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Abstract: Environmental and design factors determine the stormwater management capacity of green
roofs; however, the design and environmental factors that impact their hydrological performance
in subtropical humid regions are poorly understood. In particular, meteorological factors have
received little attention. Meteorological factors vary greatly at different stages of a rainfall event (e.g.,
during the rainfall and outflow). Therefore, the impact of meteorological factors at different stages on
hydrological performance should be considered separately to obtain a more accurate picture of their
effects on hydrological performance. In this study, experimental green roofs were established based
on four substrate types and two depths. For the first time, this study systematically explored the
effects of design factors for the substrate (type and depth) and multi-stage environmental factors on
the hydrological performance of green roofs. Environmental factors, including meteorological factors,
from three critical stages (before and during a rainfall event and during the outflow), and rainfall
characteristics (e.g., rainfall depth and rainfall duration) were incorporated to determine the variation
in hydrological performance. The effects of multi-stage environmental factors on retention and peak
reduction were analyzed, with a ranking of each factor’s relative importance. Environmental factors
played a leading role in determining hydrological performance. However, the impact of multi-stage
environmental factors was not as important as that of rainfall depth and antecedent volumetric
water content. Differences in hydrological performance were compared across combinations of
design factors. No significant differences were observed across substrate types and depths. However,
potential interactive effects might exist, though these were not significant compared to environmental
factors (e.g., rainfall depth and rainfall duration). These results confirmed that the meteorological
factors in the different event-related stages significantly impacted the hydrological performance.
Quantifying the effects of design and environmental factors is critical for hydrological performance
evaluation. The results provided a broader perspective on understanding influence mechanisms of
hydrological performance and highlighted the impact of microclimates on hydrological performance.

Keywords: retention; peak reduction; environmental factor; design factor; subtropical green roof

1. Introduction

Increases in urbanization [1] and urban population growth have exerted great pressure
on traditional urban stormwater management practices [2]. The impacts of climate change
may lead to more frequent urban flooding in densely urbanized areas [3,4]. As an effective
stormwater management practice, green roofs hold significant potential for serving as criti-
cal hydrological green infrastructure in these urban areas, given their ability to efficiently
utilize traditional rooftops that account for up to 50% of impervious surface areas [5–7].
Green roofs contribute to stormwater management by notably enhancing stormwater
retention [8–10], mitigating peak flow [11–13], and providing source controls [14]. Addi-
tionally, green roofs offer a variety of environmental (e.g., thermal benefits [15], carbon
sequestration [16,17], and serving as wildlife habitats [18,19]), social (e.g., psychological
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benefits [20] and wellbeing restoration [21]), and economic benefits (e.g., increase in prop-
erty value [22] and energy conservation [23]). Green roofs have therefore become widely
adopted for the aforementioned benefits in cities worldwide, and several studies have
investigated the optimization of their hydrological performance and the mechanisms that
control their performance, in an attempt to better understand their potential as stormwater
management tools.

Extensive green roofs, with a substrate thickness of <20 cm [24,25], have been widely
applied and studied in terms of their hydrological performance due to their lightweight
and low-maintenance properties and their cost-effectiveness in application [26–30]. The
hydrological performance of green roofs has mainly been assessed through the metrics of
retention and detention. Retention refers to the ability of a green roof to capture rainwater
during a rainfall event [31]. Detention is the ability to detain rainwater, thereby reducing
or delaying peak flow, which is manifested as attenuation or peak reduction [32]. While
retention and detention are both important in stormwater management, most previous
studies have focused on retention, with relatively less research on detention [33].

The hydrological performance of a green roof is subject to numerous factors that can be
categorized into two main groups: environmental and design factors [34]. Environmental
factors encompass rainfall characteristics and various other meteorological factors (e.g.,
relative humidity, temperature, and solar radiation), while design factors are related to the
methods and materials used to construct green roofs.

Understanding how environmental factors impact green roofs is important for guiding
and optimizing their design and placement in urban climates. In many studies conducted
across different regions, environmental factors, especially rainfall characteristics, have been
extensively investigated (Table 1). Rainfall characteristics, (e.g., rainfall depth (RD), mean
intensity of the event (imean), and duration) have been shown to have a significant impact on
hydrological performance [35–39]. Previous researchers have come to different conclusions
on how antecedent moisture conditions (AMC) affect the hydrological performance of green
roofs [11,14,40,41]. The antecedent dry weather period (ADWP) is a surrogate indicator
of AMC. However, [14] suggested that there are limitations to the use of the ADWP as
an indicator for antecedent climate conditions. The antecedent volumetric water content
(AVWC) is a more intuitive indicator of soil moisture. The antecedent dry weather period
(ADWP) and antecedent volumetric water content have also been proven to significantly
impact hydrological performance [35,42–44].

Only a few studies have directly examined the impact of meteorological factors on
hydrological performance, and the consideration of meteorological factors in these studies
was limited to the antecedent stage of the event, as shown in Table 1. This may be why in
some studies the regression models could not explain more variance [9,45]. Meteorological
factors continuously affect green roofs from before the rainfall event to the end of the runoff
period. Therefore, meteorological factors from antecedent stages might be insufficient to
explain the overall hydrological performance. The consideration of meteorological factors
from different rainfall event-related stages may therefore better explain the hydrological
performance of green roofs.

Table 1. Summary of past research on the factors affecting the hydrological performance of
green roofs.

Reference Location Climatic Feature Retention Peak Reduction RD Duration imax imean Depth Type Season ADWP AVWC RH24 SR24

[46] Athens, USA Subtropical # × 1
[47] Sheffield, UK Temperate # # 1 1 1 1
[31] Michigan, USA Temperate × # 1
[14] Sheffield, UK Temperate # # 1 1 1 1
[8] Auckland, New Zealand Subtropical # # 1 0 0

[35] Adelaide, Australia Hot Mediterranean # × 1 1 1 1
[36] Central Texas, USA Subtropical # × 1 1 1
[48] New York, USA Humid Continental # # 1 1 0 0
[9] Leeds, UK Temperate # × 1 1 1 1 0

[43] Hong Kong, China Humid Subtropical # × 1 1 1 0 1
[37] Chongqing, China Humid Subtropical # × 1 1
[38] Lisbon, Portugal Mediterranean # × 1 1
[49] Gansu, China Semi-arid # × 1 1 0 1
[50] Melbourne, Australia Temperate # × 0
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Table 1. Cont.

Reference Location Climatic Feature Retention Peak Reduction RD Duration imax imean Depth Type Season ADWP AVWC RH24 SR24

[13] London, UK Moderate × # 0 1
[51] Salerno, Italy Mediterranean # × 1 1 1
[52] Rio Grande do Sul, Brazil Humid Subtropical # × 1 0/1 1
[53] Rio Grande do Sul, Brazil Humid Subtropical # × 1 0 1 0
[34] Chongqing, China Humid Subtropical # # 1 0 0 1 1 1 1/0 0

Note: “#” and “×” indicate whether retention or peak reduction were the metrics used to define hydrological
performance. Specifically, “#” denotes that the factor was considered, while “×” signifies that the factor was not
considered; “1” indicates that the factor had a significant impact, while “0” means the impact was insignificant.
The slash-separated 0 and 1 (“0/1” or “1/0”), respectively, indicate the significance of this factor’s impact on
retention and peak reduction. An empty space indicates that this study did not consider the factor. Abbreviations:
rainfall depth (RD), rainfall duration (duration), mean intensity of the event (imean), maximum of the intensity of
the event (imax), depth (substrate depth), type (substrate type), antecedent dry weather period (ADWP), antecedent
volumetric water content (AVWC), mean relative humidity during the 24 h preceding the event (RH24), mean
solar radiation during the 24 h preceding the event (SR24).

There are many design factors to consider in the construction of green roofs, including
the substrate, vegetation, slope, drainage layer, and area. The substrate has received
much attention because it can affect the hydrological performance, vegetation survival,
and structural loads of green roofs [49,54,55]. The substrate types and depths primarily
determine these substrate properties. Therefore, optimal combinations of substrate types
and depths are crucial for enhancing the hydrological performance of green roofs. However,
the hydrological performance of various combinations from different studies often lacks
consistency [49,56]. The primary reasons may be the variations in climate and materials.
Consequently, region-specific green roof design and product development are essential to
mitigate the local incompatibilities of generic products. Due to the increase in maintenance,
design, and construction costs, together with the lack of incentives for developers, the
implementation of green roofs in China is still in the initial stage compared to some
European countries, the USA, and Canada [57,58]. Most Chinese cities lack green roof
designs and products tailored to their regional climate, even in some metropolises, such
as Chongqing in southwestern China, which has a humid subtropical climate. Therefore,
based on a previous study [34], exploring the regional hydrological performance across a
range of design factors can help to develop products and improve green roof design for
specific climates.

Some studies have suggested that a single factor alone cannot adequately explain hy-
drological performance [14]. Exploring the effects of numerous factors can enhance the un-
derstanding of mechanisms controlling the hydrological performance of green roofs. Even
among multiple factors, complex interactions may exist with strong correlations between
different factors, and certain factors may only be influential within specific ranges [14,34].
Although the study by [34] has preliminarily investigated the effects of design and environ-
mental factors on hydrological performance, it confined its scope of environmental factors
to the antecedent stage of the event and omitted the substrate depth, which could be more
instructive for cost control and building load. When evaluating hydrological performance,
the consideration of design factors and multi-stage environmental factors can provide
practical insights on extensive green roof design and give information to make valuable
decisions on urban green roof layouts in the humid subtropical region.

In this study, a one-year field experiment was conducted to determine the effects
of design and multi-stage (before and during a rainfall event and during the outflow)
environmental factors on the hydrological performance (retention and peak reduction)
of green roofs. Linear mixed models were used to evaluate the effects of environmental
factors and design factors on hydrological performance, with season and module number
included as random factors to capture their unobserved variability. The aims of this study
were as follows.

(1) Various environmental factors, including meteorological factors from three stages
(before and during a rainfall event and during the outflow) and rainfall factors (e.g., rainfall
depth and rainfall duration) were considered to explain the hydrological performance of
green roofs. For the first time, meteorological factors (i.e., air relative humidity, temperature,
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solar radiation, and atmosphere pressure) of different event-related stages were considered
together. The relative importance of significant factors was ranked to determine their effects
on the hydrological performance of green roofs.

(2) The optimal combinations of substrate types and depths among the design factors
for green roofs were identified.

2. Data and Methods
2.1. Site Description

This study was conducted in an experimental area of Southwest University, Chongqing
(29◦48′51.25′′ N, 106◦24′47.83′′ E). According to the Köppen–Geiger climate classification,
the local climate is humid subtropical (Cfa). The average annual temperature is 19.0 ◦C,
with hot, humid summers where highs often exceed 40 ◦C and mild, damp winters where
lows remain above 0 ◦C. The average annual rainfall is 1156.8 mm, with the majority falling
from May to September, and the average relative humidity is 80%. The experimental
green roofs were installed on an open platform that was well exposed to outdoor weather
conditions (Figure 2a,b).

2.2. Experimental Setup

Square green roof modules were constructed using a custom-made, 2 mm thick stain-
less steel platform, measuring 120 cm in length × 120 cm in width × 35 cm in height. Each
module was equipped with a typical extensive green roof system [34,43,59], consisting of
five layers, which include a vegetation layer, a 20 cm substrate layer, a 0.1 cm geotextile
fabric filter layer, and a 2.5 cm porous plastic drainage layer from top to bottom (Figure 1a).
A single drainage hose was centrally installed at the bottom of each module to conduct the
outflow to the drainage unit (Figure 2c,f and Figure 1a).

The green roof modules followed a strip-plot design [60,61] with two primary factors
(substrate types and substrate depths). Four types of substrates (A, B, C, and D) were
engineered, with two depths of 12 and 17 cm for each type. There were three replicates
for each treatment, resulting in a total of 24 modules (Figure 1b). Each treatment was
considered a block, designed to identify the impact of the surrounding environment.

Mixed forb species were selected for all the modules used in this study based on their
availability and tolerance to the harsh environment of our previous study [34]. The mixed
forb species formed a more stable community compared to the grass species, exhibiting high
coverage even in the absence of irrigation. Moreover, there was no significant difference in
hydrological performance between forb and grass species [34]. Therefore, in this study, the
same mixed forb was used in each module. Each module was planted with 18 individuals
of 6 forb species (3 for each species) according to a completely random design. The
species were Liriope muscari, Salvia leucantha, Ruellia simplex, Tradescantia pallida, Dianthus
plumarius, and Lycoris chinensis. To avoid any edge effects, a 15 cm unplanted border was
included within each module. On 6 May 2022, all modules were planted with grown plants
purchased from a local nursery. Vegetation coverage in each module had reached a stable
state (coverage > 70%) before data collection on 1 June 2022.

The raw materials for each substrate type were selected from the following materials:
3–8 mm expanded shale, 1–3 mm vermiculite, 3–6 mm perlite, 1–2 mm zeolite, sandy loam,
and compost. Expanded shale and perlite can help in the retention capacity [62] and reduce
structural load due to their lightweight properties [30]. Fine materials, such as 1–3 mm
vermiculite, 1–3 mm zeolite, and sandy loam, were utilized for plant support and water
retention. The compost consisted of 12.5% peat soil, 6.25% matured animal waste, and 1.25%
pine bark. All green roofs received basic nutritional maintenance from compost, which
had a fixed volume proportion of 20% across all substrate types and gradually releases
nutrients. All the materials described above were locally available. The composition of the
four substrates (A, B, C, and D) used in the experiment is presented in Table 2. The particle
size distribution of each type of substrate conformed to the requirements of the German
Landscape Research, Development and Construction Society (FLL) guidelines (FLL, 2018).
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These four types of substrate could effectively support the selected plant species and were
shown to have promising hydrological performance in previous studies [34]. Samples
of all the substrates were analyzed in a laboratory to determine their physical properties
according to the Chinese National Standards (CNS) LY/T 1215-1999 [63]. The results are
shown in Table 3.
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Figure 2. (a) Green roof modules situated on an open platform. (b) An overview of the module arrays
immediately following the initial planting phase. (c) A single green roof module. (d) Meteorological
instruments positioned alongside the green roof modules. (e) Data logger positioned next to the
green roof modules. (f) A runoff collection container beneath a module.
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Table 2. Composition of the growing substrates used in the experiment.

Properties (% v/v) Abbreviations
Substrate

A B C D

Perlite P 25 25 0 0
Zeolite Z 0 0 25 25

Expanded shale ES 30 0 30 0
Sandy loam SL 0 30 0 30
Vermiculite V 25 25 25 25

Compost C 20 20 20 20
Note: The composition of each substrate can be abbreviated as follows: P25:ES30:V25:C20 for A, P25:SL30:V25:C20
for B, Z25:ES30:V25:C20 for C, and Z25:SL30:V25:C20 for D.

Table 3. Physical properties of the initial substrates used in the experiment.

Properties Substrate

A B C D

Bulk density (g/cm3) 0.403 0.607 0.787 0.885
Saturated density (g/cm3) 1.13 1.18 1.29 1.5

Capillary storage (g/L) 326 391 246 394
Maximum water-holding capacity (g/kg) 1796 944 642 697

Infiltration rate (mm/hour) 32.1 91.1 39.6 82.3

Capillary porosity (%) 32.7 39.1 24.6 39.3
Non-capillary porosity (%) 39.8 18.2 25.9 22.3

Total porosity (%) 72.5 57.3 50.6 61.7
Particle size > 2 mm (%) 51.9 7.4 29.4 4.2

0.25 mm < particle size < 2 mm (%) 28.6 60.1 58.7 66
Particle size < 0.25 mm (%) 19.5 32.5 11.9 29.8

2.3. Data Collection

The green roof modules were monitored from 1 June 2022, to 31 May 2023. Mete-
orological data, including relative humidity, barometric pressure, air temperature, and
solar radiation were measured by a pyranometer (METER Group, Pullman, WA, USA)
and a weather sensor (METER Group, ATMOS 14). A high-resolution (0.2 mm) rain gauge
(METER Group, ECRN-100) was used to collect precipitation data. It should be noted
that wind speed was not considered because Chongqing is located in the Sichuan Basin
that experiences extremely low wind speeds [64,65]. All instruments were located next
to the module array and placed at a consistent height as the array to share the same roof
microclimate conditions (Figure 2a,d,e).

In addition to the ADWP (unit: h), the volumetric water content (VWC) (cm3/cm3) was
measured using moisture sensors to quantify the AMC of the substrate. Due to instrument
availability issues, two different METER moisture sensors (ECH2O EC-5 or 5TM) were
used in this study for VWC monitoring, with both having exactly the same measurement
principle and accuracy. The sensor was inserted horizontally into the mid-depth of the
substrate in the geometric center of each module. According to the METER soil sensor
calibration method (METER Group, 2023), each sensor was substrate-specifically calibrated
before the experiment, and the raw data were transformed into actual data with an accuracy
within 1–2%.

Data loggers (METER Group, EM50 and EM60, Figure 2d) were used to record meteo-
rological data (including precipitation) at 1 min intervals. The antecedent volumetric water
content (AVWC) was determined as the VWC at the last minute before each event.

The runoff outflow fed through a single hose to each module was collected in a 115 L
capacity plastic container placed directly underneath the module. A fixed square base
was fitted under the container to stabilize it, and four pressure transducer weighing load
cells (Daysensor, DYX-301, Bengbu, China) were symmetrically installed under the base to
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continuously record the weights of the container. Pressure transducers were field-calibrated
to measure the weights of containers. A data logger (Campbell Scientific, CR1000x, Logan,
UT, USA, Figure 2e) next to the module arrays was used to store the readings at 30 s
intervals, which were averaged into 1 min readings.

According to the definition generally adopted in previous studies, an independent
event is separated from other events by continuous dry periods of at least 6 h [14,66]. If a
rainfall event occurred before the termination of outflow from the previous event, these
two events were merged into a single event [8,11]. The outflow period was the duration of
the period from the inception to the termination of the pressure transducer data increment.
Rainfall events were categorized into three levels based on the cumulative rainfall depth:
small (<10 mm), medium (10–50 mm), and large (>50 mm). The modified levels are based
on the rainfall classification of the China Meteorological Administration (CMA), in which
the original threshold of a large event is 25 mm. This modification helped to reduce the
quantity differences between rainfall types and enabled an effective comparison with our
previous study [34].

2.4. Definition of Variables

The hydrological performance of green roofs was characterized by event-based reten-
tion and peak reduction in green roofs. Retention refers to the cumulative retention derived
from a comparison between rainfall and outflow:

R(%) = (Rr − Rd)/Rr (1)

where Rr is cumulative rainfall (mm) and Rd is cumulative outflow (mm).
Peak reduction is defined as a percentage peak flow reduction:

PR(%) = (Pr − Pd)/Pr (2)

where Pr is peak 1 min rainfall intensity (mm/min), and Pd is peak 1 min drainage intensity
(mm/min).

In this study, the environmental variables included rainfall characteristics (e.g., rain-
fall depth, and rainfall duration) and various averaged meteorological variables (i.e., air
relative humidity, air temperature, atmosphere pressure, and solar radiation). The rainfall
characteristics include rainfall depth, mean intensity, maximum intensity, and duration.
For meteorological variables, although more precise divisions of event-related stages
(e.g., isolating the overlapping part of event duration and outflow) were considered, due
to the strong correlations observed among the data from continuous stages of an event,
only the three representative stages were used in the analysis: (1) antecedent stages of the
events (i.e., the 24 h period before an event), (2) duration of the events, and (3) duration
of the outflows. Antecedent meteorological variables were calculated by averaging the
24 h meteorological data before each rainfall event. A period of <24 h would lead to an
inequality of diurnal and nocturnal duration [43]. The durations of events and outflows
were considered to be separate and independent stages, even when they overlapped in
some events. Based on data availability, four types of average meteorological data were
calculated for each stage (Table 4).

Both the ADWP and AVWC were used to quantify the antecedent meteorological con-
ditions. The design variables included substrate type (4 types), substrate depth (2 depths),
and their eight combinations (i.e., roof groups) formed by pairing each substrate type with
each depth (Figure 1b). Seasons were also considered due to the seasonal variations in
meteorological conditions and vegetation dynamics. All the green roof modules were
numbered to identify individual differences. The descriptive statistics of the variables are
presented in Table 4.
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Table 4. Descriptive statistics of all variables.

Variable Description Mean ± SD Min–Max Median

Dependent variable
Retention * %, the event-based retention 78.70 ± 23.98 16.15–99.89 92.50
Peak reduction * %, the event-based peak flow reduction 84.74 ± 22.09 3.03–99.88 95.75
Environmental variables
RD * mm, rainfall depth 20.42 ± 22.51 1.4–81.2 10.4
Duration * min, duration of the rainfall 1618 ± 1665 51–7552 970
imax mm/min, maximum of rainfall intensity 0.47 ± 0.40 0.2–1.6 0.2
imean * mm/min, mean rainfall intensity 0.03 ± 0.05 0.002–0.220 0.01
ADWP * min, antecedent dry weather periods 4588 ± 4471 320–23071 2711
AWVC * v/v, antecedent volumetric water content 0.19 ± 0.15 0.01–0.79 0.16

RH24
%, mean air relative humidity during the 24 h preceding the
event 76.36 ± 9.00 54.72–89.83 76.96

TP24
◦C, mean air temperature during the 24 h preceding the event 22.51 ± 6.88 7.59–33.91 22.77

kPa24
kPa, mean atmosphere pressure during the 24 h preceding the
event 98.10 ± 0.77 96.84–99.39 97.93

SR24 * W/m2, mean solar radiation during the 24 h preceding the event 72.41 ± 53.70 4.93–195.91 66.47
RHe * %, mean relative humidity during the event 87.13 ± 2.42 78.91–90.05 87.72
TPe * ◦C, mean air temperature during the event 18.64 ± 5.64 2.77–28.52 20.36
kPae kPa, mean atmosphere pressure during the event 98.43 ± 0.84 97.07–100.35 98.42
SRe W/m2, mean solar radiation during the event 20.97 ± 18.82 0–76.83 18.31
RHo * %, mean relative humidity during the outflow 85.95 ± 3.23 71.26–90.42 86.71
TPo

◦C, mean air temperature during the outflow 18.75 ± 5.75 2.75–28.39 20.61
kPao kPa, mean atmosphere pressure during the outflow 98.48 ± 0.84 97.06–100.52 98.48
SRo * W/m2, mean solar radiation during the outflow 48.95 ± 41.17 0–314.19 39.84
Design variables
type * Four substrate types: substrate A, B, C, and D / / /
depth * Two substrate depths: 17 cm and 12 cm / / /

roof group *

Eight combinations of substrate types and depths:
A17: Substrate A + Depth 17 cm
B17: Substrate B + Depth 17 cm
C17: Substrate C + Depth 17 cm
D17: Substrate D + Depth 17 cm
A12: Substrate A + Depth 12 cm
B12: Substrate B + Depth 12 cm
C12: Substrate C + Depth 12 cm
D12: Substrate D + Depth 12 cm

/ / /

Other variables
id * 24 module identifiers / / /
season * Four seasons: spring, summer, fall, and winter / / /

Note: The data in Table 4 are used for statistical analysis. The variables marked with * are those entered into the
linear mixed models (LMMs).

2.5. Statistical Analysis

All statistical analyses were performed based on event-based retention and peak re-
duction using R version 4.2.3 [67]. Events with no or very little outflow (retention > 99.9%)
were removed from the dataset. To improve the fitting performance and parameter es-
timation accuracy of the LMMs, the retention and peak reduction data were logistically
transformed to essentially conform to a normal distribution. All continuous variables were
normalized prior to analyses for interpretability.

Least absolute shrinkage and selection operator (LASSO) regression models were fitted
to identify pertinent factors and exclude irrelevant factors for retention and peak reduction.
The LASSO is an attractive technique for performing dimension reduction and factor
selection, and it provides parsimonious solutions and copes with multicollinearity [68,69].
This method implements a penalty term to the model estimation, which can severely
penalize unnecessary or correlated variables by forcing their regression coefficients to
zero and retaining only the important ones, achieving variable selection [70]. The LASSO
regression models were fitted using the glmnet package in R [71], with a 10-fold cross-
validation to facilitate better selection of the optimal λ values that were then used to
determine the optimal models. The factors in the models with non-zero coefficients were
selected as relevant factors affecting both retention and peak reduction. The selected factors
were applied for further collinearity tests that were conducted using the car package [72],
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and factors with a variance inflation factor (VIF) of >2 were excluded. Finally, the remaining
factors were applied to linear mixed models.

Linear mixed models (LMMs) were used to examine the effects of selected factors on
retention and peak reduction using the lme4 package of R [73]. For each model, seasons and
modules nested within groups were treated as random factors, while the remaining selected
factors were treated as fixed factors. The primary purpose of setting random variables
is to capture the variability in the data caused by certain unobservable or unmeasurable
factors. In the model, the nested structure of modules within groups estimates nested
random effects, accounting for random variation in intercept (the baseline of retention or
peak reduction in the model) among modules within roof groups [74]. Furthermore, a
random effect associated with each season was integrated to capture the potential influ-
ences different seasons might have on retention and peak reduction baselines. According
to the corrected Akaike’s information criterion (AICc), model fits were ranked to select the
most parsimonious ones (∆AICc < 2) [75]. Subsequently, these selected models underwent
model averaging based on AICc weights. The process above was performed using the
MuMIn package [76]. The relative importance of each factor was calculated based on
the averaged model, with its parameter estimate expressed as a percentage of the total
parameter estimates [77]. The marginal R2 (R2m) and conditional R2 (R2c) values were de-
termined according to [78]. The marginal R2 represents the variance explained by the fixed
factors, while the conditional R2 represents the variance explained by the fixed and random
factors together. Based on the best models, substrate type, depth, and their interaction were
included as fixed factors to clarify their impact on retention and peak reduction.

Kruskal–Wallis tests were conducted to determine the differences between each level
of substrate types, substrate depths, and roof groups for retention and peak reduction.
Dunn tests were then applied for post hoc multiple comparisons to cope with ties (i.e., the
same values in rank-based tests). Bonferroni corrections were performed to obtain more
accurate p-values. These procedures were conducted using the FSA package of R [79].

3. Results
3.1. Overall Hydrological Performance of Green Roofs

A total of 89 rainfall events were recorded from 2 June 2022, to 7 June 2023. Due to
unexpected equipment failures, outflow data were missing between November 17 and 29
December 2022. After excluding the events during that period, there were 75 valid rainfall
events, ranging from 0.2 mm (the lower limit of rainfall gauge accuracy) to 80.8 mm. Small
events accounted for 80% of these valid events. Outflow occurred in 40 rainfall events. The
descriptive statistics of valid events are shown in Table 5.

Table 5. Descriptive statistics of valid events.

Event Count

Rainfall Depth (mm) Mean Intensity
(mm/min)

Peak Intensity
(mm/min) Duration (min)

Mean Median Min–
Max Mean Median Min–

Max Mean Median Min–
Max Mean Median Min–

Max

Small (<10 mm) 60 3.0 1.6 0.2-
9.8 0.058 0.013 0.002–

0.400 0.23 0.2 0.2–0.6 463 250 1–4534

Medium (10–50 mm) 11 18.8 14.8 10.4-
37.0 0.038 0.013 0.006–

0.220 0.55 0.4 0.2–1.2 1690 1022 51–4674

Large (>50 mm) 4 74.0 76.2 62.4-
81.2 0.069 0.082 0.010–

0.102 1.10 1.2 0.4–1.6 2549 1001 640–7552

Total 75 9.1 2.8 0.2-
81.2 0.056 0.013 0.002–

1.600 0.32 0.2 0.2–1.6 754 348 1–7552

On average, valid events had a retention of 67.53% and a peak reduction of 87.34%.
However, retention and peak reduction varied across different rainfall types. Green roofs
exhibited high hydrological performance under small events, with an average of 94.30%
retention and a 99.03% peak reduction. Although the hydrological performance under
large events was less than half of that for small events (Table 6), these results indicated
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that green roofs exhibited promising hydrological performance during the experimental
period in humid subtropics since small and medium events accounted for 94.7% of the total
number of events (Table 5).

Table 6. Retention and peak reduction in eight roof groups.

Roof Group

Small Events (<10 mm) Medium Events (10–50 mm) Large Events (>50 mm) Overall

Retention
(%)

Peak
Reduction
(%)

Retention
(%)

Peak
Reduction
(%)

Retention
(%)

Peak
Reduction
(%)

Retention
(%)

Peak
Reduction
(%)

Substrate A +
Depth 17 cm 96.77 ± 5.34 98.96 ± 2.61 78.13 ± 18.87 89.78 ± 11.03 43.47 ± 10.32 49.25 ± 24.97 68.52 ± 15.35 88.34 ± 12.47

Substrate A +
Depth 12 cm 94.05 ± 7.60 98.71 ± 5.17 68.96 ± 23.79 81.19 ± 22.62 43.53 ± 13.87 36.20 ± 22.10 65.16 ± 17.65 84.03 ± 16.99

Substrate B +
Depth 17 cm 96.70 ± 5.39 99.06 ± 2.91 84.84 ± 16.10 87.64 ± 20.87 52.72 ± 12.67 56.58 ± 21.35 73.97 ± 13.52 88.45 ± 13.84

Substrate B +
Depth 12 cm 95.83 ± 7.38 99.29 ± 2.43 75.57 ± 20.94 88.15 ± 14.71 44.60 ± 5.35 43.40 ± 16.07 67.40 ± 16.63 86.36 ± 13.87

Substrate C +
Depth 17 cm 92.53 ± 9.03 99.30 ± 1.96 67.20 ± 25.15 87.01 ± 14.91 40.74 ± 13.63 39.81 ± 18.06 63.01 ± 18.90 86.29 ± 14.69

Substrate C +
Depth 12 cm 89.25 ± 11.94 98.74 ± 4.10 61.00 ± 29.21 85.83 ± 17.66 41.49 ± 16.10 38.53 ± 21.37 60.51 ± 21.26 85.72 ± 15.18

Substrate D +
Depth 17 cm 95.62 ± 6.95 98.92 ± 4.51 77.06 ± 22.79 89.20 ± 14.93 45.18 ± 6.00 41.26 ± 16.00 72.62 ± 15.00 89.48 ± 11.80

Substrate D +
Depth 12 cm 93.52 ± 8.03 99.23 ± 3.72 72.56 ± 25.41 88.61 ± 15.14 42.53 ± 7.06 48.50 ± 13.49 69.47 ± 16.66 90.10 ± 11.32

All groups
combined 94.30 ± 7.98 99.03 ± 3.58 73.25 ± 23.58 87.30 ± 16.80 44.44 ± 11.60 44.36 ± 19.89 67.53 ± 17.07 87.34 ± 13.88

3.2. Hydrological Performance across Design Factors

The hydrological performance of all the roof groups can be found in Table 6. The
hydrological performance among most roof groups was similar, regardless of the rainfall
depths. Group B17 (substrate B with 17 cm depth) exhibited the highest retention across
all rainfall events, and it was 13.46% higher than the worst-performing group, which was
Group C12 (substrate C with 12 cm depth). The results of the Kruskal–Wallis tests shown
in Figure 3 also revealed a similar trend. For the eight groups of green roofs with different
combinations of substrate types and substrate depths, the only significant difference in their
hydrological performance was observed for retention (χ2 = 26.828, p < 0.001; Figure 3a).
Only groups B17 and D17 (substrate C with 17 cm depth) were significantly higher than
group C12 (p < 0.05), while there were no significant differences among the other groups.
Additionally, there were no significant differences in peak reduction among the groups,
substrate types, or depths (χ2 = 14.02, p = 0.0508; Figure 3b).
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Figure 3. Differences in (a) retention and (b) peak reduction among the roof groups. The numbers
between the groups represent the p-values from pairwise comparisons. The “×” denotes the mean
value of retention or peak reduction. A, B, C, and D represent substrate types, while 12 and 17
indicate the substrate depth (cm). For example, A17 refers to substrate A with a depth of 17 cm.
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3.3. The LMMs for Retention and Peak Reduction

After the LASSO regressions and collinearity tests, eight environmental factors were
included in the model for retention, and seven were included for peak reduction (Table 4,
Table 7). With the most parsimonious models, 64.8~66.9% of the variance (R2c) was
explained for retention, while fixed factors accounted for more than 53.7% of the variance.
For peak reduction, 65.0~66.9% of the variance (R2c) was explained (Table 7), while fixed
factors accounted for >55.4% of the variance. For both retention and peak reduction, most
of the explained variance was related to fixed factors, indicating that environmental factors
were more important for explaining hydrological performance. Additionally, as shown in
Figure 4, the rainfall characteristics were often the dominant environmental factor.

Table 7. The model pool of the most parsimonious LMMs (∆AICc < 2) and best models (∆AICc = 0)
with design factors.

Model K Loglik AICc ∆AICc wi R2c R2m

Retention
~ RD *** + duration *** + imean *** + AVWC *** +
ADWP *** + SR24 *** + RHo *** + SRo + (1|group:id) +
(1|season)

8 −1059.83 2146.275 0 0.575 0.648 0.537

~ RD *** + duration *** + imean *** + AVWC *** +
ADWP *** + SR24 *** + RHo *** + (1|group:id) +
(1|season)

7 −1061.18 2146.878 0.604 0.425 0.669 0.546

Peak reduction
~ RD *** + imean *** + AVWC *** + ADWP *** + TPe **
+ RHe * + (1|group:id) + (1|season) 6 −855.844 1734.171 0 0.426 0.669 0.555

~ RD *** + duration + imean *** + AVWC ***+ ADWP
*** + RHe * + TPe ** + (1|group:id) + (1|season) 7 −855.433 1735.438 1.267 0.226 0.667 0.562

~ RD *** + duration + imean *** + AVWC *** + ADWP
*** + (1|group:id) + (1|season) 5 −857.733 1735.868 1.697 0.182 0.650 0.575

~ RD *** + imean *** + AVWC *** + ADWP *** + TPe **
+ (1|group:id) + (1|season) 5 −857.826 1736.054 1.883 0.166 0.658 0.554

Retention (with design factors)
~ RD *** + duration *** + imean *** + AVWC *** +
ADWP *** + SR24 *** + RHo *** + SRo + type*depth +
(1|group:id) + (1|season)

9 / / / / 0.661 0.568

Peak reduction (with design factors)
~ RD *** + imean *** + AVWC *** + ADWP *** + TPe **
+ RHe * + type × depth + (1|group:id) + (1|season) 7 / / / / 0.675 0.554

Note: See Table 4 for the factor codes. For each factor, the p-values for the model were *** p < 0.001, ** p < 0.01,
and * p < 0.05. K = number of fixed factors. LogLik: log–likelihood, AICc: corrected Akaike information criterion,
∆AICc: the difference in the AICc from the best model. wi: Akaike weight, i.e., the likelihood of the model being
the best in the set of candidate models. R2m: the marginal R2. R2c the conditional R2.

The impact of continuous factors (variables) was determined by comparing the abso-
lute values of their estimates in the model. Factors with larger absolute values (e.g., rainfall
depth, and AVWC) were considered to have a stronger impact on the retention of green
roofs. According to the averaged model calculated from the most parsimonious LMMs
(Figure 4, Table 7), rainfall depth (RD) was the most critical factor for retention and had
a significant negative impact (p < 0.001, Figure 4a). In addition, mean intensity (imean),
AVWC, and duration had significant negative impacts on retention, while ADWP, mean
relative humidity during the outflow (RHo), and mean solar radiation during the 24 h
preceding the event (SR24) positively impacted retention (p < 0.001). Mean solar radiation
during the outflow (SRo) had a negative effect on retention, but it was not statistically
significant (p > 0.05). The ranking was as follows: RD > AVWC > duration > ADWP > RHo
> imean > SR24 > SRo (Figure 4a).
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Figure 4. Relative importance of the different factors and the effects of environmental factors
(including rainfall characteristics, antecedent conditions, and meteorological factors) on (a) retention
and (b) peak reduction based on the averaged models. The averaged models were calculated from the
most parsimonious models (∆AICc < 2; Table 7) after model selection, shown with the 95% confidence
intervals of each factor. For each factor, p-values for the model were given as *** p < 0.001, ** p < 0.01,
and * p < 0.05. See Table 4 for abbreviations.

As shown in Figure 4b, rainfall depth, AVWC, and mean intensity had significant
negative impacts on peak reduction (p < 0.001, Figure 4b). The ADWP, mean air temperature
during the event (TPe), and mean relative humidity during the event (RHe) had a significant
positive effect on retention (p < 0.05). Based on the absolute values of factors, the ranking
was RD > AVWC > TPe > imean > ADWP > RHe > duration (Figure 4b).

After adding the substrate types, depths, and their interaction into the best models,
it was found that none of them had significant impacts on the hydrological performance
of the green roofs, and the R2m changes were minimal (no less than 0.013, Table 7). This
indicates that their influence was slight compared to environmental factors.

4. Discussion
4.1. Overall Hydrological Performance

Although various factors among different green roofs make direct comparisons chal-
lenging, a retention of 66.88% and peak reduction of 85.71% (accumulative averaged data
like in some other studies, not event-based averaged data) were consistent with other
studies conducted in the subtropical climates. For example, in areas with similar cli-
mates, such as Auckland (New Zealand), Central Texas (USA), Chongqing (China), Rio
Grande do Sul (Brazil), and Hong Kong (China), the mean retention of green roofs ranged
from 66% to 77.7% with the substrate depths in these regions ranging from 70 mm to
150 mm [8,11,36,37,52,80].

It was unusual that the cumulative retention was over 25% higher than that in our
previous study, which employed the same substrate types but with a uniform depth of
20 cm (40%, [34]). This could have been related to rainfall characteristics and antecedent
conditions. As the results indicate, these factors exerted significant impacts on retention,
particularly rainfall depth, and AVWC (Figure 4). Due to the similarity in the experimental
setups of this study and our previous studies [34], as well as the use of the same experi-
mental platform, the results of the experiments are comparable. Therefore, we compared
the data from this study with that from our previous studies. Compared to this study (with
an average rainfall depth of 8.49 mm, ADWP of 104.5 h, and AVWC of 0.197 cm3/cm3),
our previous study obtained a higher average rainfall depth, shorter ADWP, and higher
AVWC [34]. Therefore, it can be inferred that variations in rainfall characteristics and
antecedent conditions contributed to the retention differences.



Land 2024, 13, 1129 13 of 20

These comparisons indicated that even within the same climatic zone, rainfall patterns
of different years could result in large variations in the retention of green roofs, which is
consistent with previous studies [9]. This difference in rainfall patterns emphasizes the
importance of long-term monitoring, which ensured the completeness of event sampling
and was crucial for evaluating the hydrological performance of green roofs. Overall,
green roofs remained highly effective in retaining small rainfall events, but their retention
significantly decreased during larger events. This result was consistent with those of most
previous studies, thus reaffirming the limited stormwater management capability of green
roofs under subtropical climates.

4.2. Hydrological Performance across Design Factors

In our experiment, eight roof groups were established through a combination of four
substrate types and two substrate depths. Significant differences in retention were only
observed among a few groups. When keeping the substrate depths or types constant, there
was no significant difference in hydrological performance among different substrate types
or depths (Figure 3). Similar results have been reported in past experiments [8,52,81]. These
results suggest a potential “additive” effect between substrate types and depths, leading to
an increased difference in retention among the groups. This effect was assumed to be an
interaction effect in LMMs, but the interaction was not found to be significant (Table 7). The
retention for group B17 and D17 were significantly higher than that of group C12 (Figure 3).
This might be attributed to groups B17 and D17 having a higher capillary storage than
C12 (Table 3). For the majority of small and medium events, capillary storage was the
primary mechanism for retention [13]. The differences in substrate properties arose from
their differing compositions. The expanded shale in substrate C (Z25:ES30:V25:C20) was
lightweight but had a lower capacity for retaining water (ASTM, 2014), while in substrates
B (P25: SL30:V25:C20) and D (Z25: SL30:V25:C20), the predominantly sand-based sandy loam
was heavier but had the better ability to retain water.

Furthermore, for roof groups containing substrate A (P25:ES30:V25:C20), there was
no significant difference in retention compared to the other groups. This inconsistency
may be due to differences in ADWP between the two monitoring periods reported in
Section 4.1. Groups with substrate A have a rapid hydrological cycle capability [34], which
was attributed to the perlite in its composition that could dry quickly to restore its retention
capacity [82]. In this study, the ADWP (76.5 h in average, min–max: 5.3–384.5 h, Table 4)
seems to allow all substrate types to achieve sufficient dryness, resulting in similar retention.
Furthermore, no significant difference in peak reduction was observed among all the roof
groups. This could be attributed to the fact that every roof group effectively attenuated the
peak flows, as indicated by their high peak reduction in Table 6.

Although groups B17 and D17 performed better than the others, it would be worth
considering lower-depth (12 cm) roof groups for green roof construction because they
can support healthy vegetation growth while being cost-effective and structurally sound.
The groups with substrate A (P25:ES30:V25:C20), which possessed the lightest volumetric
density (Table 3), also had a similar performance to substrate B (P25:SL30:V25:C20) and D
(Z25: SL30:V25:C20). However, substrate C (Z25:ES30:V25:C20) is not recommended due to its
poorest averaged hydrological performance (Figure 3), which aligns with the results of the
previous study [34].

Several previous studies have highlighted the significant impact of design factors on
hydrological performance [48,49,81]. However, these results do not necessarily indicate
the importance of substrate types and depths in explaining the hydrological performance,
especially in comparison with environmental factors [34]. Furthermore, while there might
be an interaction effect for substrate types and depth, it is uncertain if the observed “addi-
tive” effect is an interaction. The results in Table 7 may provide evidence to support these
hypotheses. When considering the substrate type, depth, and their interaction in the best
models (∆AICc = 0, Table 7), they did not appear to be significant factors, as they accounted
for only 1.3% and 0.6% of the changes in R2c for retention and peak reduction, respectively
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(Table 7). Furthermore, as indicated in some earlier studies, it seems that the variance
explained by design factors was quite low. In the model proposed by [34], only 2.5% of the
variance could be explained by substrate types. In the five-way ANOVA models presented
by [56], which included factors such as substrate, depth, plants, area, and their interactions,
the variance in runoff explained by design factors did not exceed 3.3%. Although design
factors did not explain much of the variance in hydrological performance, it is important to
emphasize their non-negligible effects. By controlling the combination of design factors,
noticeable impacts can be made on construction costs, building loads, and plant growth
performance for green roofs [30].

4.3. Environmental Factors as Drivers of Retention

Rainfall depth had a significant negative impact on retention, and its impact was the
strongest (Figure 4a). This result was consistent with those of other studies in subtropical
or other climatic regions. For green roofs without irrigation, rainfall can be considered the
only source of outflow from the green roof [8], and the water storage capacity of green
roofs is finite [83]. Therefore, large events will generate larger proportional amounts of
runoff than small events. Especially in subtropical areas, the rainfall depth of a single event
could exceed 100 mm, which is far beyond the field capacity of green roofs, and most of the
rainfall will be converted into runoff. Additionally, rainfall depth has the highest relative
importance among all the environmental factors (Figure 4a). This result was consistent
with some previous studies [34,43]. Mean intensity (imean) also significantly negatively
impacted retention, which was consistent with previous studies [35,37,43]. However, mean
intensity had the lowest relative importance of all environmental factors, indicating that its
impact was quite weak.

As reported in previous studies, AVWC significantly negatively impacted
retention [34,39,44,49,52]. AVWC influences the quantity of rainfall that the substrates
can absorb in the subsequent events because drier substrates can recover more water stor-
age for rainfall [24]. A less water-saturated substrate implies more soil pores available,
offering increased capillary storage. This necessitates more rainfall to fill the pores and
establish flow pathways [39]. In this study, AVWC had a greater impact than in some previ-
ous studies [34,43]. This may be attributable to the lower AVWC observed in this study
(see Section 4.1), which allowed AVWC to have a more substantial influence on retention.

The model results indicated a significant positive effect of the ADWP on retention
(p < 0.001, Figure 4a), which was a result that has been confirmed in many previous
studies [14,35,43]. A longer ADWP can provide enough time for the substrate to become
drier, so ADWP was often used as a substitute for antecedent moisture conditions in early
studies [43], and it is generally believed to affect the retention of green roofs by directly
influencing AVWC. However, in this study, there was only a very slight, but significant,
correlation between the AVWC and ADWP (r = −0.17, p < 0.001), suggesting that the
connection between the ADWP and AVWC may not be as strong as previously reported.
The antecedent water content (AWC) can be determined by the effect of the ADWP on
the evapotranspiration (ET) of the entire system, including the plant species, substrates,
and drainage layers. Therefore, ADWP has a more extensive impact. Considering only
the impact of ADWP on the substrate would not provide a complete picture because the
overall impact of the AWC on retention was likely greater than that of the substrate’s AWC.
The substantially different R2 values in [14] for four different multiple regression models
that incorporated ADWP suggest that the relationship between ADWP and hydrological
performance is complex. As for unirrigated green roofs, the green roof ET is the only other
pathway for water loss besides outflows during ADWP [43].

The mean relative humidity during the outflow (RHo) had a significant positive
influence on retention (p < 0.001, Figure 4a), indicating that a higher RHo favors green roof
water retention. ET typically accounts for 20~48% of moisture loss [11], and a higher relative
humidity in the air suppresses the overall ET of green roofs, seemingly working against
retention [84]. However, given the consistently high RHo during every event (average



Land 2024, 13, 1129 15 of 20

of 86.0%), the ET rates across all roofs were likely relatively similar. Consequently, it is
plausible to assume that the inhibitory effects of ET on green roof retention were consistent.
An alternate hypothesis is that a higher RHo might enhance soil particle absorption of
water within the substrate, maintaining a hygroscopic equilibrium with the ambient air.

Duration had a significant negative impact on retention, which agreed with the results
of previous studies [38,39,43]. Longer rainfall durations can make the substrate more
saturated, reducing its retention capacity [39]. Additionally, the meteorological conditions
during the rainfall events inhibit evaporation and plant transpiration, and a longer duration
is not therefore conducive to the green roof’s recovery of its water storage capacity.

The mean solar radiation during the 24 h preceding the event (SR24) had a significant
positive impact on retention (p < 0.001, Figure 4a), which concurred with the findings
of [43]. This was attributed to the ability of solar radiation to facilitate the overall ET of the
green roof system, resulting in a drier substrate and subsequently a lower AVWC, thus
enhancing retention [43,44,85]. Additionally, an excessively high SR24 might subject plants
to drought stress, predisposing them to absorb rainwater more efficiently and in larger
quantities following a rainfall event.

4.4. Links between Environmental Factors and Peak Reduction

Rainfall depth had a significant negative impact on peak reduction (p < 0.001, Figure 4a),
which was consistent with the results of previous studies. At lower rainfall depths, most rain-
fall is absorbed, leading to a reduced peak flow. For rainfall events where the volume exceeds
the field capacity of the substrate, peak reduction significantly decreases. This is because,
in such circumstances, the peak runoff and peak rainfall occur almost simultaneously [13].
Based on the unit field capacity measurements of the substrate (Table 3), an estimation of the
maximum field capacity was conducted for the modules, and it was found that the rainfall
depth in the majority of the events was insufficient to reach the field capacity of the mod-
ules. Hence, in this study, most peak runoff may have occurred before the field capacity
was reached. According to [13], capillary storage is the primary peak reduction mechanism.
Therefore, the average peak reduction should be considerably high and significantly higher
than that observed for events where field capacity is reached. As shown in Table 6, the average
peak reduction in large events (44.36%) that may exceed the field capacity of the modules
was almost less than half of that in small (99.03%) and medium events (87.30%), which was
consistent with the previous research findings.

The above mechanism also explains the significant negative impact of AVWC on peak
reduction (p < 0.001, Figure 4a) because a lower AVWC implies more unsaturated soil,
which can provide a larger capillary capacity. In such a situation, the outflow from the green
roof occurs through preferential flow paths [50,86]. Consequently, there is a substantial
decrease in peak runoff. When the substrate possesses a higher AVWC, it becomes more
likely that the rainfall will overcome the limited capillary capacity and attain the field
capacity, reducing peak reduction.

The TPe had a significant positive impact on peak reduction (p < 0.01, Figure 4).
The results may have been influenced by seasonal variations because subtropical regions
experience significant temperature differences between seasons. Specifically, plants tend
to absorb moisture from a substrate more rapidly during the hot summer months. This
accelerated absorption could facilitate the continuous infiltration of runoff into capillary
pores, thereby improving the efficiency of capillary storage and contributing to a higher
peak reduction. Furthermore, the ET rate from a green roof system is generally higher in
the summer, which could also enhance the cyclical efficiency of capillary storage.

Mean intensity (imean) significantly negatively influenced peak reduction (p < 0.001,
Figure 4b). This indicates that, over a certain period, a higher rainfall intensity could
decrease peak reduction. This phenomenon is not fully understood but may be explained
as follows: Events with a larger imean tend to fill the substrate pores or establish flow paths
more rapidly during the initial stage of rainfall, after which the subsequent reduction in
rainfall significantly weakens and forms peak runoff. In other words, in high-intensity
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rainfall events, the speed at which the substrate moisture front is forced out is faster than
in low-intensity rainfall events [35], resulting in a lower peak reduction.

ADWP had a significantly positive impact on peak reduction (p < 0.001, Figure 4b),
with longer ADWP durations notably enhancing peak reduction. This was attributed to the
possibility of an extended ADWP, leading to drier soil, releasing more air-filled pore spaces,
and enabling the substrate to better absorb peak rainfall. Additionally, a prolonged ADWP
may impose drought stress on plants, which can increase their ability to absorb water in
subsequent rainfall events. Various broad-leaved plants were used in this study. They may
reduce their transpiration and biomass to counteract drought conditions. For example,
following extended ADWPs, leaf curling was observed in T. pallida and S. leucantha to
minimize their leaf area, which enabled the plants to gradually rehydrate and recover after
rainfall. These observations suggest that plants under drought stress could contribute
to peak reduction. The significant impact of ADWP on hydrological performance can
give information about the irrigation frequency of green roofs. A non-irrigation strategy
might lead to vegetation mortality in the summer in areas with a subtropical climate.
Consequently, supplemental irrigation in the evenings when consecutive sunny high-
temperature days are expected may aid vegetation survival, and the rapid evaporation
during the subsequent day will not compromise the hydrological performance of the green
roof. In the future, further insights can be obtained to support more rational region-specific
irrigation strategies by investigating plant growth and hydrological performance under
varying interval-based irrigation regimes.

Mean relative humidity during the event (RHe) significantly positively influences
peak reduction (p < 0.05, Figure 4b), suggesting that RHe promotes peak reduction. The
mechanism by which de_RH affects peak reduction may be similar to how RHo affects
retention; that is, relative humidity impacts hydrological performance by affecting the
moisture equilibrium between the air and the substrate.

5. Conclusions

This study quantitatively evaluated the hydrological performance of green roofs under
the combined impact of environmental and design factors. Moreover, for the first time,
this study demonstrated the significant impact of meteorological factors during three
distinct stages (before and during a rainfall event and during the outflow) on hydrological
performance, providing a quantitative understanding of their impact.

The experimental green roofs performed well, achieving a retention of 67.53% and a
peak reduction of 87.34%. Substrate B at a depth of 17 cm and Substrate D at a depth of 17
cm had the best retention. However, due to the insignificant differences between substrate
depths, substrates A (P25:ES30:V25:C20), B (P25:SL30:V25:C20), and D (Z25:SL30:V25:C20) at a
depth of 12 cm are recommended. Linear mixed models were applied to determine the rel-
ative importance of environmental factors. While rainfall depth and AVWC were the most
critical factors affecting hydrological performance, meteorological variables from different
event stages were found to significantly influence hydrological performance significantly.
The mean humidity during outflow affected retention. The mean air temperature during
the event and mean humidity during the event affected peak reduction. Incorporating
these factors into the model enabled the variation in hydrological performance to be better
explained. In the complex spatial environment of high-density cities, microclimatic vari-
ations are likely to influence the hydrological performance of green roofs. Based on the
significant environmental factors, optimizing the design and layout of green roofs will be
necessary to maximize the hydrological performance.

Given the experimental design, it may not be sufficient to accurately identify the opti-
mal substrate depth with only two depths tested. Additionally, more precise experiments
need to be conducted to study the impact mechanisms of each influencing factor, especially
meteorological factors, on the hydrological performance of green roofs, in order to obtain
quantitative results. Environmental factors are the key drivers of hydrological performance
in humid subtropical climates. Variability in weather and rainfall patterns can lead to
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inconsistent hydrological performance from year to year. Therefore, long-term monitoring
is necessary for identifying how hydrological performance varies over time in subtropical
climates. Furthermore, other design factors, such as the materials and thickness of the
drainage layer, should also receive more attention in the future, as they likewise impact
hydrological performance.

This study offered insights into the mechanisms affecting the hydrological performance
of green roofs in subtropical climates, particularly by considering multi-stage meteorologi-
cal factors. It provided a new perspective for a deeper understanding of the mechanisms
influencing hydrological performance and emphasized the critical role of environmen-
tal factors in impacting hydrological performance. The results can be used to develop
maintenance and management plans for region-specific green roofs, ensuring optimal hy-
drological performance in changing environmental conditions. Additionally, these findings
can assist in the spatial optimization of green infrastructure and urban green spaces within
cities, which requires a consideration of a balance between multiple benefits, among which
hydrological performance is a significant aspect. Moreover, these findings may enhance
the intelligence of green roof systems when integrated with real-time monitoring systems
(for example, the Internet of Things, IoT [87]) to realize dynamic adjustment of stormwater
management strategies such as the regulating of irrigation systems. Green space is notably
limited in many densely populated subtropical cities, such as those currently undergoing
extensive urban renewal in China. Consequently, there is an urgent need for further studies,
effective products, and supportive policies to promote the widespread implementation of
green roofs as green infrastructures.
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