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Abstract: Conventional green roofs have been widely accepted as a climate change adaptation
strategy. However, little is known about the potential of blue—green roofs and rooftop farms to control
urban stormwater and improve microclimates. This study evaluates a farmed blue-green roof’s
hydrologic and thermal performance over an entire growing season in Toronto, Ontario, Canada. The
runoff discharge from three plots planted with various crops was monitored. The substrate and air
temperatures at two elevations of different cultivated and self-sowing plant species were collected
and compared to a control roof. Results indicate that planting and harvesting activities impacted the
hydrologic performance. Mean values for retention ranged from 85-88%, peak attenuation ranged
from 82-85%, and peak delay ranged from 7.7 to 8 h. At the lower elevation, the mean air temperature
difference above okra, tobacco, and beet was 2.5 °C, whereas, above squash, potato, and milkweed, it
was 1.4 °C. Maximum and moderate air-cooling effects were observed in the afternoon and evening,
but a warming effect was observed in the early morning. Farmed blue-green roof evaluated in
this study provides a runoff control and microclimate improvement comparable to or better than
conventional green roofs, in addition to other benefits such as improving food security.

Keywords: blue—green roofs; rooftop farming; hydrologic performance; stormwater management;
thermal performance; microclimate improvement

1. Introduction

Rapid urbanization and climate change are revealing infrastructures’ vulnerability
to managing stormwater and maintaining comfort in urban microclimates. Urbanization
results in replacing natural permeable surfaces with impermeable surfaces, leading to
increased runoff volumes and rates and reduced response time, thereby causing floods and
environmental problems [1]. In addition, recent studies indicate that climate change inten-
sifies urban heat island (UHI), which has lately been manifested by enlarged heatwaves [2].
The loss of infiltration and evapotranspiration in cities resulting from reduced permeable
surfaces and the introduction of grey (concrete) infrastructure that absorbs solar radiation
are significant causes of UHI [3]. Green roofs have been proposed as an adaptation strategy.
They consist of vegetation and soil medium (also known as substrate) situated over a
waterproof membrane [4]. Green roof effectiveness has been extensively studied in the last
decades, allowing for a better understanding of their design parameters and environmental
benefits. For instance, studies have assessed the hydrologic benefits [5-8], the influence of
size and properties of their substrates [8,9], and the cooling effect on both the outdoor and
indoor climates [10-14]. Recent research has shifted focus to blue—green roofs to maximize
multiple benefits. A blue-green roof is similar to a typical green roof in terms of layer de-
sign but has an expanded drainage layer to promote water storage and evapotranspiration,
providing hydrologic and thermal benefits [4,15]. For example, one study that looked at the
hydrologic performance of a blue-green roof revealed that it could reduce surface runoff
and peak flows compared to a control roof [4]. The surface temperature of a blue—green roof
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was 4 °C cooler than a control roof in a study by Shafique et al. [16]. The expanded drainage
layer in the blue—green roof increased evapotranspiration and consequently maximized
cooling [15]. However, previous research has largely focused on the performance of green
roofs, leaving unanswered questions about blue-green roofs [17].

Furthermore, researchers and urban planners have recently become interested in green
roofs used for vegetable production in urban areas forming the so-called “urban rooftop
farms”. Orsini et al. [18] assessed the food security benefits achieved by theoretically
converting all flat roofs and terraces into rooftop gardens in Bologna, Italy. The study found
that such a conversion could provide more than 12,000 tons/year of vegetables, satisfying
the demand of Bologna’s population. Eksi et al. [19] proposed solutions to overcome chal-
lenging soil and weather conditions on rooftop farms by determining optimal percentages
of compost in green roof substrates. Weight restrictions on the rooftop are another barrier
that Walters and Midden [20] focused on and argued that extensive (<150 mm) substrates
could achieve more sustained productivity than intensive (>150 mm) substrates on rooftop
farms. However, the selection of crops on extensive and intensive green roofs appears to
be influenced by the root type (i.e., shallow-rooted such as lettuce and deeply-rooted such
as tomato).

The previously mentioned studies on rooftop farming have primarily focused on
production potentials and barriers. Still, very little research has been done to quantify
their potential in regulating ecosystem services, such as managing urban stormwater and
improving rooftops” microclimate. Whittinghill et al. [21] studied stormwater runoff of a
full-scale rooftop farm, focusing only on nutrient loss, not hydrologic performance. Harada
et al. [22] investigated the hydrologic response in only one catchment of a full-scale rooftop
farm that received daily irrigation over the monitoring period. The study detected that
cumulative discharge exceeded precipitation, and therefore the authors recommended
increased soil water storage to prevent drainage loss of water.

There is limited research investigating blue—green roofs in contrast to green roofs,
causing uncertainty in the role of the expanded drainage layer. Compared to unproductive
green roofs, field studies on rooftop farming are limited, explaining the absence of design
and operational guidelines for their implementation. Their environmental benefits, such
as stormwater runoff control and microclimate improvement, should be quantified and
distinguished from unproductive green roofs. This study addresses these two research
gaps by adopting a primary objective to evaluate the hydrologic and thermal performance
of a full-scale farmed blue-green roof with an intensive substrate. The evaluation is based
on monitoring precipitation and runoff from three plots that make up the entire roof,
and air and substrate temperatures of seven plant species over the growing season from
April to November 2021.

2. Materials and Methods
2.1. Site Description

The case study presented is an urban farm located on the rooftop of George Vari
Engineering and Computing Centre at the campus of Toronto Metropolitan University
in Toronto, Ontario, Canada. The building was constructed in 2004, initially with a con-
ventional extensive green roof, which was converted to an intensive blue—green roof farm
in 2014. The farm consists of 28 raised beds separated by bare soil pathways. Each bed
has an approximate size of 19 m (L) and 0.76 m (W), with 0.45 m wide paths. The main
planting area is 86% pervious, containing the beds and pathways, and the remaining 14%
is impervious, comprising a mechanical room and concrete walkways. The raised beds
and bare-soil pathways make up 64% and 36% of the pervious area. The farm grows
approximately 4000 kg of produce annually. There are three outlets to drain water driven
by 1% slopes, creating three 234 m? isolated drainage areas in plots A, B, and C (Figure 1).
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Figure 1. An aerial view of the farm with the drainage areas highlighted.

The substrate depth is 250 mm, but a compost layer of 50 mm is added at the beginning
of each growing season. The plants consume the compost annually, so the substrate depth
remains 250 to 300 mm. The soil is underlined by a ZinCo FD-60 system (ZinCo Canada Inc.,
Carlisle, ON, Canada) specifically manufactured for intensive green roofs and comprised
of a filter sheet, a 60 mm drainage layer, a root barrier, and a waterproofing membrane
(Figure 2). The filter sheet prevents small soil particles from filling the drainage layer,
whereas the root barrier protects the waterproofing membrane from roots. The drainage
layer is much larger than typical 10 mm drainage layers found in green roofs, making it a
blue—green roof. The drains were equipped with runoff limiters, allowing retained water
to be detained in the drainage layer to a depth of 50 mm, after which it overflows over
custom-made v-notch weirs. The weirs were calibrated before the field installations in the
laboratory, and their rating curves were determined.

The beds were planted with seeds of thirty different crops over the growing season
of 2021 between April-November. Table 1 presents the scientific and common names
of these cultivated crops and other self-sown plant species naturally growing on the
farm. However, throughout this paper, all plants are addressed by their common names.
The cultivated crops belonged to different families, including Alliums, Amaranthaceae,
Asteraceae, Brassicaceae, Cucurbitaceae, Malvaceae, and Solanaceae. The crop selection
was based on the experiences gained during past growing seasons, where particular crops
produced successfully high yields and economic returns. Additionally, crops with shorter
days to maturity were prioritized. The farm staff planted all the species except tobacco
(Nicotiana tabacum), which usually self-sowed every season. Milkweed (Asclepias syriaca)
was also left to voluntarily grow due to its benefits in attracting and supporting local
pollinator populations. Other “quickweeds” such as crabgrass (Digitaria sp.), peruvian
daisy (Galinsoga quadriradiata), and purslane (portulaca oleracea) were subjected to weed
management by the farm staff, unless they grew in places where they competed less with
the cultivated crops.
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Figure 2. Schematic cross-section of the farmed blue-green roof.

Crop planting started in May, and some of them were harvested in mid-season and
replaced with other crops. The farm was covered entirely with cover crops by November
when all crops were harvested and the growing season ended. Cover crops are used to
prevent the breakdown of soil aggregates during the winter season and until the new
growing season starts. In November, Plot A was covered with winter rye and plot C was
covered with straw, whereas plot B was equally covered by both cover crops, creating
three research treatment groups: “rye-only”, “straw-only”, and “rye-straw” for hydrologic
performance investigation. Irrigation on the farm is performed using a drip system that
was activated occasionally during dry periods, depending on preceding rainfall events,
and not on a fixed schedule.

2.2. Laboratory Analysis of Farm Growing Media

The growing media used at the farm was biologically derived soil containing higher
organic matter content than those recommended by the German Landscape Research,
Development and Construction Society (FLL). Soil samples for laboratory analysis were
collected in the summer during the growing season. The physical properties (Table 2) of
the growing media were obtained through grain size distribution, standard compaction
test, falling head test, and loss on ignition according to the procedure described in the
ASTM standards ASTM D422-63; D698-78; D2434-68 and Test Methods for Examination of
Composting and Compost (TMECC).
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Table 1. The cultivated crops and self-sown plant species over the growing season.
Plot Common Name Scientific Name Family Planted Harvested
Lettuce Lactuca sativa Asteraceae August October
Salad mix Lactuca sativa—Cichorium endivia Asteraceae August October
Pak choi Brassica rapa Brassicaceae May July
Kohlrabi Brassica oleracea Gongylodes Brassicaceae May July
Cabbage B. oleracea var. capitata Brassicaceae May July
Arugula Eruca vesicaria subsp. sativa Brassicaceae May July
A Okra Abelmoschus esculentus Malvaceae May September
Eggplant Solanum melongena Solanaceae May September
Tomato Solanum lycopersicum var. cerasiforme Solanaceae May September
Pepper Capsicum annuum Solanaceae May September
Potato Solanum tuberosum Solanaceae May September
Tobacco Nicotiana tabacum Solanaceae May September
Rye ** Secale cereale Poaceae November End of season
Salad mix Lactuca sativa—Cichorium endivia Asteraceae May September
Radish Raphanus sativus Brassicaceae May July
Turnip Brassica rapa subsp. rapa Brassicaceae May July
Garlic Allium sativum Alliums May July
Onion Allium cepa Alliums May July
Callaloo Amaranthus viridis Amaranthaceae May July
Chard Beta vulgaris subsp. vulgaris Amaranthaceae May July
B Beet Beta vulgaris var conditiva Amaranthaceae May September
Spinach Spinacia oleracea Amaranthaceae May September
Purslane * Portulaca oleracea Portulacaceae May September
Peruvian daisy * Galinsoga quadriradiata Asteraceae May September
Crabgrass * Digitaria crabgrass Poaceae May September
Milkweed * Asclepias syriaca Apocynaceae May September
Rye ** Secale cereale Poaceae November End of season
Straw ** N/A N/A November End of season
Turnip Brassica rapa subsp. rapa Brassicaceae May July
Pak choi Brassica rapa Brassicaceae August October
Kohlrabi Brassica oleracea Gongylodes Brassicaceae August October
Radish Raphanus sativus Brassicaceae August October
Carrot Daucus carota Apiaceae May July
C Chervil Anthriscus cerefolium Apiaceae August September
Winter squash Cucurbita maxima Cucurbitaceae May October
Summer squash Cucurbita pepo Cucurbitaceae May August
Bitter melon Momordica charantia Cucurbitaceae May October
Cucumber Cucumis sativus Cucurbitaceae May August
Straw ** N/A N/A November End of season
* Self-sown ** Cover crop.
Table 2. Physical properties of the growing media.
Grain Size Distribution
% Gravel 3.67 D1o 1.0 Cu 1.8
% Sand 96.31 D3y 1.2 Cc 0.8
% Fines 0.02 De¢p 1.8
Maximum water holding capacity >90%
Dry density 0.52 g/cm3
Saturated density 24¢/ cm?
Saturated hydraulic conductivity 0.02 cm/s
Organic matter 25.4%
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2.3. Monitoring Instrumentation

The field monitoring of the rooftop farm was mainly based on an online Wi-Fi and
LoRaWAN wireless system where data is collected over 5-min intervals and uploaded to
the cloud. Meteorological parameters, including ambient temperature, humidity, solar
radiation, and wind speed and direction, were measured throughout the growing season
using HOBO RX3000 remote monitoring station (Onset Computer Corporation, Bourne,
MA, USA). Precipitation was measured by the HOBO RG3 tipping bucket (Onset Computer
Corporation, Bourne, MA, USA). Custom-made poles were installed in beds where roof
drains are located and in beds with the plant species selected for thermal monitoring.
On each pole, two air temperature sensors (LoRa-5-915-TH-01 SenseCAP, Seeed Studio,
Shenzhen, China) were mounted 15 cm and 60 cm above the top of the substrate. Another
area of the roof covered with concrete pavers was selected as the control surface, and air
temperature sensors were installed at the same heights above the surface.

Soil moisture and temperature sensors (LSE01, Dragino, Shenzhen, China; LoRa-S-
868-Soil MT-01 SenseCAP, Seeed Studio, Shenzhen, China) were installed in the monitored
beds, ensuring their ceramic cups are appropriately in contact at the mid-depth of each
bed. Additionally, resistive water level sensors (eTape, Milone Technologies, Sewell, NJ,
United States) were integrated with long-range wireless nodes (LSN50, Dragino, Shenzhen,
China) and attached to the custom-made weirs of the roof drains. Air temperature and
soil moisture and temperature sensors were used to quantify the thermal performance of
the selected plant species. In contrast, water level sensors in the three plots were used to
quantify the overall hydrologic performance of the farm. Figure 3 demonstrates a schematic
view of the monitoring equipment. All sensors were tested and calibrated at the laboratory
before installation.

INSTRUMENTATION
A = Air Temperature, 15 cm

B = Air Temperature, 60 cm

C — Soil Moisture and Temperature, Mid-Soil
D — Water Level

Figure 3. Position and height of the monitoring equipment installed on the roof.



Water 2022, 14, 1700

7 of 22

2.4. Data Analysis
2.4.1. Runoff Data Processing and Event Analysis

Rainfall and discharge characteristics of the plots were determined and used to
quantify the hydrologic performance of each plot. Based on exploratory data analy-
sis, a rainfall event was considered any storm with a rainfall depth >1 mm of rainfall
separated by a minimum of six hours without precipitation or runoff. The six hours
interevent-time is commonly selected for green roof studies [23-25]. Retention performance
was quantified through event-based retention percentages (RET) and monthly volumet-
ric runoff coefficients (C,y), as shown in Equations (1) and (2). Detention performance
was quantified through peak attenuation (PA) and peak time delay (Tetay), as shown in
Equations (3) and (4).

PD —RD y

RET (%) = ——55 100. )
2RD
Cool = SPD @)
PA (0/0) _ Prain ;Pdminage ) 3)
rain
T- Tpdminage - Tpminfall (4)

where PD is the precipitation depth (mm) and RD is the runoff depth drained from the roof
(mm), Py, is the highest 5-min peak rainfall intensity, Pgyginqge is the highest 5-min discharge
flowing over the weit, TPgginqge and TPpyiupy are the time of the drainage peak and the
time of rainfall peak. Further analysis of individual events included an assessment of the
impact of the antecedent dry period (ADP), defined as the dry weather period between two
independent rainfall or irrigation events. The collected data was hydrologically processed
on a per-event basis and monthly to quantify the effects of rainfall characteristics, and
planting and harvesting activities that were apparent per month. Correlation analyses were
carried out using Spearman Rho correlation since most of the hydrologic data sets were not
normally distributed, indicating the need for a non-parametric test.

2.4.2. Rooftop Microclimate Analysis

Due to logistical constraints in the quantity of the monitoring equipment that could
be installed and given that the rooftop is a dynamic farm where staff continuously run
operations, seven plant species were monitored for thermal performance, including culti-
vated crops (potato, squash, beet, and okra) and the self-sowing tobacco and milkweed.
Quickweed species, including crabgrass, peruvian daisy, and purslane, were also monitored
as a collection at a location excluded from weeding. Each cultivated crop belongs to a
different family; potato to Solanaceae, squash to Cucurbitaceae, beet to Amaranthaceae,
and okra to Malvaceae. Monitoring of the self-sown weeds was performed to examine how
they affect rooftop microclimates despite their undesirable invasive habits. Understanding
this matter would help establish more effective weed management techniques. Some plant
species shared similar life spans and growing periods, while others did not. The thermal
performance of the selected plant species and their impact on the rooftop microclimate was
assessed by measuring each sensor’s mean daily air temperatures at two different eleva-
tions, 15 cm (T15) and 60 cm (T40) above the substrate, and were averaged across each week.
The air-cooling effect of each plant was determined through the mean daily temperature dif-
ference between the air above the plant and the control roof at the two elevations (TR5 and
TRgp), and was averaged across their growing periods. To understand their diurnal thermal
performance, the cooling effect of each plant was also quantified on an hourly basis using
the daily data collected over their growing periods. Temperature fluctuations of the sub-
strates were quantified through temperature amplitudes of the substrate (TAS) determined
from the substrate temperature (TS) (maximum daily substrate temperature-minimum
daily substrate temperature), averaged across their growing periods.
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Plant physiological responses during drought and wet conditions were investigated
through three single stomatal conductance measurements (gs) using a portable leaf porome-
ter (Model SC-1, Decagon Devices, Pullman, WA, United States) after calibration as per the
manufacturer’s instructions. Two measurements were performed on 4 August 2021, and
18 August 2021, when no rainfall occurred, and irrigation was withheld for a week before
each measurement. The third measurement was performed on 23 August 2021, after the
rooftop farm received 8 h of drip irrigation. The three days of measurements shared similar
weather characteristics (i.e., partly cloudy, low wind speed, and average air temperature
ranging from 26-30 °C) and were all performed during the peak hours 13:00-15:00. This
time window was selected based on preliminary measurements to determine the time at
which most plants produce the highest stomatal conductance.

The collected thermal data were normally distributed. Therefore, Pearson correlation
(rp) was used as a parametric test to explore the strength of association between the weather
conditions and air and substrate thermal indicators.

3. Results and Discussion
3.1. Hydrologic Performance

During the growing season, forty-three rainfall events were observed from June to
November 2021, with the highest rainfall intensities recorded in the months of June and
July. August was exceptionally dry, with monthly rainfall at 20% of the historical average.
However, September and October were wet, with more than 50% of the historical average
monthly rainfall. Monthly rainfall characteristics are presented in Table 3. The total depth
of all the monitored events was 390.8 mm, with maximum and median rainfall depths
of 46.6 mm and 5.8 mm. Irrigation was conducted only occasionally in June and August,
quantified in magnitude and timing, and excluded from hydrologic data processing to
restrict the analysis to rainfall only.

Table 3. Monthly distribution of the observed rainfall characteristics.

Mean Peak

Month Number of Rainfall Rainfall Rainfall M?an
Storms Depth (mm) . . Duration (h)
Intensity Intensity
June 7 55.6 2.9 19.2 10.3
July 7 80.2 41 12.0 5
August 5 74 2.5 29 0.7
September 8 116 2.8 6.0 3.3
October 11 103.4 2.6 41 7.0
November 5 28.2 2.4 2.4 7.2

Descriptive statistics of event-based hydrologic responses are summarized in Table 4.
The relationship between the median performance indicators (i.e., RET, PA, and Tgelay)
across the plots and rainfall characteristics (i.e., rainfall depth, average and peak rain-
fall intensities, rainfall duration) were examined using Spearman Rho correlation and
summarized in Table 5.

Table 4. Hydrologic performance statistics obtained from the event-based analysis.

RET (%) PA (%) Tdelay (h)
Statistic
Plot A Plot B Plot C Plot A Plot B Plot C Plot A Plot B Plot C

Minimum 45 40 48 15 15 14 0 0 0

Median 92 87 91 100 100 100 5 4 4
Maximum 100 100 100 93 91 99 24 24 24
Mean 87 85 88 84 82 85 8 8.1 7.7

STD 14 14 13 18 22 22 8 8 8
CV 0.2 0.2 0.1 0.2 0.3 0.3 0.9 1.0 1.0
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Table 5. Spearman Rho correlation between performance indicators and rainfall characteristics, level
of statistical significance indicated between the parentheses.

RET (%) PA (%) Tdelay (h)
. —0.44 —0.75 —0.44
Rainfall depth (mm) (p <0.01) (p < 0.01) (p <0.01)
Average rainfall —0.31 —041 —0.44
intensity (mm/h) (p <0.01) (p <0.01) (p <0.01)
Peak rainfall —0.36 —0.26 —0.36
intensity (mm/h) (p <0.01) (p <0.01) (p <0.01)
. . —-0.15 —0.53 —0.15
Rainfall duration (h) (v > 0.05) ( <0.01) (> 0.05)
0.17 0.23 0.21
ADP (h) (v > 0.05) (p > 0.05) (p > 0.05)

The mean event RET achieved was 87%, 85%, and 88% for plots A, B, and C. These
retention values are comparable to those from previous studies on non-productive intensive
green roofs [26,27]. In this study, stormwater was entirely retained in the substrate and
the storage layers for storms smaller than 5 mm. The minimum retention ranged from
45 to 48%, observed for an 8-h storm with a rainfall depth of 39.4 mm and peak intensity of
12 mm/h. The data analysis showed that retention negatively correlates with rainfall depth
(rs = —0.44) as well as the average and peak rainfall intensities (rs = —0.31; rs = —0.36),
indicating that there is an inverse relationship between rainfall depth and intensity, and
retention [28-30]. The median retention ranged from 78.2% to 87.8% for storms with a
rainfall depth between 10-20 mm. However, it was reduced slightly from 73.3 to 77.4%
for storms >20 mm. For storms with a rainfall intensity between 10-20 mm/h, the median
retention ranged from 65.6 to 78.9%.

The mean monthly C,, showed slight differences between the plots, as shown in
Figure 4. These differences are attributed to the dynamic nature of the farm, where crops
are continually planted and harvested. Average Cy. remained between 0.10-0.20 in all
months except July, when plots A and B resulted in a Cy; of 0.30. July had extreme storms
with a total rainfall depth of 80.2 mm and an average of 4.1 mm/h intensity. Furthermore,
in July, several crops (pak choi, kohlrabi, cabbage, arugula, radish, turnip, garlic, onion,
callaloo, and chard) were harvested from plots A and B, resulting in a larger area of bare
soil and reducing the amount of rainfall intercepted by the crops. Although a few other
crops were harvested from plot C in the same month, C,,; remained 0.20 but increased to
0.30 in August when additional crops were harvested.

Similarly, Cy, increased to 0.20 in plot A in September when okra, eggplant, tomato,
pepper, potato, and tobacco were harvested. Beet and spinach were harvested at the end of
the month, and weeding was performed in plot B, leading to an increase in Cy during
October. All crops were harvested by the end of October, and cover crops completely
covered the farm. Analysis of the rainfall events in November demonstrated that the cover
crop treatments (rye-only, rye-straw, and straw-only) have the same impact on retention
as they all resulted in a C,) of 0.20. In November, the cumulative rainfall was 28.2 mm,
and the cumulative discharge was 4.71 mm, 4.78 mm, and 4.93 mm from the plots that had
rye-only, rye-straw, and straw-only, respectively.

A local study on an extensive green roof with a 140 mm substrate reported a Cy of
0.45-0.55 [5]. Another local study on 100-150 mm modular extensive green roofs found a
Cyo1 0of 0.40 for mineral-based substrates and 0.30 for biologically-derived substrates [7].
The farm in this study is situated over an intensive blue—green roof where the substrate is
double of that reported in the previous studies. The large drainage layer under the substrate
promotes water storage and evapotranspiration [15,31]. These observations demonstrate
that retention in green roofs can be further increased by 28-78% with larger substrates and
drainage layers.



Water 2022, 14, 1700

10 of 22

Volumetric runoff coefficient, Cvol

0.4

0.3

0.2

0.

[

I 1
N FITY

June July August September October November

Vertical bars represent standard deviation

Plot A H Plot B H Plot C

Figure 4. Monthly mean C,, for the three plots at the rooftop farm.

The mean PA achieved by plots A, B, and C were 84%, 82%, and 85%, respectively.
Twenty events had a PA higher than 90%, corresponding to small rainfall events with less
than 7 mm depth. Median PA was in a 74-77% range for events >10 mm and significantly
reduced to 28-42% for events >20 mm. The least peak attenuation was 14-15% following
an 8-h storm with a rainfall depth of 23.2 mm and peak intensity of 9.6 mm/h. In a
past study in Toronto, Canada, peak discharge attenuated by green roofs with a 250 mm
substrate was 58% for events >10 mm [32]. Soulis et al. [33] reported a 51-81% peak
attenuation range, which varied based on substrate depths. Data analysis indicates that
peak attenuation strongly inversely correlates with rainfall depth (rs = —0.75) and, to a
lesser extent, with rainfall intensity (rs = —0.41). Voyde et al. [34] reported a high peak
attenuation of 93% but found through event-based analysis that this attenuation primarily
depends on rainfall characteristics, including rainfall depth and intensity. Interestingly,
rainfall duration was found to have a statistically significant inverse relationship with peak
attenuation (rs = —0.53). Longer rainfall events increase the chance for the substrate to
reach its field capacity, after which the peak attenuation becomes severely diminished [35].

Monthly analysis shows that the mean peak attenuation achieved by the three plots
mirrored each other (Figure 5). Given that peak attenuation depended on rainfall character-
istics, July’s extreme storms have resulted in a markedly lower PA for all plots. When all
crops were harvested in November, plot A, which had the rye-only treatment, had a mean
PA of 76.7%, slightly lower than plot C, which had the straw-only treatment and a mean
PA of 82.8%. Since discharge from green and blue—green roofs does not occur until field
capacity is reached, the high PA values suggest that the expanded drainage layer provides
additional storage to that available in the substrate. Therefore, the discharge drains from the
substrate and flows into the drainage layer upon reaching the field capacity. It only leaves
the roof at slower rates when the total storage capacity is reached, consequently reducing
peak discharge. Improved peak attenuation in blue-green roofs provides a solution to the
limitation of insufficient storage in conventional extensive green roofs, as pointed out by

Martin and Kaye [36].
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Figure 5. Monthly mean PA for the three plots at the rooftop farm.

Peak discharge from all plots was significantly delayed relative to peak precipitation.
The mean Tgelay was 8,8.1, and 7.7 h for plots A, B, and C, respectively, over the growing
season. These delays are substantially longer than the broad range of peak delays reported
in the literature, which vary from 10 min to 2 h [28,37]. Soulis et al. [33] observed peak
delays from 10-30 min over 80-100 mm green roof substrates and attributed these low
values to the high hydraulic conductivity and short thickness of the substrates. In their
study, the substrate hydraulic conductivity was 0.01 cm/s, but it is twice as high in this
study, with a value of 0.02 cm/s. These observations suggest that a larger substrate and
drainage layer could overcome the limitation of substrates” high hydraulic conductivities
by giving the water a longer path to move in the substrate and storage space to detain in the
drainage layer, consequently extending runoff response and delay. In addition, the rooftop
farm’s substrate has high organic matter content (>25%), which results in more stormwater
retention, as reported in other studies [7]. Enhanced stormwater retention leads to a delayed
response time. However, Tgelay varied between monitored events; the coefficient of variation
ranged from 0.9 to 1.0, indicating a significant dispersion. Tgelay varied based on rainfall
characteristics, and through correlation analysis, it was found that Tgelay had an inverse and
equal correlation with rainfall depth (rs = —0.44) and intensity (rs = —0.44).

The mean monthly Tgejay showed differences between the plots during months of
planting and harvesting activities (Figure 6). Generally, the smallest peak delay occurred in
July and October, with a median delay of 1.7 h and 3.3 h, respectively. The most intense
events occurred in July with a mean rainfall intensity of 4.1 mm/h, whereas the largest
rainfall depth (103.4 mm) and the highest number of events were delivered in October. In
October, the Tgelay in plot C was almost half of that achieved on plots A and B, which can
be attributed to harvesting pak choi, kohlrabi, radish, and the deep-rooted summer squash.
In June, the median Tgejay was 11 h and was consistent in all plots. Tgelay in August was 2h
longer in plot B than plots A and C, but became significantly shorter in September when
numerous plants were harvested, including salad mix, beet, spinach, and the self-sowing
milkweed and quickweed.
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Figure 6. Monthly mean Tdelay for the three plots at the rooftop farm.

Interestingly, the use of cover crops seems to lead to extended peak delays. Tgelay
in November was 13 h and 11 h for rye-only and straw-only plots. The mixed treatment
“rye-straw” resulted in a higher Tgelay 0f 17.5 h. A possible reason for this difference in
performance is that plot B was the last plot shielded with cover crops, and therefore the
beds in this plot were the least compacted and still highly porous, promoting a rapid
runoff response.

Several case studies found that vegetated green roofs improved detention perfor-
mance compared to unvegetated substrates [38]. These observations suggest a significant
association between peak delay and vegetated and unvegetated green roofs. However,
some plant species may adversely impact detention and peak delay due to their roots’
creation of preferential flow paths [39]. Since the planting strategy on the rooftop farm
used in this study is driven by economic and social returns rather than hydrologic goals,
understanding the complex processes between individual plant species and hydrologic
performance requires isolated treatments outside the scope of this study.

There were no significant correlations between ADP and all hydrologic performance
indicators. In past case studies, ADP created an opportunity for plants to deplete soil
moisture through evapotranspiration, thereby maximizing substrate storage for subsequent
rainfall events shown through better hydrologic performance, including retention [39].
The absence of a relationship between ADP and the hydrologic indicators is attributed to
persistent wet conditions in the substrate due to passive irrigation uptake from the drainage
layer. Volumetric water content (VWC) on all plots remained between 0.4 to 0.6 m®/m?3
and only occasionally dropped to 0.3 m?/m?® during long ADP. These findings present
trade-offs between green roof substrates that restore their storage capacity during long
ADP and blue—green roof substrates in which storage capacity is partially diminished, and
the hydrologic performance is more driven by the drainage layer.

The slight differences in the retention and detention performance indicators following
the harvesting activities between the three plots that were planted with different crops
and species suggest that the plant selection on farmed blue—green roofs have a minimal
impact on hydrologic performance, aligning with the results of past studies on conven-
tional green roofs [7,40,41]. Plant selection in green roofs was found to impact hydrologic
performance only when studied in isolation [42,43]. The findings prove that the substrate
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and drainage layer are more influential design parameters than plant selection on the
hydrologic performance.

3.2. Thermal Performance

Over the monitoring period, the general weather conditions at the rooftop farm,
summarized in Table 6, indicated that ambient temperature consistently increased from May
to August, with the highest mean monthly temperature observed in August. Throughout
the day, relative humidity was highest during night and lowest during midday except
during rainfall events, when it used to exceed 90%. July and August were more humid
than May and June. Average wind speeds were higher in May and June than in July and
August. However, overall wind speeds on the rooftop were significantly lower than those
recorded from nearby meteorological stations. One reason for the lower wind speeds on
the rooftop is the blockage effect created by surrounding high-rise buildings, a problem
that usually magnifies the UHI [3].

Table 6. Monthly climatic conditions at the rooftop farm.

Parameter Statistic May June July August
Ambient Min 2.8 13.2 14.8 16.0
Temperature Mean 16.1 22.3 22.3 24.6
(°O) Max 317 33.9 33.7 324
Relative Min 25.1 20.3 33.1 33.2
Humidity Mean 56.1 60.3 70.6 68.4
(%) Max 93.4 94.4 97.1 91.9
Wind Min 0.0 0.0 0.0 0.0
Speed Mean 2.2 22 1.3 1.1
(km/h) Max 16.2 18.0 144 10.8

Figure 7 depicts the mean daily Ty5 above the plants and the control roof over the
entire season. Air temperatures above the selected plant species at the rooftop farm were
consistently lower than those observed above the control roof. However, there were
significant differences in the magnitude and timing of cooling and variations across their
vertical profiles. May was not a hot month compared to subsequent months, and the plants
were in their initial growth stage; two factors explain why the air temperatures above the
plants were not noticeably different from that above the control roof. Starting from June,
the cooling was more evident and continued to increase until the end of August, despite
differences in the temperature reductions achieved by the different plants. Analyzing T
demonstrates that the plants and the control roof followed the same lower elevation pattern,
but the overall cooling magnitudes were lower.

Each plant was individually assessed for its thermal effects over its growing period.
Figure 8 shows the mean TR;5 and TR¢g achieved by the plants over their entire growing
periods. At 15 cm elevation, the planting of okra, tobacco, and beet resulted in the same
air-cooling of 2.5 °C. However, these magnitudes were lower at the 60 cm elevation, with
the highest difference observed in beet, followed by tobacco and okra. Cooling of air tem-
peratures above green roofs was restricted by distance in past studies [44—46]. Air-cooling
variation across vertical profiles is attributed to vegetation shading and evapotranspira-
tion [45,47]. Squash, potato, and milkweed generated mean air-cooling of 1.4 °C at the
lower elevation, which was reduced to 1.1 °C, 1.0 °C, and 0.6 °C, respectively, at the higher
elevation. The quickweed provided the slightest mean cooling with only 0.5 °C on both
elevations, indicating that the cooling above this plant collection might have been more
influenced by the bare soil evaporative cooling than its features.
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Figure 8. Mean temperature reductions for all plants.

On an hourly basis, the thermal effects of the plants varied between the daytime and
the nighttime. Figure 9 shows the diurnal pattern for TR5 determined by averaging hourly
Ty5 over the entire growing period. All plants showed a cooling effect during the daytime;
air temperature reductions started at 11:00 and continued rising until they peaked between
15:00 and 16:00. Following that, the air temperature reductions decline, creating a relatively
bell-shaped diurnal pattern. Except for tobacco, beet, and okra, all plants produced a second
but smaller cooling peak between 20:00 and 21:00. The thermal performance then followed
a declining pattern until early morning, and the cooling remained between 0.4-1.2 °C.
However, quickweed and milkweed generated an early-day warming effect (i.e., the air
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temperature above the plant is higher than the control roof) starting from 3:00. Potato
showed a warming effect at 8:00, reaching a peak warming effect of 3.1 °C at 9:00. All other
plants showed a delayed warming effect at 10:00, with squash and quickweed warming the
air by 1.7-2.2 °C, whereas all other plants’ warming effect was <1 °C.
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Figure 9. Hourly TRy5 for each plant during the day.

Several studies reported maximum cooling in the evening or nighttime [48], but others
reported maximum cooling during the daytime [45,49]. At nighttime, it was found that
higher spatial and vertical greenery coverage leads to a lower cooling effect [50]. The diurnal
patterns in this study can be interpreted by understanding the driving factors of near-
surface cooling performance. During the day, the control roof, made of a dark impermeable
concrete surface, absorbs solar radiation, resulting in increased surface temperature and
influencing the air temperature above [3,44]. When the solar radiation is highest in the
afternoon, the control roof reaches its maximum temperature and does not dissipate
heat due to the heat-sink effect [51]. On the contrary, vegetated green roofs provide a
cooling effect due to leaf transpiration, soil evaporation, and shading [44]. Vegetation
regulates the transpiration rate to avoid overheating damage, whereas the portion of
solar radiation that penetrates the canopy reaches the soil surface, promoting evaporative
cooling [52]. These observations rationalize the substantial peak of the near-surface air-
cooling in the afternoon.

A possible reason for the decline in cooling after 15:00 could be the reduced transpira-
tion rate, since stomata eventually close when they reach higher temperatures to prevent
excessive and further water loss [53]. A similar pattern was found in Zhang et al. [54], who
attributed the weaker cooling after peak hours to only vegetation shading or soil moisture
evaporation, not plant transpiration.

The second and smaller peak cooling results from the long-wave radiation of thermal
energy accumulated in the control roof and is primarily apparent in the evening rather
than an increase in latent cooling on the rooftop farm surface, as explained by Meyn and
Oke [55]. During the night, the bare concrete control roof continues giving up the heat
stored during the day, and by early morning, the surface completes its thermal dissipation
and becomes cooler [3]. In contrast, the trapped air under the canopy in the early morning
increases air temperature near the soil surface [52], producing a warming effect between
8:00-10:00, just before the rooftop farm resumes its diurnal thermal cycle again.
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The hourly analysis of TR¢( (Figure 10) shows that the diurnal cooling and warming
patterns and the timing of the peaks were consistent with TRy5, except that the magni-
tudes were different. At 60 cm elevation, okra was the only plant to show a higher peak
air-cooling at the higher elevation with a magnitude of 9.1 °C. However, warming was
dramatically increased and extended after midnight with a maximum warming effect of
4.4 °C. Maximum and minimum cooling and warming effects did not change for beet at the
higher elevation. However, after midnight, the warming persisted from 3.2 to 4.0 °C and
only steeply returned to zero at 8:00. Compared to the lower elevation, potato, milkweed,
quickweed, and tobacco had a cooling reduction ranging from 39 to 26%, whereas squash
had a more significant cooling reduction of 62% at the higher elevation.
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Figure 10. Hourly TRgg for each plant during the day.

Shading and plant coverage over bare soil and their effect on temperature reduction
has been reported [10,56,57]. The more significant diurnal cooling of okra can be attributed
to shading, which reduces air temperatures under the canopy. In contrast, the cooling of
the short-height beet is owed to plant coverage, since beet occupies a larger vegetation
cover over the soil. Furthermore, it is crucial to note that transpiration driven by wet
conditions and weather characteristics influences all plants’ previous seasonal and diurnal
cooling patterns. The spot measurements of plant stomatal conductance in August, shown
in Figure 11, revealed that stomatal conductance varies within the plant species and under
drought and wet conditions. When irrigation was withheld for a week, and no rainfall
occurred, the highest stomatal conductance observed was by okra, tobacco, and milkweed
with a range of 295.5-481 mmol/ (mz.s), whereas squash, potato, and quickweed had
a lower range of 121.6-265.5 mmol/(m?2.s). After receiving 8 h of drip irrigation, the
measurements showed that plants with the least stomatal conductance during drought
conditions experienced a tremendous increase in stomatal conditions, with potato, squash,
and milkweed having an average percentage increase of 100%, 81%, and 70%, respectively.
Okra and tobacco had a moderate increase of 38% and 49%, indicating their excellent
transpiration efficiency during drought conditions and that irrigation is not as impactful
on them as other species. The higher stomatal conductance led to a noticeably near-surface
cooling presented in TR15 in all plants and, to a lesser extent, in TRy,
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Figure 11. Stomatal conductance measurements on 4, 18, and 23 August and air temperature
reductions on both elevations.

Stomatal conductance measures gases and transpiration, and, therefore, higher stom-
atal conductance indicates higher transpiration [58]. The three spot measurements were
taken during the peak hours (13:00-15:00) when okra’s diurnal TRg( usually is higher than
TRi5. However, after receiving irrigation, okra has a TRys5 of 9.6 °C, higher than the TRy
of 7 °C. A possible interpretation of this finding is that irrigation promotes soil cooling
through evaporation, more significantly impacting near-surface cooling than distant points
on the vertical profile, as found in Maclvor et al. [10] and Wong et al. [44]. Finally, although
milkweed had the weakest response to irrigation with only a 14% increase in stomatal
conductance, air temperatures were considerably reduced at both elevations after irrigation,
probably due to substrate evaporative cooling and overall cooling of the farm.

Analysis of soil temperature data clearly shows the impact of the individual plant on
daily substrate fluctuations (Figure 12). The general picture emerging from the analysis
is that plant species that contribute less to air temperature reduction have the slightest
thermal fluctuations in their substrates. The least TAS was achieved by potato with only
1.8 °C. TAS for milkweed, squash, tobacco, and beet ranged from 2.2 to 2.6 °C. Despite its
excellent air-cooling efficiency, okra achieved a TAS of 3.2 °C, providing evidence that the
thermal response of plant species is complex, and their performance could be adequate
in one indicator and limited in another. Quickweed achieved a TAS of 3.3 °C, the highest
thermal fluctuation observed over the entire season.

Teemusk and Mander [59] found significant temperature fluctuations in a 100 mm
substrate layer of a green roof compared with a bituminous roof surface. However, this
study did not measure the temperature fluctuations within the surface of the control roof,
which would probably be higher than the least-performing plants on the rooftop farm.
Furthermore, the observed TAS values in this study are relatively lower than those reported
in the literature. In Ottawa, Canada, the green roof reduced the membrane temperature
fluctuations with a median amplitude of 5-7 °C [60]. Nevertheless, despite the advantages
of the expanded drainage layer in the blue—green roof on the outdoor microclimate and
substrate-level thermal regime, it is hypothesized that the persistent wet conditions may
negatively impact indoor temperatures. The extra wet conditions in the substrate could
increase the membrane surface temperature slightly due to higher thermal conductivity [58].
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Figure 12. Temperature amplitude of substrate with different plants.

Weather characteristics also influence the thermal performance of green roofs, as past
studies have shown [61]. Table 7 presents Pearson correlation coefficients between key
weather parameters, including relative humidity, wind speed, solar radiation, and air and
substrate thermal indicators. Soil moisture is also included in the analysis since it may
influence the thermal regime of green roofs.

Table 7. Pearson correlation coefficients between weather parameters and thermal indicators. Level
of statistical significance is indicated between the parentheses.

Thermal Weather Parameter
Indicator Relative Humidity Wind Speed Solar Radiation Soil Moisture
TRs —0.14 0.02 0.28 —-0.19
(p < 0.01) (p > 0.05) (p < 0.01) (p < 0.01)
T —-0.23 —0.05 0.34 —0.19
15 (p <0.01) (p > 0.05) (p < 0.01) (p <0.01)
TR —-0.15 0.01 0.18 —0.01
60 (p <0.01) (p > 0.05) (p < 0.01) (p > 0.05)
T 0.01 —0.03 0.21 —0.05
60 (p > 0.05) (p > 0.05) (p <0.01) (p > 0.05)

Overall, correlations between weather parameters and thermal indicators are notice-
ably low, despite being significant in many relationships. There were negative correlations
between relative humidity and air temperature reductions aligning with the results of
Jim and Peng [61]. As air temperature reduces, it can hold fewer water molecules, and
subsequently, its relative humidity increases. Solar radiation positively and significantly
correlated with air temperatures and reductions of both elevations above the substrate.
Higher solar radiation leads to higher air temperature, but prolonged periods with solar ra-
diation trigger evapotranspiration in plants and soil, which explains the positive correlation
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between solar radiation and TR5 and TRgp, However, this relationship weakens at a higher
elevation. Correlations between wind speed and thermal indicators were all statistically
insignificant. Analysis of meteorological data shows that wind speeds were always low
and vastly lower than nearby stations due to surrounding buildings, the mechanical room,
and two penthouses on the northern and southern sides of the rooftop.

Soil moisture had a low but statistically significant correlation with T15 and TR;5 but no
relationship with Tgg and TRgp. Soil moisture is believed to be a critical factor in influencing
thermal performance, but there have been some conflicting findings in the literature, as
Lillian et al. [46] described. Increased soil moisture reduces near-surface air temperature
influenced by surface temperature reduction due to evapotranspiration. However, the
negative relationship between soil moisture and TRj5 in this study is explained by the
fact that the rooftop farm only received irrigation a few times in June and August. Most
sudden soil moisture rises were caused by rainfall, resulting in a sudden decrease in the
control roof’s concrete surface temperature [62]. The weak correlations are attributed to
the unique feature of the blue—green roof, where the soil is wet most of the time due to
passive irrigation from the expanded drainage layer. The opposite trend is observed in
typical green roof studies because substrates become completely dry in a cyclic process,
resulting in a more apparent relationship between soil moisture and thermal indicators
upon receiving irrigation or rainfall.

4. Conclusions

The current lack of in-field tested studies on blue-green roofs and rooftop farms
creates uncertainties about their performance and impedes their implementation. This
study evaluated the hydrologic and thermal performance of a full-scale farmed blue—
green roof in Toronto, Ontario, Canada, based on field monitoring carried out over an
entire growing season. Based on the analysis of this study, the following conclusions can
be drawn:

e  Farmed blue-green roofs have the potential to provide adequate stormwater manage-
ment through maximized retention and peak attenuation and extended peak delays.
Overall, the rooftop farm had mean retention, peak attenuation, and peak delay ranges
of 85-88%, 82-85%, and 7.7-8 h.

e The monthly analysis demonstrated that planting and harvesting activities could
slightly impact hydrologic performance. Monthly volumetric runoff coefficients in-
creased by 0.10 in plots subjected to major harvesting but generally remained between
0.10-0.20 except during intense storms, where they reached 0.30.

e Rainfall characteristics (depth, intensity, duration) correlated with all hydrologic
performance indicators. Retention and peak delays were mainly influenced by both
rainfall depth and intensity. However, peak attenuation was significantly governed by
rainfall depth and lesser by duration and intensity.

e  Fach investigated plot was planted with different species belonging to different fam-
ilies. However, the hydrologic performance was similar in all plots, indicating the
performance was primarily driven by the intensive organic substrate and the expanded
drainage layer rather than the plant selection.

e  Cover crops resulted in a hydrologic performance similar to the cultivated crops,
providing stormwater management advantages in addition to their known benefit of
protecting the soil.

e  Opverall, the air temperatures above all the plant species were lower than the control
roof. At 15 cm elevation, the air temperature difference above okra, tobacco, and
beet was 2.5 °C, whereas above squash, potato, and milkweed it was 1.4 °C. These
magnitudes were lower at the higher elevation, indicating restriction of cooling by
distance on the vertical profile.

e Maximum and moderate air-cooling effects were observed in the afternoon and
evening. However, a warming effect was observed in the early morning. Differences
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in cooling effects are attributed to each plant’s features, including height, coverage,
and shading.

e Irrigation influenced stomatal conductance and consequently transpiration, resulting
in observable air-cooling compared to drought scenarios. However, the investigated
plants differed in their physiological responses to irrigation.

e  The slightest substrate temperature fluctuations were observed in potato (1.8 °C), fol-
lowed by milkweed, squash, tobacco, and beet (2.2-2.6 °C). While the air temperature
was the lowest above okra, its substrate temperature amplitude was higher than other
plants, suggesting more thermal fluctuations.

e  The mean air-cooling above quickweed was only 0.5 °C, and the temperature ampli-
tudes of the substrates containing these plants were the highest, implying limited
thermal benefits to the microclimate.

e  Correlations between weather characteristics and thermal indicators were weaker than
in past studies, probably due to the boundary conditions of the study site.

Taken altogether, the findings of this study demonstrate appreciable hydrologic and
thermal benefits of farmed blue—green roofs. Therefore, the results provide encouragement
for a broader implementation of these novel systems to control urban stormwater and
improve microclimates. However, the expanded drainage layer in the blue-green roof and
the farming activities will significantly increase loads on buildings, creating a potential
structural challenge. While passive irrigation from the drainage layer in the blue-green
roof can improve farming, future research will have to clarify whether this feature would
still benefit shallow-rooted crops on intensive substrates. Furthermore, future research will
need to examine the hydrologic and thermal performance of farmed blue-green roofs with
extensive substrates since the latter is a more favorable option considering load restrictions
on buildings.
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