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Abstract: This article aims to analyse the performance of green roof in runoff reduction. A case
study has been conducted through a deployed green roof at the custom house quay building in
Dublin, Ireland. Modular green roofs have been deployed which have IoT scales associated to it
for measuring the effective reduction in runoff. Hydro-meteorological variables such as rainfall,
temperature, relative humidity and wind speed values were corresponded to the amount of runoff
reduction by means of a regression-based relationship. Comparison of the observed runoff reduction
from a modular green roof and that estimated based on the developed regression relationship yielded
a R2 value of 0.874. Through this research, a pattern was identified which established that longer
records and better weather variables data have the potential to improve the performance of the
regression model in predicting the amount of runoff reduction corresponding to different rainfall and
weather patterns. In general, performance of green roof was found to be highly positively correlated
to the amount of rainfall received; however, low correlation between rainfall and the percentage of
runoff reduction indicate that saturated soil in green roofs considerably deteriorates the performance
in runoff reduction. Overall, this study can help in identification of locations where installation of
green roofs can help mitigate floods at a city scale.

Keywords: green roof; Dublin CHQ building; real-world monitoring of green roofs; multiple lin-
ear regression

1. Introduction

Urban sprawl has resulted in substantial reduction in soil permeability since imper-
vious surfaces have started rising due to urbanization [1]). The flood peak magnitudes,
flood frequency and runoff volume have increased, resulting in increased urban flood-
ing [2–4]. The urban development of catchment has affected the hydrological response
of surface runoff and infiltration, bringing forward the importance of urban stormwater
management [5]. Previous urban stormwater management studies have shown that when
more than ten percent of the watershed becomes impervious, the runoff discharge rises
rapidly; as a result, the stream’s natural quality starts deteriorating [6]. Further studies
researched on the evolution of floods in urban areas and the sources of flood variability
were based on geographic properties location of site [7,8]. The urban sewers and drainage
systems in many cities are dealing with limited capacity; hence, there is risk of flooding
in urban areas [9]. The green roof has been recommended extensively as a sustainable
urban drainage system [10]. The green roof has reduced stormwater runoff compared
to conventional roofs because of the additional capacity for water volume retention and
evapotranspiration [11,12]. Various experimental sites showed that annual runoff from
green roof performance improved by 15–35% for intensive roofs, whereas 20–75% for
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extensive roofs for the total annual rainfall in Germany [13]. The observed green roof
retention capacity improvement is 46% of annual precipitation in Sweden [14]. The green
roof retention capacity improvement is 50% in England [15], 60% improvement in Michigan,
66% in Auckland, 78% in Georgia [16–18]. Previous literature has proposed the outcome
of predicting the hydrological performance of green roofs and the design based on perfor-
mance indicators to make the green roof performance better [19]. For example, the Hydrus
model when used for estimating the performance of green roof has shown difficulties when
converging the weather conditions of dry and wet conditions and also in model simulations
where precipitation is variable with the duration and depths [20]. Various urban drainage
models have shown the impact of large-scale green roofs on hydrological fluxes [21]. Other
literatures have predicted runoff retention performance of modular green roof (Shushunova
et al., 2021). Previous simulation study of green roof performance assessment suggested
that reduction in runoff has been implicated through the green roof on those days where
greater than 50 mm, 40 mm, 30 mm, 20 mm, and 10 mm precipitation were obtained in
terms of percentage [12].

The overall performance of the green roof system is evaluated by observing the
following characteristics of the hydrological processes: (i) prolonging the runoff initiation;
(ii) reduction of the volume of runoff; and (iii) extension of the runoff process via slow
releases of excess substrate pore water [12]. Modular green roofs are gaining popularity
as they have been successfully installed in many high-density urban areas, resulting in
solving problems of not encroaching green spaces and urban lands [22]. In big cities where
the availability of land surface is a challenge, modular green roof can serve as a key growth
strategy to improve the livability of cities [23]. The stormwater retention performance of
green roof focuses on the phenomenon of evaporation, transpiration and infiltration of
engineered soil like substrate and vegetation to reduce the overland flow achieved through
peak rainfall events [24].

The efficiency of storage stormwater runoff has been well demonstrated by Villarreal
et al. [25] through a case study conducted in an inner city in Sweden. A detailed spatial
analysis and modelling has been shown through green roofs, where imperviousness has
been shown to be reducing and stormwater storage solutions were shown effective as a
result of deployment of green roof [26]. Empirical equations as well as conceptual process-
based models have shown an impact on estimating the model performance of green roof
retention and runoff [27].

Modular green roof is gaining popularity over conventional green roofs in the recent
years. A 248 sq. m. modular green roof was installed in 2 September 2009 on a public plaza
at the University of Connecticut in Storrs, USA. The green roof consisted of 334 extensive
GreenGrid® modules installed by Weston Solutions Inc., West Chester, PA, USA. The size
of each green roof panel was 1.2 m long, 0.6 m wide, and 10.2 cm thick, and the panels
covered 81% of the 307 sq. m. roof top area [19].

Another modular green roof was installed on the Maracanã Campus of the Rio de
Janeiro State University, Rio de Janeiro, Brazil. The city exhibits tropical monsoon climate
with extreme rainfall events. The deployed modular green roof units consisted of green roof
tray modules installed in boxes made of waterproof board supported on metal benches with
inclinable surfaces. There was also a control unit consisting of a corrugated fibre-cement
roofing sheet. The modules consist of substrate of unvegetated agricultural compost [28].

Another pilot modular green roof system was installed at University of Hawaii at
Manoa with three different module depths: 10 cm, 15 cm, and 20 cm. The three modules had
drainage openings at 1.27 cm above the bottom. Water content of the growth media near
the surface (integrated over depth: 0–5 cm) was collected with time domain reflectometry
sensors [20].

A meteorological central unit was setup along with the anchor unit to measure the
hydrological variables (rainfall and temperature). The runoff is indirectly measured in
terms of weight difference of the modular green roof units. The weight of each modular
green roofs is measured through IOT scale before runoff and after runoff and the weight
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difference is calculated as the runoff. The modular units are 80 cm wide and 105 cm long
having a surface area of 1 sq. m., whereas the sides of each unit are 15 cm high and made
of 8 mm thick slabs of waterproof material. During precipitation, some water will be
intercepted by leaves and the remainder will leave the system as surface overflow when
precipitation rate exceeds the rate of infiltration. The main advantages of modular green
roof are that they are easy to install and can be installed in small areas, especially in urban
areas where there are considerable space constrictions.

The aim of this study was to investigate the performance of green roof in reducing
the runoff by considering the influence of important weather variables such as rainfall,
temperature, relative humidity and windspeed.

2. Materials and Methods

A brief description of the study area, data details and the techniques used for the
analysis has been provided in this section below.

2.1. Study Area and Materials

Dublin is the capital city of Ireland and is located in the eastern part of the country.
Dublin exhibits a variety of weather patterns throughout the year. The monthly average
temperature in Dublin ranges from 5 ◦C to 16 ◦C, with the highest temperature records
in July and the lowest temperature in January. The average yearly rainfall is 760 mm.
Precipitation is minimum in the months between February and April and maximum in the
months between August and November. In order to understand the monthly variation in
the rainfall pattern in Dublin, hourly rainfall data were collated from Dublin Airport from
1 January 1992 to 31 December 2021. The mean monthly rainfall and the standard deviation
for each of the 12 months were estimated based on the hourly rainfall data measured at the
airport covering 30 years (Figure 1). The figure indicates that the mean rainfall in Dublin is
high for August, October and November, moderate in January, June, July, September and
December, while low from February to May. The monthly standard deviation also follows
a similar pattern as that of the mean, indicating that the variability of the rainfall is high in
months exhibiting high rainfall. To understand the extreme rainfall pattern, the percentage
of times the hourly rainfall exceeded 5 mm/h intensity for each month were estimated
based on 30 years of data. The results indicate that August has exhibited maximum rainfall
events, followed by October and November. However, the mean rainfall is highest in
November, indicating that the number of rainy days is highest in November. Based on the
rainfall pattern, it can be concluded that the majority of the flooding can be expected to
occur between August and November in Dublin and the surrounding areas.

Due to high urbanization, presence of several waterbodies, and relatively high rainfall
and storm events, the city is susceptible to flooding at several locations. In order to explore
the effectiveness of green roofs in flood mitigation, this study has deployed modular green
roofs at the Custom House Quay (CHQ) Building. The location of the CHQ building is
shown in Figure 2. The CHQ Building is located in a high-density urban area. The location
of the building is extremely significant as it is based in the inner part of Dublin city and is
in close vicinity to the Dublin docklands and port area. The Dublin dockland area is served
by the river Liffey and hosts the business hub of Dublin named the International Financial
Services Centre (IFSC).
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2.2. Data Collection and Modelling

The runoff data from the modular green roof were acquired into the Aquaroot Control
System (ARCS), which is dedicated to data acquisition, data storage and representation
in autonomous distributed Internet of Things (IoT) sensor networks. Each modular green
roof is equipped with IoT scales, which monitor the weight of the modular green roof
continuously. Images of the modular green roofs and sensors are shown in Figure 3.
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Figure 3. Green roofs and sensors in the CHQ building.

The experimental setup of the green roof consists of an anchor unit frame, four
weighing cradles, four bio-grow bags of modular green roofs, one rain gauge and one
temperature gauge. Each of the four modular green roofs were placed in a modular tray
made of waterproof flat board, which is supported through metal platforms. A combination
of different recyclable materials has been used as the substrate of the modular green roofs.
The primary materials used are wool, wood shavings, and hemp. Wool substrate was
locally sourced, is extremely affordable and sustainable as well as biocompostable within a
year. Wool due to its property has meshed support and is responsible for slow release of
water. Biocompostable hemp and wood shavings have also been used due to low density,
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elasticity and permeability. Hemp promotes excellent properties for maintaining soil
moisture, minimizes soil erosion, suppresses weed growth and helps in seed germination.
Furthermore, hemp helps in insulating the substrate from heat and cold winter, and
especially protects the plants in a frost environment. The hemp layer also helps to retain
the soil moisture for a longer time period.

The green roof at the CHQ building was deployed in February 2021. However, due
to prevalence of COVID-19, strict restrictions were imposed to access the CHQ building
premises. Hence, only a limited experiment was conducted and data for short and in-
termittent period were collated from the green roofs. Once the COVID restrictions were
relaxed in July 2021, the system of sensors was installed for monitoring the green roof data
at continuous interval, and those sensors were connected to the wifi network to obtain the
monitored data in real-time.

Time series data of IoT weight, precipitation and temperature were measured using
the Aquaroot sensors from 23 July 2021 to 20 January 2022 at the Custom House Quay
(CHQ) building. Data were measured at four modular green roof units located at the roof
of the CHQ building. Corresponding to each modular green roof unit, the weight of the
entire modular unit along with the vegetation, soil and the tray were measured along with
the volume of the precipitation in mL every minute over the entire duration stated above.
The temperature was considered to be the same at all four modular green roof locations,
which can be considered a realistic assumption since those units are located on the same
roof. Details on the data collection process are provided as a flowchart in Figure 4. The
data were initially recorded from the modular green roof through a set of autonomous
distributed IoT sensor networks, called EcoMet stations. The data were then forwarded
to the Aquaroot Control Systems (ARCS), which is a supervisory control system used for
real-time data acquisition and monitoring. The specialty of the ARCS is that it follows
the mechanism of multi-tier client server architecture, where different layers of data are
presented for processing and application on different processors. The ARCS work on LAN
and its performance is based on ethernet standards. The technology has the following
components: data acquisition (DAQ) server, real-time database, user interface, web-server
and security system. The web pages produced by the ARCS web server contain a lot of
dynamic elements such as indicators, graphs and tables.

Since the performance of the green roofs depends not only on the amount of rainfall
received and the temperature, but also on other meteorological variables such as relative
humidity and wind speed, those two data were also considered in this study. As relative
humidity and wind speed were not measured at the CHQ building, data from another
weather station located at Fitzgibbon Street (Figure 2), Dublin, were considered. It can be
noted that this weather station is located at a distance of 1.8 km from the CHQ building.
However, the area between those two locations does not exhibit considerable changes in the
elevation. The ground elevation of the CHQ building is 8.35 m, while that for the weather
station at Fitzgibbon Street is 14.6 m. Since the two places are located nearby without
exhibiting considerable changes in the topography, the relative humidity and wind speed
values measured at the Fitzgibbon Street weather station can be considered to be the same
as for the CHQ building. The weather data at the Fitzgibbon Street weather station were
measured at 5 min time intervals.

The relationship between the reduction in runoff from the green roof and four meteoro-
logical variables (rainfall, temperature, relative humidity and wind speed) was developed
by using the multiple linear regression (MLR) approach, where the parameters of the
model were estimated by using ordinary least square (OLS). The MLR-OLS model can be
expressed in matrix notation as,

[y]n×1 = [X]n×p[a]p×1 + [ε]n×1 (1)
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where y = [y1, y2, · · · , yn]
T and yi, i = 1, · · · , n is the amount of runoff reduction on

a chosen period i; n is the number of data points; X =


1 x11 · · · x1p
1 x21 · · · x2p

1
...

. . .
...

1 xn1 · · · xnp

 is the set of

meteorological variables and p is the number of meteorological variables considered for
developing the regression relationship; and ε is the regression model error terms. In this
study, four meteorological variables, rainfall, temperature, relative humidity and wind
speed, were considered.
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3. Results and Discussion

The analysis of the green roof performance was performed at an hourly time scale in
this study. For this purpose, all the weather variables (the cumulative rainfall and average
temperature, relative humidity and wind speed) were estimated at an hourly scale from
the data measured at 5 min time intervals. The time series plot of each of those variables at
the hourly scale is provided in Figure 5.

The reduction in runoff from the green roof can be estimated indirectly as the changes
in the weight of the modular green roof unit. An increase in weight of the unit in an hour
indicates that the modular unit has held that amount of water and reduced the surface
runoff, while a reduction in weight indicates that the unit is releasing the stored water via
draining and evapotranspiration. It can be noted that during a prolonged dry period, there
will be no changes in the weight of the modular units, while an increase in weight will
occur during a rainfall event and a reduction is expected after a rain event.



Hydrology 2022, 9, 46 8 of 14Hydrology 2022, 9, x FOR PEER REVIEW 9 of 16 
 

 

(a) 

 
(b) 

 
  

Figure 5. Cont.



Hydrology 2022, 9, 46 9 of 14Hydrology 2022, 9, x FOR PEER REVIEW 10 of 16 
 

 

(c) 

 
(d) 

 

Figure 5. Time series plot of (a) hourly total rainfall, (b) hourly average temperature, (c) hourly 
average relative humidity, and (d) hourly average wind speed used in the study. 

The reduction in runoff from the green roof can be estimated indirectly as the changes 
in the weight of the modular green roof unit. An increase in weight of the unit in an hour 
indicates that the modular unit has held that amount of water and reduced the surface 
runoff, while a reduction in weight indicates that the unit is releasing the stored water via 
draining and evapotranspiration. It can be noted that during a prolonged dry period, there 
will be no changes in the weight of the modular units, while an increase in weight will 
occur during a rainfall event and a reduction is expected after a rain event. 

The objective of this research is to relate the amount of runoff reduction with the 
amount of rainfall received, and the temperature, relative humidity and wind speed. For 
this purpose, the correlation between those variables with the amount of runoff reduction 
was estimated (Table 1). The values indicate that the amount in runoff reduction is highly 
correlated to the total amount of rainfall received (0.93). This is expected as a high amount 
of rainfall will lead to a high volume of runoff reduction. However, it needs to be noted 

Figure 5. Time series plot of (a) hourly total rainfall, (b) hourly average temperature, (c) hourly
average relative humidity, and (d) hourly average wind speed used in the study.

The objective of this research is to relate the amount of runoff reduction with the
amount of rainfall received, and the temperature, relative humidity and wind speed. For
this purpose, the correlation between those variables with the amount of runoff reduction
was estimated (Table 1). The values indicate that the amount in runoff reduction is highly
correlated to the total amount of rainfall received (0.93). This is expected as a high amount
of rainfall will lead to a high volume of runoff reduction. However, it needs to be noted
that in situations where the amount of rainfall is considerably high, the soil in the modular
green roof will become fully saturated and entire excess rainfall will be converted to surface
runoff. This phenomenon can be noted from the scatterplot between the rainfall and the
reduction in runoff in Figure 6a. The figure indicates that, beyond a certain rainfall value,
the amount of runoff reduction does not increase with an increase in the rainfall amount.
Furthermore, the correlation between the percentage of runoff reduction and received
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rainfall (Table 1) was found to be 0.257, indicating that the percentage of runoff reduction
does not necessarily increase with an increase in the received rainfall on a green roof.
The correlation between temperature and the amount of runoff reduction as well as the
percentage of runoff reduction was found to be low. The scatterplot (Figure 6b) between
temperature and amount of runoff reduction indicates that the relationship might be nonlin-
ear, leading to a low correlation value. A positive correlation between the relative humidity
and amount of runoff reduction is expected, as higher relative humidity indicates a higher
chance of rainfall. On the other hand, higher relative humidity reduces the percentage of
runoff reduction, as high relative humidity leads to a reduction in evapotranspiration. High
wind speed leads to extreme storm events and extreme rainfall, during which the amount
of runoff reduction reaches a saturation value. In general, higher windspeed increases
evapotranspiration, and slightly increases the percentage of runoff reduction, as evident
from the correlation value of 0.069.

Table 1. Correlation between the amount and percentage of runoff reduction due to a green roof with
a set of weather variables.

Correlation
Weather Variables

Rainfall (mL) Temperature (◦C) Relative Humidity Wind Speed (m/s)

Amount of runoff reduction (mL) 0.931 0.043 0.070 0.069

Percentage of runoff reduction (%) 0.258 0.026 −0.207 0.064
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One point to be noted is that, in general, performance of the green roofs in runoff
reduction needs to be estimated for each season over an entire calendar year. In this
study, however, data ranging from July 2021 to January 2022 were used for analysis.
Continuous measurement from the deployed green roof is ongoing, and the analysis needs
to be extended when a longer date will be made available. However, the rainfall pattern
in Dublin over the past 30 years indicates that the majority of high-to-extreme rainfall
occurred between August and November, and the time period has been covered in the
current analysis.

A multiple linear regression model has been developed between the amount of runoff
reduction in mL (predictand) and the four predictor weather variables (rainfall, temperature,
relative humidity and wind speed). The regression relationship can be expressed as:

Amount of Runoff reduction (mL)
= a0 + a1 × Rainfall(mL) + a2 × Temperature(◦C)
+ a3 × RelativeHumidity + a4 × WindSpeed(m/s)

(2)

The model parameters (a0, a1, a2, a3, a4) are provided in Table 2 along with the p-value
statistic.
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Table 2. Regression relationship between the amount of runoff reduction (mL) with rainfall (mL),
temperature (◦C), relative humidity and wind speed (m/s).

Regression Parameters Estimate p-Value

a0 136.930 1.46 × 10−6

a1 0.194 0

a2 2.378 0.061

a3 −3.403 1.41 × 10−7

a4 1.951 0.113

The performance of the multiple linear regression model has been provided based
on the R2 value and scatterplot between the observed amount of runoff reduction and the
model predicted runoff reduction, as shown in Figure 7. The R2 value was found to be
0.874. It can be noted from the figure that the model sometimes is overestimating as well
as underestimating the amount of runoff reduction. It needs to be noted that the model
has been developed based on data collected for a period of 6 months. Furthermore, two
important weather variables (relative humidity and wind speed) were available at a station
located 1.8 km from the location of the green roofs. Longer records and better weather
variables data have the potential to improve the performance of the regression model in
predicting the amount of runoff reduction corresponding to different rainfall and weather
patterns. Furthermore, the two major factors that reduce the runoff from a green roof are
the soil/substrate moisture content (SMC) and the evapotranspiration. Due to practical
difficulties in measuring the evapotranspiration from the green roof, the evapotranspiration
was usually estimated based on a conceptual model. The most commonly used approaches
are the FAO Penmann–Monteith [29] and the Priestley–Taylor equation [30], which require
different weather variables such as temperature, relative humidity, wind speed and solar
radiation to estimate evapotranspiration. This study investigated the effect of three weather
variables: temperature, relative humidity and wind speed in reduction in runoff from
the green roof. The other important factor is the soil/substrate moisture content. The
same amount of rainfall can lead to considerable differences in runoff reduction from a
green roof based on the soil/substrate moisture content. In situations where the soil is
dry, the runoff reduction will be higher, whereas for completely saturated soil, the runoff
reduction from the green roof will occur solely due to evapotranspiration. Measurement of
substrate moisture content and including it in the regression model can improve the model
performance and the understanding of the performance of green roofs.
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4. Conclusions

This research focuses on the performance of a green roof in reducing runoff using real-
world observed data. A set of modular green roofs has been deployed at the CHQ building
in Dublin, the capital of Ireland. Reduction in runoff from the deployed green roofs has been
measured indirectly by using an IoT weight scale in this study. A regression relationship
has been developed to predict/estimate the amount of runoff reduction corresponding
to different rainfall, temperature, relative humidity and wind speed values. The model
performance yields an R2 value of 0.874, indicating the potential of the modelled approach.
Longer data have the potential to improve the performance of the developed regression
model in predicting runoff reduction from green roofs. Ongoing research focuses on
recording longer records from the installed green roof, as well as collecting substrate
moisture content, relative humidity, wind speed and solar radiation data from the green
roof at CHQ building. The advantage of the approach is that the developed model can
be used to predict the amount of runoff reduction from the green roofs corresponding to
different climatic conditions. This information can be further used to identify potential
locations for the installation of new green roofs and create a flood mitigation system at a
city scale. Research is underway in collaboration with the Dublin City Council to achieve
this goal in the near future.
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