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Highlights:

The recovery process of the retention capacity is described using an exponential decline curve. The
recovery rate is represented by the half-life of the water content after a storm (T50), and T50 varies
with the seasonal variations in the weather conditions and vegetation coverage. During the wet
season, T50 affects the rainwater retention performance of green roofs; during the dry season, the
actual retention capacity, rather than T50, affects the performance.

Abstract: Green roofs need to quickly recover their water retention capacity between rainfall events
to maintain their rainwater retention performance. In this study, the authors observed the rainwater
retention, recovery process, and plant eco-physiological performance of green roofs with four local
vegetation species under a typical subtropical monsoon climate for two years. The half-life of the
water content after each rainfall (T50) was used to describe the recovery rate. The results indicate
that (1) the decline in the water content after rainfall can be well described by an exponential decline
curve (R2 > 0.7), and the average T50 of green roofs with Plectranthus prostratus Gürke was the shortest
among the four plants; (2) the T50 in the wet season was significantly shorter than that in the dry
season (p < 0.01) because of the seasonal variations in the weather conditions and eco-physiological
activity, such as vegetation coverage and transpiration; (3) the rainwater retention of green roofs for
rainfall events in the wet season was significantly lower than that in the dry season due to a relatively
short antecedent dry period; (4) plants with a high maximum photosynthetic capacity, a strong root
system, drought resistance, and large vegetation coverage were recommended as green roof plants.
Above all, P. prostrates was found to be the best choice in the study.

Keywords: green roof; rainwater retention; recovery process; seasonal variation; weather condition;
plant eco-physiology

1. Introduction

With the acceleration of urbanization, the urban impermeable surface has increased
massively, which has led to increases in rainfall runoff and the risk of urban flooding [1–4].
Green roofs have the ability to retain rainwater during rainfall, and thus, reduce runoff.
They are recognized as part of a resilient stormwater management practice and have been
widely used in urban areas, particularly in urban areas with limited space and high den-
sity [5–9]. When green roofs are designed to reduce rainfall runoff, it is necessary to consider
not only the rainwater retention performance during a single rainfall event but also during
a long period of alternating wet and dry conditions. This requires green roofs to quickly

Water 2022, 14, 2799. https://doi.org/10.3390/w14182799 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w14182799
https://doi.org/10.3390/w14182799
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-5132-5329
https://doi.org/10.3390/w14182799
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w14182799?type=check_update&version=2


Water 2022, 14, 2799 2 of 14

recover their water retention space during dry periods between rainfall events [10–13].
Understanding the recovery of retention performance can help explain the variation of
rainwater retention and provide guidance for green roof design and management.

The recovery of the rainwater retention performance of green roofs mainly depends
on the evapotranspiration (ET) during dry periods, which is an important part of water
budgeting [14,15]. The daily ET rate was used to represent the recovery rate during dry
periods [10]. Kemp et al. [16] used the total ET amount during the 72 h after rainfall to
characterize the recovery rate of the water retention capacity in green roofs during dry
periods. However, as a dynamic process, the ET rate fluctuates greatly and is difficult to
quantify [17]. Berretta et al. [5] predicted the ET by using the basic form of the soil moisture
extraction function (SMEF) model based on the actual moisture content, calculated PET,
and water balance. In addition, an accurate long-term hydrological model of green roofs
needs to consider the complete infiltration, runoff, ET in the water storage layer, and the
surface ET [18]. Therefore, temporary variation in the moisture contents of green roof
substrates can directly reflect the recovery of the rainwater retention capacity.

Previous studies have reported that the recovery of the rainwater retention perfor-
mance is affected by internal factors such as substrate characteristics and plant species.
For example, the ET of green roofs highly depends on the water content in the substrate,
and the ET rate is lower under limited moisture conditions [5,10,11,16]. Adding a storage
layer at the bottom of green roofs can help supplement water to the substrate layer and
thus improve the ET, especially in warm and dry seasons [18,19]. Plant transpiration is
also considered to be an important control factor of the ET rate [11,20,21]. The presence of
vegetation in green roofs maintains a high daily water loss after several days of drying [5].
In addition, the ET can be affected by plant coverage. The greater the plant coverage, the
greater the contribution of plant transpiration to the ET [22,23]. The types of green roof
plants also have a significant effect on the ET rates [16,20]. The climate adaptability, photo-
synthesis rate, water demand, pollution resistance, and planting cost should be considered
when selecting the proper plant species [24]. Farrell et al. [25] investigated the water-use
strategies of 12 species of different life forms (monocot, herb, and shrub) and indicated that
most species achieved moderate to high transpiration rates, using substantially more water
than succulent plants.

The recovery rate of the rainwater retention performance of green roofs is also affected
by external weather conditions [11,16,26,27]. The impact is due to the dynamic changes
in the rainfall and ET influenced by solar radiation, wind speed, air temperature, and
relative humidity [28]. For example, Sims et al. [29] reported that green roofs in arid or
semi-arid climates had a higher ET and higher average annual rainfall retention than those
in temperate and maritime climates. Some harsh environmental conditions, such as drought
and high temperature stresses, will decrease the ET rate of green roofs by affecting the plant
physiological state [29,30]. Most previous studies have shown that the ET rate is higher
in warm and hot summers, reflecting strong seasonal differences [5,11,27,31]. The results
above partly explain the geographical and seasonal differences in the ET and retention
performance of green roofs. Thus, it is difficult to evaluate the performance of green roofs
based on previous studies in other regions [32].

There is an almost general consensus that green roofs with a higher recovery rate can
achieve higher rainwater retention [10,11,16,18]. However, previous studies have hardly
obtained long-term rainwater retention performance observation data and have usually
utilized hydrological models for simulations. During a long-term observation, the weather
conditions and eco-physiology of the plants will change in different seasons. Few studies
have been carried out on the influence of vegetation types and their eco-physiology varia-
tion on the recovery process, particularly under different weather conditions in different
seasons. It is also necessary to further investigate the effect of the recovery rate on the
rainwater retention of green roofs under different seasonal conditions.

In this study, observations of the recovery of the rainwater retention performance
for green roofs with four vegetation species, including Callisia repens Linnaeus, Portulaca
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grandiflora Hook., Plectranthus prostratus Gürke, and Sedum lineare Thunb., were carried out
in Shenzhen, China. The recovery process and the recovery rate of the rainwater retention
performance of the green roofs were respectively described by an exponential decline curve
and the half-life of the water content in the green roofs after a rainfall event (T50). The
objectives of this study were to (1) evaluate the recovery of the rainwater retention capacity
of green roofs; (2) analyze the seasonal variation in the recovery with four vegetation
species; and (3) understand the effect of the vegetation species with different recovery rates
on the rainwater retention capacity.

2. Materials and Method
2.1. Experimental Setup

A green roof experiment site was set up on a building top at the campus of the Peking
University Shenzhen Graduate School (PKUSZ) (22◦35′48.26′′ N, 113◦58′22.70′′ E), China.
The study site has a typical subtropical monsoon climate with a mean annual temperature
of 22 ◦C and a mean annual rainfall of 1944 mm. Most of the rainfall in Shenzhen is
concentrated during April–September, accounting for 80% to 90% of the annual rainfall.
The seasons can therefore be divided into a wet season, with hot and rainy weather (April–
September), and a dry season, with mild and dry weather (October–March).

The experiment platform (Figure 1a) included eight acrylic glass material green roof
modules (four plant type treatments with two replicates per treatment) with the dimensions
of 1 m × 1 m × 0.2 m (length × width × height). Each module had four layers from top
to bottom: a vegetation layer, a substrate layer, a geotextile layer, and a storage layer
(Figure 1b). In the vegetation layer, four different plants were set as the only variables
in the experiment, namely Callisia repens Linnaeus (C. repens), Portulaca grandiflora Hook.
(P. grandiflora), Plectranthus prostratus Gürke (P. prostrates), and Sedum lineare Thunb. (S. lin-
eare). All four plants have a conservation water-using strategy: C. repens, P. prostrates, and
S. lineare are crassulacean acid metabolism (CAM) plants, which open their stomata at night
and close them during warmer days to retain moisture [20,33,34], while P. grandiflora is a
type of C4 plant, but it has low stomatal conductance and a relatively low transpiration
rate [35]. Therefore, the four plants are used extensively for green roofs in South China.
The substrate layer was filled with engineered light soil (consisting of organic peat, perlite,
and vermiculite at a 5:3:2 ratio) to a depth of 10 cm. The soil organic matter content was
280 g/kg, and the soil porosity and field capacity were 70% and 57%, respectively. The
geotextile layer was set under the substrate layer to prevent the soil from entering the
storage layer. The storage layer was 3 cm deep, consisting of a storage drain plate (2 cm)
and ceramicites (1 cm). After the platforms were built, the green roofs only received natural
rainfall, without additional irrigation or fertilization measures.
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2.2. Data Collection and Analysis
2.2.1. Meteorological Data and Rainfall Events

The meteorological data were measured by an automatic weather station (Davis
wireless vantage Pro2 Plus, Hayward, CA, USA) installed at PKUSZ. The rainfall amount
was recorded at intervals of 10 min. Other parameters, including solar radiation, wind
speed, air temperature, and relative humidity, were recorded at intervals of 1 h.

The monitoring experiment was conducted from August 2018 to December 2019. A
total of 60 rainfall events (with a rainfall depth > 0.2 mm and ADP > 6 h) were recorded
during the monitoring period. In the wet season, there were 46 rainfall events, the maximum
rainfall and the average rainfall were 87.5 mm and 25.7 mm, respectively, and the maximum
ADP and average ADP were 266.3 h and 52.2 h, respectively. In the dry season, there were
14 rainfall events, the maximum rainfall and the average rainfall were 45 mm and 10.3 mm,
respectively, and the maximum ADP and average ADP were 528 h and 114.8 h, respectively.

2.2.2. Daily Water Content

The water content of green roofs consists of the moisture content in the substrate
layer and the water content in the storage layer. The moisture content was measured by
a portable hand-held soil moisture sensor (SM300, Delta-T, Cambridge, UK) at 5 points,
which were 5 cm deep and evenly distributed horizontally in the substrate layer (3 times
for each point). The moisture content of the substrate layer was determined by the average
of the measurements. The water depth in the storage layer was measured by a water level
gauge of a glass tube connected to the bottom of the layer. The water content in the layer
was estimated by multiplying the water depth and the porosity of the layer. Both the
moisture content in the substrate layer and the water content in the storage layer were
recorded at intervals of 24 h.

2.2.3. Recovery Process and Recovery Rate

The decline of the water content during a sunny period reflects the recovery process
of the rainwater retention capacity of green roofs. The daily water content after the rainfall
events was normalized, and the scatter plot of the water content changing with days can be
made. This scatter plot was further fitted by nonlinear regression equations as a recovery
curve. According to the comparison of the goodness of fit between the common decline
curves (exponential decline curve, hyperbolic decline curve, and harmonic decline curve),
the exponential decline curve was selected to fit the measurement data (with the largest
value of R2 > 0.7). This suggests that the water content after rainfall declined exponentially
with the available recovery days. The equation is as follows:

θt/θ0 = e−k·t (1)

where θ0 is the initial water content after rain; θt is the water content t hours after rain; and
k is the recovery coefficient of the recovery curve.

T50 = (ln 2)/k (2)

where T50 is the half-life of the water content in the green roofs, which can be defined as
the time taken for the water content of the green roofs to fall to half of its initial value
after a rain (day). In this study, T50 was used to measure the recovery rate of the rainwater
retention capacity of the green roofs.

2.2.4. Runoff and Rainwater Retention

An outlet was installed at the top of the storage layer of each green roof module.
During rainfall events, once the storage layer was full, the runoff was generated and
discharged from the outlet. A bucket with a capacity of 65 L was used to collect and
measure the runoff volume of each rainfall event. The rainwater retention performance of
the green roofs for each rainfall event was estimated by subtracting the runoff volume from
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the rainfall amount. The retention rate was calculated as the ratio of the retention volume
to the rainfall volume.

Generally, the available water retention capacity of the soil can be calculated in the
laboratory using the volumetric water content at the field capacity minus the volumetric
water content at the permanent wilting point [36]. However, the actual water retention
capacity is usually less than the available capacity [37]. In this study, the rainfall events
that met the following requirements were chosen: (1) the initial moisture content of the
substrate layer of the green roofs was low enough (<5%, close to the wilting point) (2) the
rainfall amount was large enough to generate runoff from the green roofs. The average
rainwater retention of the green roofs for these rainfall events was taken as the actual
retention capacity.

2.2.5. Plant Eco-Physiology

The plant coverage was measured once per week using a digital image analysis (DIA)
method during the experiment [33]. To minimize the effect of shadows, the measurements
were taken at noon (from 11:00 a.m. to 13:00 p.m.) and from a perpendicular position.

The plant maximum photosynthetic capacity (Fv/Fm) was measured by pulse ampli-
tude modulation (PAM-2500, Walz, Effeltrich, Germany). The slow light reaction curve was
selected, and the measurement time was from 8:00 p.m. to 11:00 p.m. The measurement
was repeated 3 times and the average value was recorded as Fv/Fm. The indicator was
measured for 3 days during both the wet season and the dry season.

2.3. Statistical Analysis

All statistical analyses were carried out using SPSS 26.0 edition software (IBM, New
York, NY, USA). Two-way analysis of variance (ANOVA) was used to assess the effects of
the vegetation types and seasonal variation on the recovery rate and retention performance.
A paired t-test was used to analyze the differences in the actual retention capacity among
the four vegetation species. The least significant difference (LSD) at a 0.05 significance
level was used to detect the differences between treatment means. Correlation analysis was
used to determine the strength of the relationship between the recovery rates (T50) of the
different vegetated green roofs and the air temperature, relative humidity, wind speed, and
radiation. It was also used to determine the relationship between the retention performance
of the different vegetated green roofs and the antecedent dry period, antecedent moisture
content, rainfall depth, rainfall duration, and rainfall intensity. A t-test was used to analyze
the differences in the actual retention capacity among the four vegetation species.

3. Results and Discussion
3.1. Recovery of the Retention Capacity of Green Roofs

In order to analyze the recovery of the rainwater retention capacity, the measured
water contents during the dry periods of all single rainfall events in the monitoring period
were fitted, and the T50 for each dry period was calculated, as shown in Figure 2. By
normalizing and fitting all data of the daily water contents after rainfall events during
the whole monitoring period with Equation (1), the curves of the recovery process of
the green roof retention capacity were obtained (Figure 3). The average, maximum, and
minimum T50 of the green roofs with different vegetation types had ranges of 4–6 days,
7–17 days, and 2–3 days, respectively. All four plants had a significant fluctuation in
the T50 during the monitoring period. In addition, there were obvious differences in the
T50 of some green roofs with different vegetation (p < 0.05). The modules planted with
P. prostrates and S. lineare had the fastest recovery rates (with average T50 values of 4.3 days
and 4.7 days), while the modules planted with C. repens and P. grandiflora had the slowest
recovery rates (with average T50 values of 5.5 days and 5.9 days). The order of the average
recovery rates of the green roofs with different vegetation types from fastest to slowest was:
P. prostrates > S. lineare > C. repens > * P. grandiflora (>* means significantly greater). The
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k coefficient of the recovery curve (Figure 3, the black curve) had the same recovery rate
order between treatments.

It was necessary to further analyze the factors affecting the recovery process and
the reasons for the differences among the different plants in the recovery process of the
retention capacity. The correlation analysis shown in Table 1 indicates that the T50 values
of the green roofs with different vegetation types were significantly negatively correlated
with the average solar radiation intensity rates in the dry period (p < 0.05) because solar
radiation provided the most energy for the ET, and thus, for the recovery of the rainwater
retention capacity. In addition, the T50 values of the green roofs with P. grandiflora were
significantly negatively correlated with the air temperature (p < 0.05). In addition, there was
no significant correlation between the recovery rate and other meteorological parameters,
e.g., relative humidity and wind speed. Therefore, the recovery rates of the green roofs
with different vegetation types were mainly affected by the intensity of solar radiation.

The differences between the different plants can be explained by plant eco-physiology
characteristics. As shown in Figure 4a, the order of the maximum photosynthetic capacity
was: P. prostrates > S. lineare > P. grandiflora > C. repens, which is exactly consistent with
the order of the recovery rate during the whole monitoring period. This is because the
photosynthetic capacity reflects the stomatal movement of plant leaves, which is the
determining factor of the transpiration rates of plants [38,39].
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without interactions).
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Figure 3. Recovery curves of green roofs for all plant treatments fitted by normalized water content
after rainfall: (a) C. repens, (b) P. grandiflora, (c) P. prostrates, and (d) S. lineare. (Orange curve: dry
season; blue curve: wet season; black curve: all data).

Table 1. Correlation coefficients between T50 of different vegetated green roofs and air temperature,
relative humidity, wind speed, and radiation.

Plant Type Temperature Relative Humidity Radiation Wind Speed

C. Repens −0.38 −0.67 −0.75 * −0.33
P. Grandiflora −0.81 * −0.39 −0.90 ** −0.40
P. Prostrates −0.58 −0.48 −0.91 ** −0.41

S. Lineare −0.38 −0.60 −0.77 * −0.59
Note: * p < 0.05. ** p < 0.01.
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3.2. Seasonal Variation in the Recovery of the Retention Capacity of Green Roofs

According to Section 3.1, the recovery process was affected by solar radiation and the
potential photosynthetic capacity of plants, so the changes in the meteorological conditions
and plant physiological activity in different seasons were bound to affect the recovery pro-
cess of the green roofs. As shown in Figure 3, two recovery curves of the green roofs in the
wet season (blue) and dry season (orange) in Shenzhen were obtained by the normalization
and fitting of the measured water content changes after rainfall. After distinguishing the
wet season from the dry season, the fitting degree of the fitting curve was greatly improved
(0.8 < R2 < 0.95). The curves showed significant seasonal differences in the recovery process
and obviously higher recovery rates in the wet season for all species treatments.

As shown in Figure 5, the T50 values in the wet season were significantly shorter than
those in the dry season (p < 0.01). As for different species treatments (Figure 5a,b), there
were also significant differences in the recovery rate and recovery rate variation between
seasons (p < 0.05). The fitting T50 of the modules planted with C. repens, P. grandiflora,
P. prostrates, and S. lineare were 4.6, 3.8, 3.5, 3.6 days, respectively, in the wet season, and 7.0,
9.1, 5.5, and 6.3 days in the dry season. The order of the average recovery rate of the green
roofs with different vegetation types was P. prostrates > S. lineare ≈ P. grandiflora >* C. repens
in the wet season, and P. prostrates > S. lineare > C. repens > P. grandiflora in the dry season.

The seasonal differences in the recovery rate were largely due to seasonal variations
in the weather conditions and vegetation coverage. On the one hand, the solar radiation
and temperatures in the dry season were significantly lower than those in the wet season,
resulting in a lower ET. On the other hand, the vegetation coverage of the green roofs
in the dry season was also lower than that in the wet season (Figure 6), and the average
coverage of the green roofs planted with C. repens, P. grandiflora, P. prostrates, and S. lineare
decreased in the dry season by 14%, 32%, 9%, and 25%, respectively. Both the changes in
the weather conditions and vegetation coverage in the dry season led to decreases in the
plant transpiration and photosynthetic intensity, and thus, a lower recovery rate.
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Figure 5. Recovery rate (T50) for all plant treatments in (a) wet season and (b) dry season. The
letters at the tops of the boxes showed the significances at the 0.05 level (two-way ANOVA without
interactions).
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Figure 6. Seasonal differences in plant coverage of different types of vegetation.

As for different species treatments, the order of the recovery rates in the different
seasons can also be explained by that of the maximum photosynthetic capacity in the
corresponding seasons (Figure 4b,c). The seasonal variations in the different plant treatment
recovery rates were affected by the changes in the plant coverage. Compared to the wet
season, the fitting T50 values of the green roofs with C. repens, P. grandiflora, P. prostrates,
and S. lineare increased by 52%, 139%, 57%, and 75%, respectively, in the dry season. This is
nearly consistent with the seasonal variations in the plant coverage under different plant
treatments (Figure 6). Compared to the other green roofs, the green roofs with P. grandiflora
had more obvious seasonal differences in the recovery rates, while the green roofs with
C. repens had fewer seasonal differences due to their high vegetation coverage throughout
the whole monitoring period.

3.3. Effect of the Recovery Rate on the Retention Performance of Green Roofs

There is a common notion that a faster recovery rate usually provides a higher capacity
for green roofs to retain rainwater from the next rainfall [10,11,16,18]. As mentioned
before, the recovery process of green roof rainwater retention is significantly different in
different seasons, and the recovery process is faster in the wet season. Figure 7 shows
the retention performance in the wet season and dry season between different species
treatments, indicating that the wet season, with a faster recovery rate, had a higher retention
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volume but a lower retention rate than the dry season. A total of 327–377 mm of rainwater
was detained in the wet season, with the rainwater retention percentage ranging from
37 to 43%, while 111–137 mm was retained in the dry season, with the rainwater retention
percentage ranging from 45 to 56%. Although the recovery rates of the green roofs were
relatively fast in the wet season, the short ADP (52.2 h) made the retention performance
of the green roofs unable to recover substantially, resulting in a low rainwater retention
rate. The relatively long ADP in the dry season (114.8 h) made it possible to fully recover
the retention performance, offsetting the low recovery rate. However, due to the greater
total rainfall in the wet season, the retention volume of the rainwater in the wet season was
higher than that in the dry season (Figure 7).
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Figure 7. The total retention performance of all four plant treatments in the (a) wet season and (b) dry
season. Bars are the standard deviation of the mean.

Figure 7 shows the differences in the rainwater retention capacity among differ-
ent plant treatments in the two seasons. In the wet season (Figure 7a), the modules
planted with P. grandiflora had the best rainwater retention performance. The order of
the average rainwater retention of the green roofs with different vegetation types was:
P. grandiflora > * P. prostrates > S. lineare > C. repens, which is consistent with that of the T50,
except for P. grandiflora. This suggests that the T50 had a significant effect on the retention
performance in the wet season. In addition, the good retention performance of P. gran-
diflora was due to its strong root system (Figure 8), further resulting in a larger actual
retention capacity (Figure 9a). Therefore, even though the recovery rates of the green roofs
with P. grandiflora were slower than those of the other experimental groups, P. grandiflora
proved to be a good choice for the vegetation layer of the green roofs due to its excellent
retention performance.

In the dry season (Figure 7b), the order of the average values of the rainwater retention
of green roofs with different vegetation types was: C. repens > P. prostrates > P. grandiflora
> S. lineare. This order is exactly the same as that of the actual retention capacity in the
dry season shown in Figure 9b, instead of the order of the recovery rates. It is worth
noting that compared to the wet season, the actual retention capacity of P. grandiflora
had a significant decline, which may have been due to root atrophy in the dry season.
Therefore, the rainwater retention performance of the green roofs was possibly affected by
the actual retention capacity in the dry season. Moreover, the order of the actual retention
capacity rates of C. repens, P. grandiflora, and S. lineare were similar to those of the plant
coverage of the green roofs with different vegetation types in the dry season (Figure 6).
This can be explained by the higher plant coverage helping to maintain a larger actual
retention capacity by retaining water in the substrate to avoid the water repellency of the
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substrate caused by extremely dry conditions [40,41]. However, the P. prostrates was an
exception. Although the P. prostrates had relatively high plant coverage due to its high
drought tolerance, it was able to make the soil dry rapidly due to its relatively fast recovery
rate, which led to a relatively low retention capacity in the dry season [42].
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3.4. Implication

This study imposed an exponential decline curve to describe the recovery process of
green roofs and used T50 to represent the recovery rate, providing further insight into the
recovery of the rainwater retention capacity during a long period of alternating wet and
dry environments. The method helped to accurately evaluate the variation in the recovery
among vegetation species and seasons, providing a reference for green roofs in other areas
with a typical subtropical monsoon climate similar to Shenzhen.

In the wet season, the faster the recovery was, the better the retention performance of
the green roofs was. For the study area region, the T50 was used to evaluate the rainwater
retention of the green roofs in the wet season. Generally speaking, the green roofs with
plants with a high photosynthetic capacity had a faster recovery rate than those with
plants with a low photosynthetic capacity. In addition, the plants with strong root systems
also enhanced the retention capacity of the green roofs. In order to improve the rainwa-
ter retention performance of green roofs in wet seasons, plants with a high maximum
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photosynthetic capacity or strong root system should be selected. If only the wet season
scenario is considered, P. prostrates and P. grandiflora should be selected as the preferred
green roof plants.

In the dry season, the retention performance of the green roofs was not significantly
affected by the recovery rate, and thus, it is unable to be represented by the T50. It is
important to maintain the life of plants and ensure a certain degree of leaf coverage in
green roofs in the dry season, rather than retaining rainwater. Thus, the plants with strong
drought resistance should be selected as the green roof plants. In this study, the green roofs
with C. repens and P. prostrates had relatively large plant coverage in the dry season. If only
the dry season scenario is considered, these two types of plant should be selected as the
preferred green roof plants.

In summary, the optimal green roof plants have the following physiological or ecologi-
cal characteristics in the study area: in the wet season they should have a high maximum
photosynthetic capacity, which leads to a faster recovery rate of the rainwater retention per-
formance, or they should have a strong root system, which leads to a high actual retention
capacity. Meanwhile, in the dry season, they should have drought resistance and the ability
to maintain relatively large leaf coverage. Therefore, P. prostrates is the first choice of green
roof plants based on this study.

4. Conclusions

In this study, the observations of the rainwater retention performance and its recovery
process were conducted for green roofs with four vegetation types (Callisia repens Linnaeus,
Portulaca grandiflora Hook, Plectranthus prostratus Gürke, and Sedum lineare Thunb) at a site
with a typical subtropical monsoon climate. An exponential decline curve was used to
describe the recovery process, and the recovery rate was represented by a new indicator,
the half-life of the water content in the green roofs after a rain event (T50). The observed
data were used to analyze the recovery rate of the green roofs with four vegetation types
under different seasons and evaluate their effect on rainwater retention performance. The
results are summarized as follows:

The decline in the water content after rainfall in the green roofs can be well described
by an exponential decline curve (R2 > 0.7), and the average T50 values the in green roofs
with Callisia repens Linnaeus, Portulaca grandiflora Hook., Plectranthus prostratus Gürke, and
Sedum lineare Thunb. were 5.5, 5.9, 4.3 and 4.7 days, respectively. The higher the maximum
photosynthetic capacity of the green roof plant was, the shorter the T50 was.

(1) The T50 in the wet season was significantly shorter than that in the dry season
(p < 0.01). The T50 of the green roofs with P. grandiflora had the largest seasonal
difference, while the T50 of the green roofs with P. prostrates had the smallest seasonal
difference. The seasonal differences can be explained by the seasonal variations in
the weather conditions and eco-physiological activity, such as vegetation species,
coverage, and transpiration.

(2) The rainwater retention rates of the green roofs for rainfall events in the wet season
were significantly lower than those in the dry season (p < 0.05) due to relatively short
antecedent dry periods (ADPs) in the wet season. In the wet season, the retention
performance of the green roofs was affected by the T50, while in the dry season,
the retention performance of the green roofs was mainly determined by the actual
retention capacity rather than the T50. In addition, a strong plant root system enhanced
the retention performance of the green roofs.

(3) The plants with the following physiological or ecological characteristics are recom-
mended as green roof plants: in wet seasons, they should have a high maximum
photosynthetic capacity or a strong root system, while in the dry season, they should
have drought resistance and the ability to maintain relatively large vegetation cov-
erage. Therefore, P. prostrates was found to be the best choice of green roof plants in
this study.
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(4) As an efficient and holistic assessment method, the T50 can be used to evaluate the
effects of different climates and plants on the recovery process of green roofs based
on monitoring data. The results also explain the seasonal differences in weather
conditions and plant physiology and provide a reference for selecting suitable green
roof plants under a typical subtropical climate. The conclusions of this study are based
on the monitoring results at a study area with a typical subtropical monsoon climate,
which might be quite different from those in other climate zones. Further studies are
needed to investigate the rainwater retention performance of green roofs and their
recovery rates in other areas with different climate types and the eco-physiological
characteristics of green roof plants. In addition, the applicability of the T50 in other
scenarios needs further confirmation.

Author Contributions: Conceptualization, Y.H., H.Q. and S.-L.Y.; methodology, Y.H.; validation,
Y.H. and H.Q.; formal analysis, Y.H.; investigation, Y.H.; resources, Y.H.; data curation, Y.H.;
writing—original draft preparation, Y.H.; writing—review and editing, Y.H., H.Q. and Y.O.; vi-
sualization, Y.H.; supervision, H.Q.; project administration, Y.H. and H.Q.; funding acquisition, H.Q.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Science and Technology Planning Project of Shenzhen
Municipality, China (JCYJ20200109120416654). The APC was funded by Peking University Shenzhen
Graduate School.

Institutional Review Board Statement: Not applicable.

Acknowledgments: The Rainwater Resources Laboratory provided experimental conditions for
this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Berndtsson, J.C. Green roof performance towards management of runoff water quantity and quality: A review. Ecol. Eng. 2010,

36, 351–360. [CrossRef]
2. Ellis, J.B.; Revitt, D.M.; Lundy, L. An impact assessment methodology for urban surface runoff quality following best practice

treatment. Sci. Total Environ. 2012, 416, 172–179. [CrossRef] [PubMed]
3. Santana, T.C.; Guiselini, C.; Cavalcanti, S.D.L.; Silva, M.V.D.; Vigoderis, R.B.; Santos Júnior, J.A.; Moraes, A.S.; Jardim, A.M.d.R.F.

Quality of rainwater drained by a green roof in the metropolitan region of Recife, Brazil. J. Water Process Eng. 2022, 49, 102953.
[CrossRef]

4. Warhurst, J.R.; Parks, K.E.; McCulloch, L.; Hudson, M.D. Front gardens to car parks: Changes in garden permeability and effects
on flood regulation. Sci. Total Environ. 2014, 485, 329–339. [CrossRef]

5. Berretta, C.; Poë, S.; Stovin, V. Reprint of “Moisture content behaviour in extensive green roofs during dry periods: The influence
of vegetation and substrate characteristics”. J. Hydrol. 2014, 516, 37–49. [CrossRef]

6. Chen, C.F. Performance evaluation and development strategies for green roofs in Taiwan: A review. Ecol. Eng. 2013, 52, 51–58.
[CrossRef]

7. Dunnett, N.; Kingsbury, N. Planting options for extensive and semi-extensive green roofs. In Proceedings of the 2nd Annual
Greening Rooftops for Sustainable Communities Conference, Awards and Trade Show, Portland, OR, USA, 2–4 June 2004; The
Cardinal Group: Toronto, ON, Canada, 2004.

8. Vijayaraghavan, K. Green roofs: A critical review on the role of components, benefits, limitations and trends. Renew. Sustain.
Energy Rev. 2016, 57, 740–752. [CrossRef]

9. Wilkinson, S.; Rose, C.; Glenis, V.; Lamond, J. Modelling green roof retrofit in the Melbourne Central Business District. In
Proceedings of the 4th International Conference on Flood Recovery Innovation and Response, Poznan, Poland, 18–20 June 2014.

10. Ebrahimian, A.; Wadzuk, B.; Traver, R. Evapotranspiration in green stormwater infrastructure systems. Sci. Total Environ. 2019,
688, 797–810. [CrossRef]

11. Poë, S.; Stovin, V.; Berretta, C. Parameters influencing the regeneration of a green roofs retention capacity via evapotranspiration.
J. Hydrol. 2015, 523, 356–367. [CrossRef]

12. Voyde, E.; Fassman, E.; Simcock, R.; Wells, J. Quantifying evapotranspiration rates for New Zealand green roofs. J. Hydrol. Eng.
2010, 15, 395–403. [CrossRef]

13. Wadzuk, B.M.; Lewellyn, C.; Lee, R.; Traver, R.G. Green Infrastructure Recovery: Analysis of the Influence of Back-to-Back
Rainfall Events. J. Sustain. Water Built Environ. 2017, 3, 04017001. [CrossRef]

14. Zhang, S.; Lin, Z.; Zhang, S.; Ge, D. Stormwater retention and detention performance of green roofs with different substrates:
Observational data and hydrological simulations. J. Environ. Manag. 2021, 291, 112682. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ecoleng.2009.12.014
http://doi.org/10.1016/j.scitotenv.2011.12.003
http://www.ncbi.nlm.nih.gov/pubmed/22227301
http://doi.org/10.1016/j.jwpe.2022.102953
http://doi.org/10.1016/j.scitotenv.2014.03.035
http://doi.org/10.1016/j.jhydrol.2014.04.001
http://doi.org/10.1016/j.ecoleng.2012.12.083
http://doi.org/10.1016/j.rser.2015.12.119
http://doi.org/10.1016/j.scitotenv.2019.06.256
http://doi.org/10.1016/j.jhydrol.2015.02.002
http://doi.org/10.1061/(ASCE)HE.1943-5584.0000141
http://doi.org/10.1061/JSWBAY.0000819
http://doi.org/10.1016/j.jenvman.2021.112682
http://www.ncbi.nlm.nih.gov/pubmed/33964623


Water 2022, 14, 2799 14 of 14

15. Jardim, A.M.d.R.F.; Araújo Júnior, G.d.N.; Silva, M.V.d.; Santos, A.d.; Silva, J.L.B.d.; Pandorfi, H.; Oliveira-Júnior, J.F.d.; Teixeira,
A.H.d.C.; Teodoro, P.E.; de Lima, J.L. Using Remote Sensing to Quantify the Joint Effects of Climate and Land Use/Land Cover
Changes on the Caatinga Biome of Northeast Brazilian. Remote Sens. 2022, 14, 1911. [CrossRef]

16. Kemp, S.; Hadley, P.; Blanusa, T. The influence of plant type on green roof rainfall retention. Urban Ecosyst. 2019, 22, 355–366.
[CrossRef]

17. Yan, J.; Zhang, S.; Zhang, J.; Zhang, S.; Zhang, C.; Yang, H.; Wang, R.; Wei, L. Stormwater retention performance of green roofs
with various configurations in different climatic zones. J. Environ. Manag. 2022, 319, 115447. [CrossRef] [PubMed]

18. Li, S.X.; Qin, H.P.; Peng, Y.N.; Khu, S.T. Modelling the combined effects of runoff reduction and increase in evapotranspiration for
green roofs with a storage layer. Ecol. Eng. 2019, 127, 302–311. [CrossRef]

19. Qin, H.P.; Peng, Y.N.; Tang, Q.L.; Yu, S.L. A HYDRUS model for irrigation management of green roofs with a water storage layer.
Ecol. Eng. 2016, 95, 399–408. [CrossRef]

20. Li, X.X.; Cao, J.J.; Xu, P.X.; Fei, L.; Dong, Q.; Wang, Z.L. Green roofs: Effects of plant species used on runoff. Land Degrad. Dev.
2018, 29, 3628–3638. [CrossRef]

21. Zhang, K.; Chui, T.F.M. Linking hydrological and bioecological benefits of green infrastructures across spatial scales—A literature
review. Sci. Total Environ. 2019, 646, 1219–1231. [CrossRef]

22. Cascone, S.; Coma, J.; Gagliano, A.; Pérez, G. The evapotranspiration process in green roofs: A review. Build. Environ. 2019, 147,
337–355. [CrossRef]

23. da Rosa Ferraz Jardim, A.M.; Santos, H.R.B.; Alves, H.K.M.N.; Ferreira-Silva, S.L.; de Souza, L.S.B.; Araújo Júnior, G.D.N.; Souza,
M.D.S.; de Araújo, G.G.L.; de Souza, C.A.A.; da Silva, T.G.F. Genotypic differences relative photochemical activity, inorganic and
organic solutes and yield performance in clones of the forage cactus under semi-arid environment. Plant Physiol. Biochem. 2021,
162, 421–430. [CrossRef] [PubMed]

24. Seyedabadi, M.R.; Eicker, U.; Karimi, S. Plant selection for green roofs and their impact on carbon sequestration and the building
carbon footprint. Environ. Chall. 2021, 4, 100119. [CrossRef]

25. Farrell, C.; Szota, C.; Williams, N.S.G.; Arndt, S.K. High water users can be drought tolerant: Using physiological traits for green
roof plant selection. Plant Soil 2013, 372, 177–193. [CrossRef]

26. Allen, R.G.; Pereira, L.S.; Raes, D.; Smith, M. Crop evapotranspiration guidelines for computing crop water requirements. FAO
Irrig. Drain. 1990, 56, 79–98.

27. Sims, A.W.; Robinson, C.E.; Smart, C.C.; Voogt, J.A.; Hay, G.J.; Lundholm, J.T.; Powers, B.; O’Carroll, D.M. Retention performance
of green roofs in three different climate regions. J. Hydrol. 2016, 542, 115–124. [CrossRef]

28. Viola, F.; Hellies, M.; Deidda, R. Retention performance of green roofs in representative climates worldwide. J. Hydrol. 2017, 553,
763–772. [CrossRef]

29. Rayner, J.P.; Farrell, C.; Raynor, K.J.; Murphy, S.M.; Williams, N.S.G. Plant establishment on a green roof under extreme hot and
dry conditions: The importance of leaf succulence in plant selection. Urban Urban Green 2016, 15, 6–14. [CrossRef]

30. Wong, G.K.L.; Jim, C.Y. Identifying keystone meteorological factors of green-roof stormwater retention to inform design and
planning. Landsc. Urban Plan. 2015, 143, 173–182. [CrossRef]

31. Chen, P.Y. Effects of meteorological variables and substrate moisture on evapotranspiration and thermal performance of a green
roof in a subtropical climate. Ecol. Eng. 2022, 180, 106663. [CrossRef]

32. Sohn, W.; Kim, J.-H.; Li, M.-H.; Brown, R. The influence of climate on the effectiveness of low impact development: A systematic
review. J. Environ. Manag. 2019, 236, 365–379. [CrossRef]

33. Azenas, V.; Janner, I.; Medrano, H.; Gulias, J. Performance evaluation of five Mediterranean species to optimize ecosystem
services of green roofs under water-limited conditions. J. Environ. Manag. 2018, 212, 236–247. [CrossRef] [PubMed]

34. Zhang, Z.; Szota, C.; Fletcher, T.D.; Williams, N.S.G.; Farrell, C. Green roof storage capacity can be more important than
evapotranspiration for retention performance. J. Environ. Manag. 2019, 232, 404–412. [CrossRef] [PubMed]

35. Gutierrez, M.; Gracen, V.E.; Edwards, G.E. Biochemical and cytological relationships in C4 plants. Planta 1974, 119, 279–300.
[CrossRef] [PubMed]

36. Szota, C.; Farrell, C.; Williams, N.S.G.; Arndt, S.K.; Fletcher, T.D. Drought-avoiding plants with low water use can achieve high
rainfall retention without jeopardising survival on green roofs. Sci. Total Environ. 2017, 603, 340–351. [CrossRef]

37. Szota, C.; Fletcher, T.D.; Desbois, C.; Rayner, J.P.; Williams, N.S.G.; Farrell, C. Laboratory Tests of Substrate Physical Properties
May Not Represent the Retention Capacity of Green Roof Substrates in Situ. Water 2017, 9, 920. [CrossRef]

38. Chaves, M.M. Effects of Water Deficits on Carbon Assimilation. J. Exp. Bot. 1991, 42, 1–16. [CrossRef]
39. Smirnoff, N. The role of active oxygen in the response of plants to water deficit and desiccation. New Phytol. 1993, 125, 27–58.

[CrossRef]
40. Doerr, S.; Shakesby, R.; Walsh, R. Soil water repellency: Its causes, characteristics and hydro-geomorphological significance.

Earth-Sci. Rev. 2000, 51, 33–65. [CrossRef]
41. Hill, J.; Sleep, B.; Drake, J.; Fryer, M. The Effect of Intraparticle Porosity and Interparticle Voids on the Hydraulic Properties of

Soilless Media. Vadose Zone J. 2019, 18, 1–13. [CrossRef]
42. De-Ville, S.; Menon, M.; Stovin, V. Temporal variations in the potential hydrological performance of extensive green roof systems.

J. Hydrol. 2018, 558, 564–578. [CrossRef]

http://doi.org/10.3390/rs14081911
http://doi.org/10.1007/s11252-018-0822-2
http://doi.org/10.1016/j.jenvman.2022.115447
http://www.ncbi.nlm.nih.gov/pubmed/35728983
http://doi.org/10.1016/j.ecoleng.2018.12.003
http://doi.org/10.1016/j.ecoleng.2016.06.077
http://doi.org/10.1002/ldr.3102
http://doi.org/10.1016/j.scitotenv.2018.07.355
http://doi.org/10.1016/j.buildenv.2018.10.024
http://doi.org/10.1016/j.plaphy.2021.03.011
http://www.ncbi.nlm.nih.gov/pubmed/33740681
http://doi.org/10.1016/j.envc.2021.100119
http://doi.org/10.1007/s11104-013-1725-x
http://doi.org/10.1016/j.jhydrol.2016.08.055
http://doi.org/10.1016/j.jhydrol.2017.08.033
http://doi.org/10.1016/j.ufug.2015.11.004
http://doi.org/10.1016/j.landurbplan.2015.07.001
http://doi.org/10.1016/j.ecoleng.2022.106663
http://doi.org/10.1016/j.jenvman.2018.11.041
http://doi.org/10.1016/j.jenvman.2018.02.021
http://www.ncbi.nlm.nih.gov/pubmed/29438929
http://doi.org/10.1016/j.jenvman.2018.11.070
http://www.ncbi.nlm.nih.gov/pubmed/30500704
http://doi.org/10.1007/BF00388331
http://www.ncbi.nlm.nih.gov/pubmed/24442564
http://doi.org/10.1016/j.scitotenv.2017.06.061
http://doi.org/10.3390/w9120920
http://doi.org/10.1093/jxb/42.1.1
http://doi.org/10.1111/j.1469-8137.1993.tb03863.x
http://doi.org/10.1016/S0012-8252(00)00011-8
http://doi.org/10.2136/vzj2018.09.0176
http://doi.org/10.1016/j.jhydrol.2018.01.055

	Introduction 
	Materials and Method 
	Experimental Setup 
	Data Collection and Analysis 
	Meteorological Data and Rainfall Events 
	Daily Water Content 
	Recovery Process and Recovery Rate 
	Runoff and Rainwater Retention 
	Plant Eco-Physiology 

	Statistical Analysis 

	Results and Discussion 
	Recovery of the Retention Capacity of Green Roofs 
	Seasonal Variation in the Recovery of the Retention Capacity of Green Roofs 
	Effect of the Recovery Rate on the Retention Performance of Green Roofs 
	Implication 

	Conclusions 
	References

