21-2024 69 4 2 Event 32 Monitoring 24
09-26-2024 8.5 5 1 Event 33 Monitoring 25
10-01-2024 6 5 1 Event 34 Monitoring 26
10-15-2024 0.5 14 1 Event 35 -
10-19-2024 51.5 3 2 Event 36 Monitoring 27
10-23-2024 13.5 3 2 Event 37 Monitoring 28
10-29-2024 1 6 1 Event 38 -
11-16-2024 4 18 1 Event 39 Monitoring 29
11-27-2024 21.5 10 2 Event 40 Monitoring 30
11-30-2024 0.5 3 1 Event 41 -
12-05-2024 2 5 1 Event 42 Monitoring 31
12-21-2024 1 16 1 Event 43 -

Figure 6 presents rainfall depths (upper panel) and runoff volumes per unit area
(lower panel) for the three roof types. The highest rainfall (Monitoring No. 16, ~400 mm)
produced a pronounced runoff peak in the conventional roof (0.4 m®/m?) and substantial
runoff in BGR, whereas smart BGR maintained markedly lower runoff, demonstrating
superior performance even under extreme rainfall. All systems showed negligible runoff
during light rainfall events. Table 3 summarizes unit-area runoff and reduction rates by
rainfall depth class (Classes 1-4). Event-based reduction rates in Table 3 are now presented
as mean = standard deviation to explicitly represent uncertainty associated with inter-
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event variability. In Class 1 (mean 3.88 mm), both BGR and smart BGR achieved complete
runoff elimination (100%). In Class 2 (mean 17.72 mm), smart BGR achieved 98.94%
reduction, slightly higher than BGR’s 95.11%. The performance gap widened in Class 3
(mean 53.00 mm), with BGR achieving 54.89% reduction compared to 86.71% for smart
BGR. A similar trend was observed in Class 4 (mean 121.21 mm), with BGR at 54.68% and
smart BGR at 90.00%. It should also be noted that the relatively large standard deviation
observed in Class 4 does not originate from instrument uncertainty or error propagation,
but is primarily due to the open-ended definition of >60 mm events, in which the upper
bound of rainfall depth is unbounded, combined with the limited number of extreme
events observed in 2024.

B Control: Conventional Roof
B Experimental 1: BGR
I Experimental 2: smart BGR

T |1 1.

1727374 5 6" 778 0 10" 11'12'13"14715" 1617 1819720212223 724 25 26 27728293031

Monitored Rainfall Events in 2024

Figure 6. Rainfall depth and runoff response of three rooftop systems during the 31 monitored
rainfall events in 2024. (A) Rainfall depth per event (mm) recorded at the local AWS (1 h aggregated).
(B) Runoff volume per unit roof area (m3/m?) measured from the three rooftop systems: conventional
roof (control), Blue-Green Roof (BGR), and Smart Blue-Green Roof (Smart BGR). Runoff shown here
represents only passive overflow discharge measured by flowmeters, excluding actively drained
volume in Smart BGR. Even during large events (e.g., Event No. 16), the Smart BGR exhibited
markedly lower runoff due to active water-level control and larger effective storage relative to the
passive BGR and conventional roof.

These findings highlight the efficacy of smart BGR’s active control system in main-
taining high runoff reduction performance, particularly during medium-to-heavy rainfall
events. While both systems perform equivalently under low-intensity rainfall, smart
BGR significantly outperforms BGR under higher-intensity conditions, offering a prac-
tical strategy for mitigating urban flood risks and managing extreme rainfall under a
changing climate.
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Table 3. Comparison of Runoff Volume per Unit Area and Runoff Reduction Rates between the
Experimental Groups (BGR, Smart BGR) and the Control Group for 31 Monitored Events in 2024.

Runoff it A .
Rainfall Monitoring N. of Rainfall Depth e (;g /E?)lt rea Stormwater Runoff Reduction Rate (%)
Depth Class Rainfall Events Average (mm)
Control BGR Smart BGR  Control BGR Smart BGR
1 12 3.88 0.0033 0.0000 0.0000 100.00 100.00
(£2.61) (0.0027) (£0.0000) (£0.0000) (0.00) (£0.00)
2 9 17.72 0.0151 0.0008 0.0002 ) 95.11 98.94
(£5.17) (0.0062) (£0.0023) (£0.0005) (£14.68) (£3.19)
3 3 53.00 0.0377 0.0228 0.0067 ) 54.89 86.71
(£3.50) (40.0222) (40.0067) (£0.0064) (£41.13) (£+12.65)
4 7 121.21 0.1180 0.0673 0.0152 ) 54.68 90.00
(+£126.82) (£0.1245) (£0.1011) (£0.0234) (£30.60) (£7.33)
3.3. Multiple Linear Regression Analysis for BGR and Smart BGR Systems Across Rainfall Classes
Although additional variables (e.g., ET demand, initial storage, or instantaneous
intensity) may influence long-term hydrological behavior, these were excluded because the
experiment targeted short-term rainfall-runoff responses when ET is minimal and the Smart
BGR's internal storage level is mechanically regulated. Consequently, the regression results
are interpreted as descriptive trends reflecting rainfall characteristics only. Rainfall classes
were categorized based on runoff occurrence. As shown in Table 4 and the regression
models, Group A comprised Class 1 and Class 2 events, during which BGR and Smart BGR
exhibited negligible runoff, while Group B consisted of Class 3 and Class 4 events, where
runoff occurred in both systems. Since Group A exhibited almost no runoff, regression
modeling was deemed unnecessary and was excluded from the analysis. The Conventional
Roof showed low explanatory power (R? = 0.455) and lacked statistical significance even in
Group B, and was therefore omitted from model development.
Table 4. Model summary for each roof and runoff group.
Change Statistics
Model R R Adjusted 510 (00" : :
Square R Square . R Square F df1 df2 Sig. F
Estimate Change Change Change
1. Control: Conventional Roof
Group A 0.355 0.126 —0.029 87.66792 0.126 0.815 3 17 0.503
Group B 0.675 0.455 0.183 24.26270 0.455 1.671 3 6 0.271
2. BGR
Group A 0.396 0.157 0.008 63.94197 0.157 1.054 3 17 0.394
Group B 0.938 0.879 0.819 6.01592 0.879 14.529 3 6 0.004
3. smart BGR
Group A 0.350 0.123 —0.032 15.01311 0.123 0.792 3 17 0.515
Group B 0.938 0.880 0.820 1.83168 0.880 14.702 3 6 0.004

Note: The statistical parameters reported in Table 4 include dfl and df2, which represent the numerator and
denominator degrees of freedom used in the F—statistics of the regression significance tests.

For Group B, Multiple Linear Regression (MLR) was performed separately for the BGR
and Smart BGR systems using the following predictors: rainfall depth (mm), average rain-
fall intensity (mm/hr), and consecutive rainfall days (CRDs). A stepwise selection method
was applied. Given the limited sample size (n = 10), these results must be interpreted as
exploratory associations rather than predictive statistical models. For the BGR system,
two predictors—rainfall depth and average rainfall intensity—were retained as significant
variables (R? = 0.879, p < 0.05). For the Smart BGR system, the model retained rainfall depth
and consecutive rainfall days (CRDs) as significant predictors (R? = 0.880, p < 0.05). These
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results indicate that while both systems are primarily driven by rainfall depth, Smart BGR
performance is additionally influenced by multi-day rainfall accumulation due to its active
water-level regulation.

The relatively high R? values likely reflect the limited variability inherent in the small
dataset, and caution should be exercised in interpreting the quantitative magnitude of the
coefficients. In addition, adjusted R? is not considered a reliable indicator under these
conditions because with such small n, adjustment cannot meaningfully correct for potential
overfitting. For clarity, the F-statistic and degrees of freedom presented in Table 4 indicate
whether the overall regression explains a significant portion of the variance in runoff.

Because only 10 rainfall events were available in Group B, formal diagnostic proce-
dures such as residual normality testing, VIF analysis, or observed—predicted plotting
would not yield statistically meaningful or reliable results, and were therefore not pur-
sued. Given these constraints, residual diagnostics (e.g., normality testing, VIF analysis,
or observed vs. predicted plotting) are not statistically meaningful with the present sam-
ple size and therefore were not included. The regression outcomes should be regarded
as exploratory relationships rather than predictive equations, and future studies with
larger datasets will enable variable expansion and information-criterion-based model se-
lection. MLR was selected because the limited sample size precluded the use of more
complex modeling approaches or information-criterion-based model selection; the present
regression results are therefore intended only as transparent exploratory associations. In
Equations (2) and (3), the unit “L” denotes runoff volume expressed in liters.

BGR (L) =4.974 — 0.302 x Rainfall depth (mm) — 1.178 x ADD + 8.836 x CRD (2)
smart BGR (L) = 1.459 — 0.093 x Rainfall depth (mm) — 0.386 x ADD + 2.740 x CRD 3)

4. Conclusions and Discussion

This study evaluated the rooftop-scale rainfall runoff reduction performance of con-
ventional roofs, Blue-Green Roofs (BGR), and Smart BGR systems using eight years of
rainfall data from the Gimpo region and 31 monitored rainfall events in 2024. Rainfall
classes were divided into two groups: Group A (Class 1 and 2), where BGR and Smart BGR
exhibited negligible runoff, and Group B (Class 3 and 4), where measurable runoff occurred.
Regression modeling was performed only for Group B because predictive analysis for
Group A was unnecessary. Multiple Linear Regression analysis identified distinct rainfall
predictors for each system. For the BGR, rainfall depth and average rainfall intensity were
retained as significant predictors (R? = 0.879, p < 0.01). For the Smart BGR, rainfall depth
and consecutive rainfall days (CRDs) emerged as significant predictors (R? = 0.880, p < 0.01).
These results indicate that while both systems respond primarily to total rainfall depth, the
Smart BGR additionally responds to multi-day rainfall accumulation because of its active
water-level regulation mechanism. The consistent significance of rainfall depth across both
models further confirms that event scale remains the dominant driver of rooftop runoff
generation. Performance differences between BGR and Smart BGR were most evident in
high-intensity events. In Class 3 (average 53 mm), BGR achieved 54.9% reduction, whereas
Smart BGR reached 86.7%, an improvement of approximately 32 percentage points. In
Class 4 (average 121 mm), BGR and Smart BGR achieved 54.7% and 90.0% reductions,
respectively. These results confirm that Smart BGR is particularly effective under large
rainfall events where conventional BGR performance declines due to overflow beyond its
storage capacity.

This study intentionally focused on short-term rainfall runoff behavior, during which
evapotranspiration (ET) is negligible because solar radiation and aerodynamic exchange
are minimal. Nevertheless, a comprehensive annual water balance of Blue-Green Roof
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systems must include ET and post-event storage dynamics. Future research should there-
fore incorporate continuous monitoring of meteorological variables such as air temper-
ature, humidity, wind speed, and solar radiation, and estimate ET using established
methods (e.g., Penman—-Monteith or surface energy balance approaches). Such efforts
will enable statistical models to integrate ET and storage terms once long-term datasets
become available, allowing differentiation between retained water lost through ET and
water released through controlled drainage. This will close the water balance equation
(Rainfall = Runoff + ET + AStorage + Losses) and provide a fuller understanding of system
dynamics. Integrating ET-based modeling into smart control algorithms could further
enhance the system’s efficiency by enabling predictive operation based on real time at-
mospheric demand. For example, controlled pre-drainage before high radiation days
could secure additional water for subsequent ET, improving rooftop thermal moderation.
Through such integration, Smart BGR systems could evolve from purely hydrological
devices into multifunctional urban climate adaptation infrastructure.

This study also has limitations. Extreme rainfall beyond the design capacity may
saturate both the rooftop storage and underground tank, at which point the system behaves
as a conventional roof. Future research should test the system under such extreme scenar-
ios, refine the control logic using rainfall-forecast data, and evaluate scalability and cost
benefit performance for large scale applications. However, practical deployment of Smart
BGR systems at scale will require structural load assessments, maintenance strategies for
underground storage tanks, and integration with existing municipal drainage infrastruc-
ture, which should be addressed in future work. Overall, the findings confirm that Smart
BGR significantly enhances rooftop-scale runoff reduction performance and provides a
realistic pathway toward adaptive and resilient urban water management under climate
change-driven extreme rainfall.
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