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Abstract

Rainfall retention and runoff detention are the key hydrological processes that reduce
runoff from green roofs. This study aims to quantify and model the hydrological response
of nine combinations of growing substrates and drainage layers for extensive green roofs.
Retention and detention capacities were evaluated using laboratory column experiments
under two extreme initial moisture conditions—air-dried (D) and field capacity (W)—and
three rainfall intensities (30, 60, and 100 mm h−1). Regardless of the substrate–drainage
combination, retention capacity, WR, was significantly higher under dry conditions than
under wet ones. Under wet conditions and rainfall intensity of 30 mm h−1 (30 W tests), the
mean WR value (5.2 mm) was significantly lower than those recorded at higher intensities
(14.3 and 14.2 mm, for 60 W and 100 W tests, respectively). Detention capacity, WD, was less
influenced by initial moisture and rainfall intensity, with mean values ranging from 7.4 to
10.9 mm. The distinct hydrological responses of green roof columns in the two antecedent
moisture conditions were attributed to contrasting infiltration mechanisms: capillary flow
dominated under dry conditions, while gravity-driven preferential flow prevailed under
wet conditions. The application of a simple reservoir-routing model revealed that the
AgriTerram (AT)—expanded perlite (EP) combination achieved the greatest reduction in
total outflow volume and peak runoff. Under wet initial conditions, no single configuration
clearly outperformed the others. This study highlights how the combined use of simu-
lated rainfall experiments and a reservoir-routing model enables the identification of the
most effective combination of substrate and drainage system to improve the hydrological
performance of green roofs.

Keywords: rainfall retention; runoff detention; substrate; drainage layer; simulated rainfall;
reservoir-routing model

1. Introduction
Anthropogenic soil sealing—resulting from the progressive substitution of pervious

surfaces with impervious materials, such as roads, parking lots, or buildings—alters the
natural hydrological cycle [1]. This process inhibits water infiltration and soil absorption,
resulting in a significant increase in both the peak and volume of stormwater runoff. It also
shortens the lag time between peak rainfall and peak runoff compared to natural areas,
thereby heightening the risk of pluvial flooding [2–4]. To counteract the negative effects of
soil sealing, several natural water retention measures (NWRMs) can be adopted, including
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green roofs [5,6]. A green roof, also called vegetated rooftop or eco roof, is a vegetated
system made on impermeable structural supports, such as floors or roofs of buildings,
which, apart from managing the quantity and quality of runoff, bring multiple benefits
such as mitigation of “heat islands” [7], remediation of soil and water [8,9], reduction in
noise levels [10], improvement of air quality [11], rise in biodiversity [12], thus improving
the quality of life in urban and peri-urban areas. Typically, it consists of four main layers,
from bottom to top: a drainage layer, a filter layer that prevents the loss of soil particles, a
substrate (or growing medium) layer, and a vegetation layer [13]. The active presence of a
soil–plant system facilitates, through the processes of infiltration, retention, and evapotran-
spiration, the capture of water and the return to the atmosphere of a significant portion
of precipitation. An extensive green roof can retain, on average, between 40% and 60% of
the annual amount of rainwater. However, its retention capacity may vary and be lower in
response to isolated extreme precipitation events [14–16].

Green roof mitigates stormwater effects through two main hydrological processes:
the rainfall retention capacity, i.e., the rainfall volume stored by the substrate that is lost
through evapotranspiration, and the detention of runoff, i.e., the transient precipitation
storage resulting in a delay and reduction in the peak flood output [17,18]. Both these
processes are closely conditioned by the physical and hydraulic properties of the substrate–
drainage system.

The substrate typically consists of mineral and organic components blended in varying
proportions to maximize water retention for crop supply, while maintaining efficient
drainage to prevent surface ponding and structural overload [19,20]. The drainage layer
aims to drain the excess of water from the substrate, allowing a suitable equilibrium
between air and water in the root zone. It can be formed from either granular materials—
such as pozzolana, pumice, lapilli, expanded clay, expanded perlite, or crushed bricks—or
modular plastic panels (polyethylene or polystyrene), with cavities for water storage and
holes to drain the surplus water [21].

The retention capacity of the substrate is influenced by the pores size distribution,
while the detention capacity depends on the hydraulic conductivity that defines the ability
of the substrate to transmit water downward. However, the hydrodynamic response of a
green roof also depends on several other factors, including the depth of the substrate, the
vegetation cover, the slope of the roof, the rainstorm characteristics such as intensity and
duration, and the presence and properties of the drainage layer [13,22,23].

Therefore, a joint characterization of the substrate–drainage system is essential for
understanding its combined effect on green roof performance. Existing studies often
adopt a predetermined drainage layer, without systematically evaluating its interaction
with the substrate [12,24,25]. This highlights the need for an integrated approach that
considers the coupled behavior of both components, as their appropriate combination is
crucial for optimizing the hydrological response of the green roof and ensuring its health
and durability [26,27]. Retention and detention capacity can be evaluated experimentally
through simulated rain tests conducted on laboratory columns [24,28–30].

To develop applicable tools for predicting green roof hydrology across diverse climates,
mechanistic and conceptual models have been applied to the simulated rain tests [23,24,31].
Physically based approaches utilizing numerical solutions of the Richards’ equation have
proven effective [32–34]. However, these models require an accurate physical and hydraulic
characterization of the substrate, which is often hard to obtain, while green roof design
demands simpler, efficient, and easily integrable models [35].

Kasmin et al. [36] proposed a conceptual rainfall-runoff model based on a reservoir-
routing approach. A similar approach to extensive green roof modeling was proposed by
Locatelli et al. [37]. The reservoir-routing model was applied under temperate climatic
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conditions to evaluate the influence of substrate compositions and vegetation treatments
on the hydrological performance of extensive green roof test beds [38–40]. It proved to
yield reasonable runoff estimations and vertical moisture profiles comparable to those
from a one-dimensional numerical solution of the Richards’ equation [41]. Skala et al. [42]
considered the reservoir-routing approach more appropriate for extensive green roofs than
other hydrological models, due to its better representation of rapid responses in thin soils.

So far, limited attention has been paid to assessing how the combination of substrate
and drainage layers affects the retention and detention performance of green roofs during
intense rainfall events. This study aims to fill this gap by evaluating the joint influence of
different substrate and drainage configurations on the retention and detention capacities of
nine green roof columns exposed to simulated heavy rainfalls. The experimental design
includes three rainfall intensities and two contrasting initial moisture conditions—air-dry
and wet (close to field capacity)—to systematically explore how these variables shape the
hydrological response of the substrate–drainage system. The goal is to identify optimal
design combinations tailored to the specific needs of Mediterranean climate conditions.

2. Materials and Methods
2.1. Experimental Setup

Laboratory tests were carried out at the Department of Agriculture, Food and Forestry
Sciences of the University of Palermo, Italy. The experimental setup (Figure 1) includes
a rainfall simulator consisting of 45 hypodermic needles (22 Gauge, diameter of 0.7 mm)
distributed over an area of 314 cm2 connected to a loading tank that could be adjusted in
height to modify the rainfall intensity. Two load cells (AZ 0-10 with full scale of 100 kg
and measurement error ≤ ±2%) were used for continuous monitoring of the water content
of the green roof samples and measuring the outflow volume. The signal was acquired
automatically through a CR1000 datalogger (Campbell Scientific, Logan, UT, USA) at 10 s,
registered with the software LoggerNet and sampled at 1 min intervals after a 9-points
centered moving average smoothing.

 

Figure 1. Scheme of the experimental setup for simulated rain tests.

The rainfall simulator was preliminarily calibrated to determine the relationship
between the water head in the loading tank and the intensity of rainfall. Eight calibration
tests were conducted with water heads ranging from 0 to 12 cm, which corresponded to
rainfall intensities within the range from 30 to 200 mm h−1, under controlled temperature
conditions of approximately 20 ◦C. The relationship between water head and rainfall
intensity was found to be linear, with a coefficient of determination, R2, equal to 0.9986.

Green roof columns (Figure 1) were prepared into plexiglass cylinders, with an internal
diameter of 19.4 cm, equipped with a central drainage hole (ϕ = 20 mm) at the bottom to
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collect the outflow volume. The size of the drainage hole ensured that outflow at the base
of the column was not restricted, regardless of the drainage layer used. Nine combinations
of drainage layers and substrates were considered (Figure 2). Specifically, three substrates
were combined with three drainage layers, each having constant thicknesses of 10.0 cm and
4.0 cm, respectively. The total height of the experimental columns was therefore less than
15.0 cm, which is commonly considered the maximum thickness for an extensive green
roof. A thin geotextile (<1 cm) made of polypropylene was used to prevent fine particles
from the overlying substrate from being washed into the drainage layer.

Figure 2. Growing substrates (top) and drainage systems (bottom) employed in the study.

The three drainage layers tested (Figure 2) consisted of: (i) a preformed stratified
system “MediDrain MD 25” (MD) (Harpo Verdepensile, Trieste, Italy) (ii) a mineral layer
composed by commercial expanded perlite (EP) (Perlite Italiana, Corsico, Milano, Italy)
and (iii) an expanded clay (EC) balls layer (Leroy Merlin, Rozzano, Milano, Italy) [43].
Three commercial substrates with different characteristics were tested (Figure 2), i.e., “Terra
Mediterranea” (TMT) and “Terra Mediterranea Light” (TML), both produced by Harpo
Verdepensile, and “AgriTERRAM® TV” (AT), a substrate made by Perlite Italiana [44].

The water retention curves of the three substrates were determined by the Wind
evaporation method [44,45] and the pressure plate apparatus [46], and the resulting data
subsequently fitted using the unimodal van Genuchten model [47]. The volumetric water
contents at saturation, θS (0 kPa), at field capacity, θFC (−10 kPa), and at the permanent
wilting point, θPWP (−1500 kPa) of the three substrates are shown in Table 1, along with
other relevant physical characteristics.

One-hour rainfall events with intensities i = 30, 60, and 100 mm h−1 were selected,
corresponding, respectively, to return periods of 2, 20, and 500 years for the city of Palermo.
To evaluate the hydraulic performance of the green roof under extreme climatic conditions,
the first simulated rainfall event was applied to air-dried samples (D). This condition was
considered representative of severe summer drought occurring in a Mediterranean climate.
After 24 h, a second rainfall event was conducted to assess the hydrological response
of the system under wet conditions (W). This condition corresponded to the substrate
field capacity and was considered representative of the most critical scenario in terms
of hydraulic behavior. To ensure consistent initial conditions for each rainfall sequence,
distinct samples were used for each substrate/drainage layer combination. A total of
27 green roof columns were prepared, resulting from the combination of three substrates,
three drainage layers, and three rainfall intensities. Each sample was subjected to two
rainfall simulations (dry and wet initial conditions), yielding a total of 54 tests. Experiments
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were not replicated, as the relatively high sample volume (≈3000 cm3) was deemed to be
representative of the real field conditions [28,29].

Table 1. Main characteristics of the materials used to prepare green roof columns (BD = bulk
density; θS = volumetric water content at saturation; θFC = volumetric water content at field capac-
ity; θPWP = volumetric water content at permanent wilting point; EC = electrical conductivity of
1:5 aqueous solution).

Layer Identification Composition BD
(g cm−3)

θS
(cm3 cm−3)

θFC
(cm3 cm−3)

θPWP
(cm3 cm−3)

Porosity
(% V/V) pH EC

(ds m−1)

Su
bs

tr
at

e

Terra
Mediterranea

(TMT)

Green compost,
peat, lapillus,

pumice and zeolite
0.939 0.475 0.289 0.073 50−60 6.0−7.8 0.05−0.25

Terra
Mediterranea
Light (TML)

Lapillus, pumice,
Baltic peat and
green compost

0.826 0.513 0.251 0.068 60−70 7.5−8.0 0.30−0.50

AgriTERRAM®

TV (AT)

Peat, lapillus,
pumice, Agrilit

expanded perlite,
bark, coconut

fibres, special clays,
organic fertilizers

0.447 0.650 0.242 0.110 >80 6.0−7.0 0.40

D
ra

in
ag

e

MediDrain
MD 25 (MD)

Preformed
polystyrene - - - - - - -

Agrilit 1
expanded

perlite (EP)

Expanded perlite
with fine grain size 0.120 - - - >90 6.5−7.5 0.02

Expanded
clay (EC)

A balls of 100%
expanded clay with

controlled pH
0.360 - - - >80 6.5−7.0 0.80

Following De-Ville et al. [39], the retention capacity, WR (mm), of the green roof
columns was assumed equal to the depth of water, W (mm), remaining stored within the
sample one hour after the end of the precipitation (t = 2 h). It is given by the difference
between the total cumulative rainfall, Itot (mm), and the cumulative runoff, Rtot (mm).
The detention capacity, WD (mm), of green roof columns was estimated as the difference
between the maximum stored water Wmax, which was reached at the end of the rainfall
(t = 1 h), and WR. This volume represents the portion of precipitation that is temporarily
retained in the substrate during rainfall and released shortly afterward. Both WR and WD

were also expressed as a percentage of total rainfall and referred to as retention performance,
RP (%), and detention performance, DP (%). The runoff coefficient, RC (%), was calculated
as the ratio Rtot/Itot. The time elapsed between the onset of rainfall, and the start of runoff
represents the delay in green roof response, td (h). It is worth noting that, at t = td, the
stored rainfall is theoretically equal to WR (Figure 3).

 

Figure 3. Schematic representation of the hydrological response of a green roof.
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The reliability of the collected data was assessed by calculating the mass balance, MB
(%), as the ratio between the variation in water content stored in the substrate at the end of
the test [W (t = 2 h) − W (t = 0)] and the difference Itot − Rtot.

2.2. Simple Reservoir-Routing Model

The simple reservoir-routing model proposed by Kasmin et al. [36] was fitted to
the runoff data obtained from simulated rainfall tests. In this model rainfall is stored in
the green roof up to field capacity whereas excess rainfall is temporarily retained before
vertically generating runoff. At the end of the storm event, the temporary storage will
drain in a relatively short time until field capacity. The storage routing equation is:

Wt = Wt−1 + i∆t − r∆t (1)

in which W (mm) represents the stored moisture depth at a given time, i and r represent,
respectively, the rainfall intensity (mm h−1) and the runoff flow (mm h−1) out of the green
roof. The latter quantity can be estimated by:

r = k(Wt−1 − WR)
n (2)

in which k (mm1-n) and n (-) are the reservoir-routing parameters.
Under real conditions, the value of n can be assumed as a constant, being greatly

influenced by the construction characteristics of the roof, such as its slope and drainage
length. This allows the model to be simplified into a single scale parameter, k, which is
influenced by the substrate and vegetation [48]. However, in this study, due to the different
scale dimensions of the green roof columns, both model parameters k and n were estimated
by a fitting procedure, implemented into Microsoft Excel Solver, that minimizes the value of
the sum of squared deviations (SSD) between the predicted and the observed runoff values.
Initial losses (i.e., retention capacity) were removed from the monitored data to generate
a net runoff profile before applying the reservoir-routing model. In practice, the starting
point of the runoff hydrograph was translated forward in time by a duration corresponding
to td.

2.3. Statistical Analysis

According to the Lilliefors test [49], the measured WR and WD data followed a normal
distribution. A preliminary analysis was performed to assess the effect of initial mois-
ture conditions. Two datasets collected under different initial moisture conditions were
compared by a paired t-test, considering that the substrate–drainage layer combinations
remained consistent while varying the initial moisture conditions. Subsequently, the influ-
ence of rainfall intensity on retention, WR, and detention, WD, capacities was evaluated.
For the two datasets collected under dry (D) or wet (W) conditions, the influence of rainfall
intensity on WR and WD was statistically checked by comparing different rainfall intensities
(30 vs. 60, 30 vs. 100, and 60 vs. 100 mm h−1) by a paired t-test. Finally, the role of the
different substrate–drainage configurations on WR and WD was evaluated by a pairwise
t-test, homoscedastic or heteroscedastic according to the results of a preliminary F-test. All
statistical tests were conducted at a significance level of p = 0.05.

The considered conceptual model was evaluated by comparing simulated and mea-
sured runoff values [23]. For this purpose, according to Zhang et al. [22], the Nash-Sutcliffe
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Efficiency (NSE) [50], the coefficient of determination (R2), and the percentage bias (PBIAS)
were calculated for each simulated rainfall test.

NSE = 1 −
Σn

i=1

(
robs

i − rsim
i

)2

Σn
i=1

(
robs

i − robs
)2 (3)

R2 =

{
∑n

i=1 (robs
i −robs) (rsim

i −rsim)[
∑n

i=1(robs
i −robs)

2
∑n

i=1(rsim
i −rsim)

2]0.5

}
2 (4)

PBIAS =
∑n

i=1 rsim
i − ∑n

i=1 robs
i

∑n
i=1 robs

i
× 100 (5)

in which robs
i and rsim

i are the observed and the simulated runoff rates at time i, respectively;
robs and rsim are the mean values of the observed and simulated data, respectively.

3. Results and Discussion
3.1. Hydrological Performance of Green Roof Columns

The green roof columns exhibited a hydrological response that was strongly depen-
dent on both the initial moisture conditions and the simulated rainfall intensity (Table 2).
Regardless of the substrate–drainage combination, no runoff was observed for initial dry
conditions with a rainfall intensity of 30 mm h−1 (30 D). The green roof columns retained
the entire one-hour rainfall volume (i.e., WR ≥ 30 mm), indicating a delay in runoff forma-
tion exceeding 1 h. Detention capacity could not be determined, and the runoff coefficient
was zero. In more than half of the experiments considered (N = 45), the mass balance
did not exceed the generally accepted threshold of 90%. The observed discrepancies were
attributed to unforeseeable factors, such as variations in water temperature and sporadic
clogging of simulator needles during operation, that affected the actual rainfall intensity,
particularly under low-intensity conditions (Table 2).

For the experiments conducted under initial dry conditions at rainfall intensities of
60 mm h−1 (60 D) and 100 mm h−1 (100 D), the retention capacity was generally greater
than 30 mm and, on average, equal to 37.6 and 35.8 mm for 60 D and 100 D, respectively.
It is noteworthy that the WR values exceeded the substrate’s field capacity—ranging
from 24 to 29 mm (Table 1)—as a result of the additional water retention provided by the
drainage layer. For both rainfall intensities, the maximum value of WR was observed for
the TMT-EP combination and the minimum value for TML-MD one (Table 2). As expected,
the runoff formation was 0.56 times more rapid for 100 D compared to 60 D. In agreement
with WR values, td was maximum for TMT-EP and minimum for TML-MD. The detention
capacity, WD, was lower and approximately two times more variable than WR (Table 2).

The retention and detention performances and the runoff coefficients were affected
by the total cumulative inflow volume. Increasing the total cumulative rainfall from 60 to
100 mm, i.e., by a factor of 1.67, determined an average decrease in mean RP and DP by a
factor of 1.75 and 1.77, respectively, and an increase in mean RC by a factor of 1.65.

Under initially wet conditions (W), the mean retention capacity was considerably lower
and more variable than under dry (D) conditions (Table 2). The delay td did not follow a
clear trend with mean value at intermediate rainfall intensity (60 W) that was greater than
either at lower (30 W) and higher (100 W) intensities. Detention capacity showed mean
values comparable with those obtained under dry conditions, albeit with greater variability,
ranging from a mean of 7.4 mm at rainfall intensities of 30 and 60 mm h−1 to 10.9 mm at
100 mm h−1. In contrast to dry tests, a clear prevalence of a given substrate–drainage layer
configuration over the others was not detectable. For instance, the TMT-EP combination,
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which achieved the highest WR in the D tests regardless of the applied rainfall intensity,
showed its best performance only at 30 W (WR = 8.5 mm). The specific response of the
tests conducted on initially wet green roof columns was further confirmed by the trend of
performance parameters (i.e., RP, DP, and RC). Only the detention performance decreased at
increasing i, as expected, even if not at a proportional rate. At the highest rainfall intensity,
an increase in the inflow volume by a factor of 1.67 only determined a decrease in DP by a
factor of 1.13. The other two performance parameters showed the maximum (RP = 23.7%)
and the minimum values (RC = 77%) at the intermediate rainfall intensity.

Table 2. Hydrological response of green roof columns in initial dry (D) and wet (W) conditions,
at rainfall intensities of 30, 60, and 100 mm h−1 (td = runoff delay; WR = retention capacity;
WD = detention capacity; RP = retention performance; DP = detention performance; RC = runoff
coefficient; MB = mass balance).

ID td WR WD RP DP RC MB td WR WD RP DP RC MB
(h) (mm) (mm) (%) (%) (%) (%) (h) (mm) (mm) (%) (%) (%) (%)

30D 30W

TMT-MD ≥1.00 ≥30.0 n.d. 100.0 n.d. 0.00 n.d. 0.20 6.5 9.9 21.7 32.9 87.8 73.6
TMT-EP ≥1.00 ≥30.0 n.d. 100.0 n.d. 0.00 n.d. 0.18 8.5 9.1 28.3 30.4 90.5 79.5
TMT-EC ≥1.00 ≥30.0 n.d. 100.0 n.d. 0.00 n.d. 0.13 6.9 10.9 23.1 36.2 94.7 77.6
TML-MD ≥1.00 ≥30.0 n.d. 100.0 n.d. 0.00 n.d. 0.15 6.5 7.7 21.7 25.8 89.9 80.4
TML-EP ≥1.00 ≥30.0 n.d. 100.0 n.d. 0.00 n.d. 0.02 1.0 6.7 3.5 22.4 84.7 81.1
TML-EC ≥1.00 ≥30.0 n.d. 100.0 n.d. 0.00 n.d. 0.05 1.9 5.3 6.3 17.6 84.6 83.5
AT-MD ≥1.00 ≥30.0 n.d. 100.0 n.d. 0.00 n.d. 0.15 6.5 3.5 21.8 11.7 85.5 89.0
AT-EP ≥1.00 ≥30.0 n.d. 100.0 n.d. 0.00 n.d. 0.03 1.5 4.7 5.0 15.7 65.4 86.1
AT-EC ≥1.00 ≥30.0 n.d. 100.0 n.d. 0.00 n.d. 0.27 7.5 8.6 25.0 28.7 84.0 76.7

mean 0.13 5.2 7.4 17.4 24.6 85.2 80.8
CV (%) 63.5 55.2 33.9 55.2 33.9 9.7 5.9

60D 60W

TMT-MD 0.58 35.1 7.1 58.5 11.9 35.6 88.4 0.10 6.7 3.2 11.2 5.3 86.8 94.1
TMT-EP 0.78 52.4 8.5 87.3 14.2 19.5 88.5 0.10 7.3 4.9 12.1 8.2 87.5 92.2
TMT-EC 0.52 37.7 6.6 62.9 11.0 45.5 91.3 0.10 7.7 2.2 12.8 3.6 87.2 96.5
TML-MD 0.42 26.7 14.3 44.4 23.9 53.6 80.1 0.15 13.6 16.1 22.6 26.9 79.5 80.4
TML-EP 0.47 35.8 7.3 59.6 12.2 47.3 90.3 0.22 14.8 7.3 24.7 12.1 75.2 89.2
TML-EC 0.60 36.6 8.5 61.0 14.2 37.5 87.3 0.15 14.0 6.5 23.3 10.9 79.2 91.1
AT-MD 0.58 34.8 15.3 58.0 25.5 39.7 79.0 0.30 23.3 14.0 38.8 23.3 64.8 82.6
AT-EP 0.77 46.8 5.4 78.0 9.0 18.4 91.4 0.35 28.4 8.5 47.4 14.2 57.3 88.6
AT-EC 0.42 32.2 1.0 53.7 1.6 52.3 98.6 0.17 12.1 4.0 20.2 6.7 80.0 93.7

mean 0.57 37.6 8.2 62.6 13.7 38.8 88.3 0.18 14.2 7.4 23.7 12.4 77.5 89.8
CV (%) 23.7 20.4 53.1 20.4 53.1 33.1 6.7 50.0 52.0 64.7 52.0 64.7 13.4 6.0

100D 100W

TMT-MD 0.32 36.5 14.5 36.5 14.5 65.7 88.0 0.08 10.6 1.5 10.6 1.5 87.8 98.3
TMT-EP 0.47 51.1 5.0 51.1 5.0 45.6 94.9 0.08 9.3 9.4 9.3 9.4 90.5 91.2
TMT-EC 0.33 40.6 5.3 40.6 5.3 62.5 95.3 0.03 6.4 5.5 6.4 5.5 94.7 95.6
TML-MD 0.18 20.9 12.2 20.9 12.2 80.7 89.8 0.08 9.2 23.8 9.2 23.8 89.9 79.3
TML-EP 0.37 39.4 9.6 39.4 9.6 54.8 90.0 0.12 14.0 11.1 14.0 11.1 84.7 89.2
TML-EC 0.20 23.6 9.5 23.6 9.5 78.3 92.0 0.13 16.1 15.5 16.1 15.5 84.6 87.2
AT-MD 0.33 38.4 3.2 38.4 3.2 62.5 97.0 0.12 14.8 10.4 14.8 10.4 85.5 90.8
AT-EP 0.42 42.5 5.6 42.5 5.6 57.0 94.6 0.30 31.6 9.9 31.6 9.9 65.4 90.2
AT-EC 0.27 29.5 4.4 29.5 4.4 69.9 95.7 0.13 16.9 11.4 16.9 11.4 84.0 90.2

mean 0.32 35.8 7.7 35.8 7.7 64.1 93.0 0.12 14.3 10.9 14.3 10.9 85.2 90.2
CV (%) 29.1 26.8 50.7 26.8 50.7 17.4 3.4 61.9 51.6 56.8 51.6 56.8 9.7 5.9

The different hydrological responses of green roof columns under dry and wet condi-
tions can be attributed to the different mechanisms that govern infiltration in substrates.
Under dry conditions, water infiltration is mainly driven by capillarity that yields a more
uniform wetting of the porous medium. The retention capacity is not affected by the
rainfall intensity, and it approaches the maximum value (on average 35 mm, considering
the contribution of the drainage layer). Variability in WR is similar for the two tested
intensities and primarily depends on the substrate–drainage layer combination. Thanks
to a more uniform wetting of the sample, the runoff coefficient, as well as other green
roof performance parameters (RP and DP), was closely linked to the total inflow volume.
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Under wet conditions, a large portion of the substrate total porosity is nearly saturated,
which limits further water absorption [17]. Water primarily moves through the largest
interconnected pores, making infiltration primarily driven by gravity [51]. With reduced
available porosity, the retention capacity becomes lower and more variable, while rapid
preferential flows can trigger sudden runoff at the bottom of the sample. As a result, the
delay times are erratic and not closely correlated with rainfall intensity. The green roof de-
tention capacity—occurring when the substrate is at its field capacity—is mainly governed
by fast gravity-driven flows and was therefore similar under both initial conditions (D or
W). The observed differences were likely more influenced by the specific combination of
substrate and drainage layer.

3.2. Statistical Evaluation of the Hydrological Performance of Green Roof Columns

Since no runoff was observed in the 30 D tests, the influence of initial conditions on
green roof retention and detention capacities was tested only for i = 60 and 100 mm h−1.

Paired t-tests showed that mean retention capacity, WR, was significantly higher under
dry conditions, while mean detention, WD, showed no significant difference. These findings
confirm that the initial green roof moisture condition affects retention but not detention,
aligning with previous studies. For instance, Czemiel Berndtsson [13] demonstrated that
antecedent moisture conditions exert a pivotal influence in determining the amount of
water retained and the portion of runoff reduced. Similarly, Liu et al., [52] reported a
statistically significant positive correlation between initial substrate moisture content and
the runoff coefficient, indicating that wetter initial conditions tend to result in higher
runoff generation. In alignment with these observations, Villarreal & Bengtsson [53] found
that substrates that are dry before a rainfall event exhibit significantly greater stormwater
retention capacity compared to those that are already wet.

Given initial moisture conditions influenced WR but not WD, the influence of rainfall
intensity on WR was separately analyzed for the D and W datasets. This resulted in
two statistical comparisons for dry conditions (i.e., 60 D vs. 100 D) and three statistical
comparisons for wet conditions (i.e., 30 W vs. 60 W, 30 W vs. 100 W and 60 W vs. 100 W).
For the detention capacity, the results obtained for D and W tests at a given rainfall intensity
were pooled together, and three pairwise t-tests were conducted (Table 3).

Table 3. p-values of pairwise t-tests aimed at investigating the effects of rainfall intensity on the green
roof retention, WR, and detention, WD, capacities.

WR WD

D W D + W
30–60 - 0.019 0.786
30–100 - 0.019 0.745
60–100 0.366 0.940 0.364

Retention capacity under initial dry conditions was independent of the rainfall in-
tensity. In contrast, for initial wet conditions, the tests conducted at 60 and 100 mm h−1

yielded significantly higher WR values than those at 30 mm h−1. Substrates that are far
from saturation—effectively empty—can retain a large fraction of rainfall due to capillarity,
independently of intensity. Breulmann et al. [54] showed that a dry substrate can retain
up to 99% of precipitation, confirming the importance of the initial moisture condition.
Near saturation, total retention capacity decreases, and rainfall intensity may influence
performance. Under wet conditions, water flow is primarily driven by fast gravity flow.
At low rainfall intensity, preferential flow paths tend to concentrate in a smaller portion
of the sample volume, reducing the likelihood of matrix adsorption. As rainfall intensity
increases, a larger volume of substrate is affected by preferential flow, allowing more matrix
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pores to retain rainfall. Our results also suggest that beyond a certain threshold of rainfall
intensity (i.e., 60 mm h−1), further increases in the substrate’s retention capacity should
not be expected. This aligns with literature showing retention increases at low–moderate
intensities but declines at higher ones, resembling runoff from gray roofs [55–58].

The rainfall intensity did not influence the detention capacity of the green roof columns
(Table 3). This confirms that the temporary storage of water in the green roof column, once
the field capacity is reached, mainly depends on the saturated (or near-saturated) hydraulic
conductivity of the substrate and the physical characteristics of the drainage layer [44].

3.3. Influence of Substrate–Drainage Combination on the Hydrological Response

Building on the previous analyses, the effect of substrate type and the drainage layer
on WR and WD was evaluated by grouping data across the other factors (i.e., drainage
or substrate), which were treated as replicates. According to the results discussed in the
previous section, three groups were considered for WR: (i) initial dry conditions (N = 6);
(ii) initial wet conditions and low rainfall intensity (N = 3); (iii) initial wet conditions and
high rainfall intensity (N = 6). Only a single group was considered for WD (N = 15).

Under dry conditions, the best retention (WR = 42.2 mm) was observed for TMT,
followed by AT (WR = 37.4 mm) and TML (WR = 30.5 mm) according to a significant
order TMT ≥ AT ≥ TML (Figure 4a). Under wet conditions, different findings were
obtained according to the applied rainfall intensity. At the lowest rainfall intensity, mean WR

values ranged between 3.1 and 7.1 mm (TMT = AT = TML) (Figure 4b), whereas, at higher
rainfall intensity, TML and AT performed significantly better than TMT (AT = TML > TMT)
(Figure 4c). Detention capacity was significantly higher for TML (WD = 10.8 mm), whereas
TMT and AT showed similar mean WD values (6.9 and 7.3 mm, respectively) (Figure 4d).

Figure 4. Hydrological response of the three substrates (TMT = Terra Mediterranea, TML = Terra
Mediterranea Light, AT = AgriTERRAM® TV): (a) retention capacity under initial dry conditions;
(b) retention capacity under initial wet conditions and i = 30 mm h−1; (c) retention capacity under
initial wet conditions and i ≥ 60 mm h−1; (d) detention capacity. Mean values with the same letter
did not differ significantly according to a pairwise t-test (p < 0.05).
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The AT substrate showed a good retention capacity to store and save water for crop
requirements, which is supported by its high porosity (>80%) as reported in Table 1. On
the other hand, the relatively large pores that characterize this substrate can promote rapid
drainage once the field capacity is reached [59]. Consequently, the temporary water storage
is limited, as confirmed by the relatively low WD values (Figure 4d).

The TMT substrate showed good retention capacity in initial dry conditions, but
its performance declined under wet conditions, probably because of the lowest porosity.
Among the three considered substrates, TML showed the highest detention capacity and
acceptable retention capacity under wet conditions that are the most severe in terms of
green roof hydrological response. Such behavior can be explained by a dual porosity
network with micro-pores that retain water even when the substrate is already wet and
macro-pores that facilitate infiltration and drainage when dry, while also prolonging water
detention when the substrate is moist [60,61].

Unlike substrates, the drainage layers (MD, EP and EC) influenced green roof hydro-
logical performance only under dry conditions. The combination including EP drainage
layer showed the highest water retention capacity (WR = 44.7 mm) followed by EC and MD
(WR = 33.4 and 32.0 mm, respectively) (Figure 5a). No statistically significant differences
were found for the other comparisons, suggesting that the choice of the drainage layer is
less influential than substrate selection (Figure 5b–d).

Figure 5. Hydrological response of the three drainage layers (MD = MediDrain MD 25, EP = expanded
perlite, EC = expanded clay): (a) retention capacity under initial dry conditions; (b) retention capacity
under initial wet conditions and i = 30 mm h−1; (c) retention capacity under initial wet conditions and
i ≥ 60 mm h−1; (d) detention capacity. Mean values with the same letter did not differ significantly
according to a pairwise t-test (p < 0.05).

Expanded perlite’s higher retention capacity under dry conditions can be attributed
to its granular and porous structure (Figure 2), which promotes the formation of capillary
bridges within intergranular voids. In contrast, expanded clay’s smoother, spherical parti-
cles (Figure 2) limit capillary connectivity, reducing water retention. Pęczkowski et al. [62]
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reported similar results, with perlite achieving up to 65% peak runoff reduction versus 49%
for expanded clay. Compared to perlite, the preformed plastic MD layer exhibited worse
WR characteristics under dry conditions but had a relatively higher detention capacity
(Figure 5d). For this drainage layer, the presence of cups (Figure 2) allowed higher, although
not statistically significant, water storage during rainfall, with runoff occurring only when
these reservoirs are full. However, the high standard deviation associated with WD of the
MD system raises concerns about the consistency of this mechanism. Indeed, likely due to
preferential flow occurring in the overlying substrate or irregular contact with the geotextile
filter, uneven filling of the MD cups was observed when the samples were disassembled at
the end of the experiments.

It is worth noting that an effective drainage system must prevent the occurrence of
ponding phenomena. In this study, no such condition was observed under any rainfall
intensity for the tested substrate–drainage layer combinations.

3.4. Simple Reservoir-Routing Model Evaluation

Runoff hydrographs are presented in Figures 6 and 7, for experiments conducted
under dry and wet initial conditions, respectively. For clarity, only the modeled hydro-
graphs are shown as the measured and simulated data exhibited near-perfect agreement as
confirmed by the high values of Nash–Sutcliffe Efficiency (mean NSE = 0.97), coefficient of
determination (mean R2 = 0.99), and low values of Percent Bias (mean PBIAS = −0.149). The
slightly negative value of PBIAS indicates that the model yielded a minimal overestimation
of measured runoff. For 60 D experiments, the runoff hydrograph for AT-EC combination
could not be determined, as the fitting technique resulted in a physically meaningless value
of n = 0.

Figure 6. Runoff hydrographs for green roof columns under initial dry moisture conditions for rainfall
intensities of 60, and 100 mm h−1 (TMT = Terra Mediterranea, TML = Terra Mediterranea Light,
AT = AgriTERRAM® TV, MD = MediDrain MD 25, EP = expanded perlite, EC = expanded clay).

It is worth nothing that the hydrograph peaks were not synchronous, and the maxi-
mum runoff rates were not the same as a consequence of the different retention capacity of
the green roof columns. However, excluding the influence of retention characteristics, it
facilitated a more direct comparison of the dynamic detention behavior of the substrate–
drainage layer system under different initial conditions and rainfall intensities.
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Figure 7. Runoff hydrographs for green roof columns under initial wet moisture conditions for rainfall
intensities of 30, 60, and 100 mm h−1 (TMT = Terra Mediterranea, TML = Terra Mediterranea Light,
AT = AgriTERRAM® TV, MD = MediDrain MD 25, EP = expanded perlite, EC = expanded clay).

As a general remark, the results clearly indicate that the runoff rate (mm min−1) in-
creases as rainfall intensity rises, in agreement with findings reported by Czemiel Berndts-
son [13] and Wu et al., [63]. Furthermore, under constant rainfall intensity, the runoff
response is influenced by the initial moisture content of the substrate, as also reported by
Ferrans et al. [64]. Specifically, experiments conducted under initial wet moisture condi-
tions yielded higher total runoff volumes and a more prolonged runoff duration than the
corresponding experiments that started from dry conditions.

Regardless of substrate type, green roof columns equipped with the EC drainage sys-
tem consistently exhibited the poorest performance in terms of runoff rate. Indeed, runoff
rate rose suddenly and reached higher peak rate. In some cases, specifically the 60 D tests
with TMT, the 100 D tests with TML, and the 100 W tests with TMT, the runoff rate temporar-
ily exceeded the applied rainfall intensity of 1.00 and 1.67 mm min−1, respectively. This
can be ascribed to the delayed release of water retained within the system as the substrate
approaches saturation. Expanded clay cannot absorb it in the intragranular micropores and,
therefore, it is rapidly discharged through the intergranular macropores in combination
with the ongoing rainfall, generating a transient peak in runoff that momentarily overcomes
the rainfall input. These findings indicate that, under the tested conditions, the EC drainage
system is hydrologically less efficient than the other drainage systems. Such limitations
reduce retention capacity and outflow delay, ultimately increasing both runoff peak and
volume. Green roof columns equipped with the EP drainage system exhibited the best
performance under dry initial conditions, with lower runoff rates and improved hydraulic
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response. For the wet experiments, differences between the EP and MD drainage systems
were less pronounced, and the hydrological efficiency can be considered comparable.

Regarding the combined behavior of the substrate and drainage layer, the AT–EP
configuration produced the highest reduction in peak runoff and the smallest total runoff
volume. Under wet conditions, the differences among substrate–drainage layer combi-
nations were nuanced, making it difficult to identify a clearly superior configuration,
particularly at low rainfall intensity (Figure 7). Nonetheless, a general trend emerged, with
TML and AT, combined with either EP or MD, outperforming the TMT combination.

No trend was detected in the behavior of the k parameter concerning initial moisture
conditions and rainfall intensity (Table 4), thus confirming that this parameter is indepen-
dent of external conditions as reported by Yio et al. [24], who noted a limited sensitivity
of k to variations in rainfall intensity. In contrast, the parameter n tended to increase, on
average, with increasing rainfall intensity under both dry and wet conditions, suggesting a
potential sensitivity of this parameter to rainfall dynamics. For a typical extensive green
roof, Stovin et al., [65] reported values of k = 0.03 mm(1–n) min−1 and n = 2.0, derived from
plot-scale test beds. These values are broadly consistent with those obtained in this study,
although slight discrepancies can be ascribed to the different spatial scales at which the
processes were investigated.

Table 4. Reservoir routing parameters k (mm1-n min−1) and n (-) and sum of squared deviations SSD
between measured and simulated runoff rate for the experiments conducted under dry (D) and wet
(W) conditions, at rainfall intensities of 30, 60, and 100 mm h−1.

ID k n SSD k n SSD k n SSD
30D 60D 100D

TMT-
MD - - - 0.10 1.07 4.535 0.27 0.72 8.112

TMT-EP - - - 0.07 1.07 1.878 0.08 1.64 0.609
TMT-EC - - - 0.08 1.45 2.175 0.09 1.54 9.286

TML-
MD - - - 0.04 1.01 0.939 0.13 0.93 27.887

TML-EP - - - 0.12 0.95 4.189 0.12 0.93 6.006
TML-EC - - - 0.12 0.99 3.643 0.25 0.87 9.479
AT-MD - - - 0.13 0.56 2.884 0.01 2.07 38.445
AT-EP - - - 0.07 1.07 1.878 0.08 1.64 0.609
AT-EC - - - - - - 0.01 1.90 40.644
Mean - - - 0.09 1.02 2.765 0.12 1.36 15.675
σ - - - 0.03 0.24 1.265 0.09 0.50 15.712

30W 60W 100W
TMT-
MD 0.06 0.72 0.388 0.13 1.34 1.588 0.11 2.16 28.937

TMT-EP 0.11 0.47 1.006 0.22 0.62 2.037 0.12 1.09 13.839
TMT-EC 0.08 0.78 0.316 0.24 1.29 12.993 0.10 1.54 12.259

TML-
MD 0.04 1.03 0.218 0.04 1.04 0.960 0.05 1.00 1.942

TML-EP 0.05 1.10 0.268 0.10 1.10 1.176 0.11 0.97 7.354
TML-EC 0.04 1.47 0.655 0.20 0.79 2.160 0.07 1.11 5.951
AT-MD 0.08 1.10 0.816 0.09 0.67 3.406 0.15 0.99 4.019
AT-EP 0.11 0.47 1.006 0.22 0.62 2.037 0.12 1.09 13.839
AT-EC 0.09 0.53 0.870 0.19 1.04 3.178 0.10 1.13 5.648
Mean 0.07 0.85 0.616 0.16 0.94 3.282 0.10 1.23 10.421
σ 0.03 0.34 0.322 0.07 0.28 3.731 0.03 0.39 8.175

4. Conclusions
Green roof’s retention and detention capacity can be improved with an optimal choice

of substrate–drainage systems. However, most of the existing studies focus on growing
substrate characterization without considering its interaction with the drainage layer. This
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study was conducted with the aim to fill this gap and retrieve practical indications for
green roof design.

Results showed that the initial moisture conditions influenced retention capacity but
not detention capacity. Under wet initial conditions, the retention capacity increased
with higher rainfall intensity. In contrast, retention capacity under dry conditions and
detention capacity—regardless of the initial moisture state—were not affected by rainfall
intensity. The distinct hydrological responses of green roof columns were attributed to
different infiltration mechanisms under the two antecedent moisture conditions. In dry
conditions, capillarity leads to uniform wetting and stable retention capacity, independent
of rainfall intensity. In wet conditions, partially saturated porosity limits absorption and
retention capacity is affected by occurrence of gravity-driven preferential flows. Detention
capacity remains similar across conditions, with differences mainly influenced by the
substrate–drainage layer combination.

Among the nine combinations of growing media and drainage layers, the AT-EP one
performed best -especially at higher rainfall intensities (i = 60 and 100 mm h−1)- achieving
WR values between 28.4 and 31.6 mm, comparable to those observed under dry conditions.
Regarding detention, TML and AT combined with either EP or MD likely yielded the best
results. The superior performance of the AT-EP combination was confirmed by the results
of the reservoir-routing model that highlighted the greatest reduction in total outflow
volume and peak runoff.

Although this investigation was conducted on a relatively small scale, its novelty lies
in the comprehensive assessment of substrate–drainage combinations, achieved through
the combined use of simulated rainfall experiments and a simple reservoir-routing model.
This approach enabled the identification of the most effective configurations of growing
media and drainage layers. Future research will focus on testing the reliability of the
model’s estimated parameters at larger spatial scales and evaluating the influence of
vegetation on retention capacity, runoff delay, and peak flow attenuation, which is expected
to affect both surface and subsurface dynamics through interception, root development,
and evapotranspiration.
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