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ARTICLE INFO ABSTRACT

Handling Editor: Nicholas Williams Green roofs, as an element of the green infrastructure, contribute to the urban heat island effect mitigation and
the urban drainage outflow reduction. To achieve the desired functions, it is essential to understand the role of
the individual roof layers and ensure their proper design.

A physically-based model was used to assess the hydrological and thermal regime of two experimental green
roof test beds containing distinct soil substrates (a local Technosol and a more permeable commercial substrate
“Optigreen”). The test beds together with a meteorological station were built on the building green roof. Each
test bed has an effective area of one square meter and is equipped with a soil temperature sensor and an outflow
gauge; one of the test beds is continuously weighed. The observed conditions were simulated using one-di-
mensional numerical model describing the water flow in variably saturated porous medium by Richards’
equation and the heat transport by the advection-conduction equation.

The model was able to satisfactorily reproduce the measured outflow and soil temperature. The water-po-
tential-gradient based root water uptake module effectively captured the water storage depletion between the
rainfall events. The difference between the two soil substrates tested is demonstrated by the contrasting ability of
the soil layers to retain water. Model representation of the thermal conditions within the green roof soils was
achieved using independently evaluated thermal properties of the soils and drainage board. The model was also
used to analyze the effects of the substrate depth and type of vegetation cover on the transpiration and soil water
regime of the green roofs. Increasing the substrate depth causes a rise of root water uptake and induces a
significant reduction of the maximal temperature. The thinner soil profiles are more sensitive to the plant species
selection.
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1. Introduction simulation studies, physically-based models employing Richards’

equation have recently prevailed (e.g., Hilten et al., 2008; Palla et al.,

Anthropogenic soil-plant systems, including green roofs, comprise
an important part of the green infrastructure in urban areas and become
increasingly used for their various environmental benefits. The ability
of green roofs to mitigate outflow, delay outflow culmination, and
change biochemical properties of passing water is frequently evaluated
in scientific studies (e.g., Mentens et al., 2006; Dvorak and Volder,
2010; Li and Babcock, 2014). Analyses of green roof hydrological
performance were conducted for a variety of climate conditions (Jim
and Peng Lilliana, 2012; Liu et al., 2012; D’Orazio et al., 2012) and roof
constructions (Rosatto et al., 2013; Guo et al., 2014).

An effective way to study hydrological functioning of green roofs is
the use of mathematical models (Li et al., 2019a). In the case of

2012; Hakimdavar et al., 2014). They are often used to simulate out-
flow from individual rainfall episodes, e.g., design storms. Far less
frequent is the use of physically-based models to study not only the roof
system outflow but also its water regime, including root water uptake
over a longer period (Skerget et al., 2018). Continuous evaluation of
green roof soil-water regime allows a better understanding of soil-plant
interactions but at the same time is considerably more demanding of
data (e.g., complete micrometeorological data for determination of
potential evapotranspiration).

The simulation studies also vary in the level of the green roof system
schematization. From studies assessing vertical water fluxes in a single
soil substrate or drainage layer (Feitosa and Wilkinson, 2016;
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Fig. 1. a) Vertical profile of the test beds: 1. vegetation cover, 2. soil substrate 50 mm, 3. filter layer, 4. drainage layer 25 mm, 5. protection layer, 6. water-resistive
layer, 7. thermal insulation 100 mm. Model representations of the green roof system: b) Layered profile and c¢) Merged profile.

Vesuviano and Stovin, 2013) to more complex two-dimensional simu-
lation studies including interactions between soil and other components
of the roof structure (Palla et al., 2012).

Another important aspect of green roofing — the thermal load re-
duction of building construction — can be evaluated by several different
modeling approaches (e.g., Sailor, 2008; Tabares-Velasco and Srebric,
2012; Djedjig et al., 2012). Most frequent are physically-based models
describing the heat and mass transfer through the air, plant canopy, soil
medium, and building roof construction (Alexandri and Jones, 2007;
Sailor, 2008). However, the vast majority of these studies do not con-
sider water flow effects on heat transport.

As the thickness of the extensive green roofs is usually small (about
50-200 mm), the effect of atmospheric forcing on soil water and
thermal regimes is crucial. Repetitive rapid changes of the green roof
soil moisture status between complete saturation and dry soil are
common (Savi et al., 2013). Thus, plant species with tolerance to
drought and ability to withstand prolonged periods of limited tran-
spiration are preferred (Monterusso et al., 2005; Wolf and Lundholm,
2008). At the same time, models allowing the analysis of both these
extremes are needed.

The green infrastructure facilities of the University Centre for
Energy Efficient Buildings (CTU in Prague) serve as a basis for studying
heat load and stormwater reduction in lightweight green-roof systems.
Jelinkova et al. (2015) designed simple and durable test beds equipped
for automatic continuous monitoring, suitable for long-term testing of
different green-roof systems. Jelinkova et al. (2016) studied the thermal
and water regime of two green roof assemblies with different soil
mixtures during the first months of their life cycle. The temporal
changes of soil structure and composition were studied using X-ray
computed tomography. Recently, two simple deterministic lumped
models - a nonlinear reservoir model and a linear reservoir cascade
model — were used to assess the rainfall-runoff response of the two
green roof systems (Skala et al., 2019).

The objectives of the present study are twofold: (i) To reproduce the
hydrological and thermal performance of extensive green roof systems
with a one-dimensional numerical model of water flow and heat
transport. In this respect, the soil water regime and outflow prediction
for two green roof test beds are studied while two different model re-
presentations of the system (Layered and Merged) are examined. (ii) To
use the numerical model as an analytical design tool. In this regard, the
effects of soil depth variation and vegetation layer alteration are ex-
amined.

2. Materials and methods
2.1. Study site

The study site is on the green roof of the University Centre for
Energy Efficient Buildings (UCEEB), Kladno, Czech Republic
(50°09'24.8"N 14°10'10.8"E, elevation 365m a.s.l.). The mean annual
precipitation is 504 mm and the mean annual air temperature is 8.2 °C
(weather station Prague — Ruzyne, 1981-2010). The corresponding
values for the studied period (from April to September) are 349 mm and
14.3°C. The present study relates to the vegetation period 2015, which
was considerably drier and warmer than average — with a precipitation
of only 186 mm and mean temperature of 16.5°C (weather station
UCEEB - Roof).

The building green roof (941 m?) is located 10 m above the ground
and is equipped with a complete weather station (air and substrate
temperature, relative air humidity, incoming and outgoing shortwave
and longwave radiation, wind speed, wind direction, and precipitation).
The data are recorded with one-minute resolution. Aggregated five-
minute series were compiled to be used in our numerical experiments.

2.2. Green roof test bed assemblies

In 2014, two raised green roof test beds were established on the
UCEEB building green roof nearby the weather station (at a distance of
about 5m). The test beds were fully operational in 2015. Each test bed
has an area of 1 m? a total depth of 175 mm (Fig. 1), and a slope ad-
justed to 2 % (for detail see Jelinkova et al., 2015, 2016). The beds
contain 50 mm of distinct soil substrates. One was filled with stripped
local topsoil with admixed crushed expanded clay and bricks having a
dry bulk density of 1.15kg m~> (hereafter labeled TECH), the other
with commercial green roof substrate Optigreen Type E (Optigriin In-
ternational AG) having a dry bulk density of 0.77 kg m~ (hereafter
labeled OPTI). The standard commercial drainage and storage board
OPTIGREEN FKD 25 (Optigriin International AG) was used in both test
beds. In TECH bed, the board was installed with large naps facing up
having the water retention capacity of approx. 5.0 mm, while in OPTI
bed, it was installed with small naps facing up having the retention
capacity of approx. 3.6 mm. Both test beds were planted with a mixture
of stonecrops (Sedum album L., Sedum hybridum L., Sedum spurium M.
Bieb., Sedum acre L.). The complete vertical profile of the studied green
roof test beds is shown in Fig. la.

Each test bed was equipped for continuous monitoring of the soil
substrate temperature (109 Temperature probe, Campbell Sci. Ltd.; at
the depth of 35mm) and the drainage layer outflow (purpose-built
tipping bucket flowmeter). The OPTI test bed is weighed (load cells
LCMAD-50, Omega Eng. Inc.). Five-minute weight averages calculated
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based on 10-second measurements are recorded.

2.3. Soil water flow and heat transport model

One-dimensional vertical flow of soil water is described by Richards’
equation:
o _

0 oh
- = &(K(g +1) -8

ot (@)

where 0 is the volumetric soil water content (m®*m ™), h is the soil
water pressure head (m), K is the soil hydraulic conductivity (m s™H, S
is the intensity of root water uptake (s™Y, t is time (s), and z is the
vertical coordinate (m) assumed positive upwards. The governing
equation is solved numerically by the computer code S1D (Vogel et al.,
2010a, 2010b).

A substantial component of the green-roof system water balance is
the plant transpiration, implemented in the model via the root water
uptake. Therefore, evaluation of the root water uptake term S is a
crucial part of the simulation. In this study, the water-potential-gra-
dient formulation of the root water uptake (WPG approach), as im-
plemented in the S1D code (Vogel et al., 2013, 2016), was used. This
approach considers the root water uptake to be distributed according to
the water availability and allows roots to redistribute the soil water
between wet and dry layers.

The WPG approach assumes that the water flux between the soil and
the plant roots is forced by the difference of water potential between
the soil and the root xylem. At the same time, it is controlled by the
hydraulic resistances along the way:

2W0R@) {1 2) — Hi]
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where ry is the average active root radius (m), R(z) is the root length
density (m~2), ryoy is the soil hydraulic resistance (s), ryoo: is the root
radial resistance (s), Hy,; is the bulk-soil water potential (m), and H,, is
the root xylem water potential (m). The soil resistance ry,; is evaluated
based on the soil hydraulic conductivity and the characteristic length
associated with water transport from the bulk soil to the root surface
(Vogel et al., 2016).

An integral of S over the depth of rooting defines the plant tran-
spiration rate, Er (m s~ 1):

Er= [ ' 5@dz 3

where z, and 2y represent the coordinates of the upper and lower
boundary of the root zone (m), respectively.

At each time step of the numerical solution, the root xylem water
potential, H,,, is evaluated so that the calculated transpiration rate
meets the prescribed potential transpiration, Er= Erp,. If H, for a given
potential transpiration rate falls below a critical value of H.;, Hyy is set
equal to He;, and a reduced actual transpiration rate, Er, < Erp, is
calculated. The H,, value is then used to calculate the root water uptake
intensity S(z) (from eq. 2) and to update the value of the sink term in eq.
1.

The heat transport is described by the advection-conduction equa-
tion implemented into S1D code (Vogel et al., 2011):
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where C is the volumetric heat capacity (J m 3K™1), T is the soil
temperature (K), g is the soil water flux (m s™Y), C,, is the volumetric
heat capacity of water (J m~3K™1), and A is the soil thermal con-
ductivity (W m™*K™1).

To express the soil thermal conductivity as a function of the soil
water content, the methodology proposed by Coté and Konrad (2005) is
used.
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2.4. Model application

2.4.1. Simulation period and model discretization

The S1D model is used to simulate water and heat fluxes in the
green roof test beds during the vegetation period 2015 (April 1*
through September 30™). The test beds are approximated by a vertical
one-dimensional 75-mm-deep soil column. Two levels of schematiza-
tion are tested for the water flow and heat transport simulations: (1) in
the Layered alternative, the substrate and the drainage board layers are
described separately by distinct sets of hydraulic and heat transport
parameters based on individual properties of each material (Fig. 1b);
(2) in the Merged alternative, the whole system is assumed homo-
geneous, represented by a single set of effective hydraulic and heat
transport parameters (Fig. 1c).

2.4.2. Boundary conditions

For water flow model, the measured precipitation intensities, ag-
gregated in 5min time steps, are used to define the flux at the upper
boundary. Surface runoff is not considered because it was not observed.
At the bottom, a seepage face boundary condition is imposed allowing
water to leave the test bed under saturated conditions. The potential
evapotranspiration of the stonecrops is estimated hourly using the
Penman-Monteith equation (Monteith, 1981), and is used to evaluate
the root water uptake. For the heat transport model, a variable surface
temperature prescribes the upper boundary. The temperature is de-
termined from the measured outgoing long-wave radiation using
Stefan-Boltzmann law assuming that the ground behaves like a perfect
blackbody. The radiation is measured directly at the roof over the roof
surface with the same composition as the TECH test bed. As the test
beds are heavily insulated at the sides and bottom, zero gradient con-
dition is assumed at the bottom boundary. Still, the heat can leave the
system at the bottom by advection.

2.4.3. Hydraulic parameters

Initially, the hydraulic parameters of separate layers were evaluated
independently. For the soil substrates (Jelinkova et al., 2015), the re-
tention curve was determined combining information obtained from
the particle size distribution and bulk density using the neural network
model Rosetta of Schaap et al. (2001) with the results of standard la-
boratory methods (sand bed and pressure plate apparatus) applied to
100 cm® packed samples. The saturated hydraulic conductivity K, was
estimated based on a laboratory ponded infiltration experiment per-
formed on large packed samples (1,000 cm®). The drainage board
parameters were set to mimic the board characteristics provided by the
manufacturer (Table 1). As the board can be completely dry, the re-
sidual water content 0, is set to zero. The values of saturated water
content 6; and the retention curve shape parameters ayg and nyg were
set to ensure that the retention capacity of the drainage board (reported
by the manufacturer) was reproduced (maximum retention capacity of
the TECH bed is 7.4 mm in the soil profile and 5mm in the drainage
board; for the OPTI bed, it is 0.8 mm and 3.6 mm, respectively). The
saturated hydraulic conductivity was set to 5,000 cm d ™! to allow fast
drainage. The resulting parameters of the drainage board are similar to
those of a coarse material (e.g., gravel).

To achieve optimal model performance, hydraulic parameters of the
soil substrates were upscaled by means of parameter optimization
procedure. PEST software package for model-independent parameter
estimation (Doherty et al., 1994) based on the Levenberg-Marquardt
algorithm for nonlinear optimization (Marquardt, 1963) was used. The
sum of squared residuals between the measured and simulated cumu-
lative outflow served as an objective function. Specifically, the water
retention parameters ayg, nyg, and 6, as well as the saturated hydraulic
conductivity, were optimized. The resulting parameter values are
shown in Table 1. Relative changes in values of saturated water content
before and after upscaling procedure were about 30 %. The hydraulic
conductivity and soil water retention parameter nyg exhibited changes
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Table 1
Hydraulic parameters of the test beds.
Alternative Layer Depth 6, 05 aye nye K
(mm) (ecm®cm™3) (ecm®cm™3) (em™h) &) (emd™h)
TECH - Layered soil 50 0.05 0.380 0.54 1.77 64.7
drainage board 25 0.00 0.235 0.45 2.70 5,000
TECH - Merged merged profile 75 0.05 0.328 0.30 2.66 78.6
OPTI - Layered soil 50 0.05 0.254 0.76 3.08 687
drainage board 25 0.00 0.169 0.45 2.70 5,000
OPTI - Merged merged profile 75 0.05 0.250 0.68 3.05 872

6, and 6, are the residual and saturated water contents, K; is the saturated hydraulic conductivity, and ayg and nyg are shape parameters (van Genuchten, 1980).

up to 170 %. Changes in the order of magnitude occurred in the em-
pirical parameter ayg. Residual water contents and the drainage board
parameters were fixed at their original values.

2.4.4. Root water uptake parameters

For the root water uptake model, the root length density of stone-
crops within the test bed is assumed depth-invariant with a value of
R = 0.3 cm™ 2 (the value is within the generally reported range for
field-grown plants, Perez-Harguindeguy et al., 2013). The average ac-
tive root radius is set equal to a constant value of ry = 0.014 cm (similar
value was reported by Ji et al. (2018) for Sedum album), and the
threshold value of the root xylem water potential H.;; =-150m (e.g.,
Bechmann et al.,, 2014). The radial hydraulic resistance of the root
tissues was determined by sequential optimization. The upscaling pro-
cedure of hydraulic parameters was repeated for four values of root
resistances: 1,000, 7,500, 10,000, and 15,000 d. The optimal value of
the root resistance was found to be .., = 7,500 d.

2.4.5. Heat transport parameters

Thermal properties are assessed using methodology of Cote and
Konrad (2005) (Table 2). Heat capacities and thermal conductivities of
all constituents (i.e., water, organic matter, plastic drainage board, air,
granite contained in TECH and mixture of expanded shale, pumice,
bricks and compost contained in OPTI) were set to the values from the
literature (e.g., Hillel, 1998; Kodesova et al., 2013). The bulk heat ca-
pacities and thermal conductivities given in Table 2 are calculated
based on these values and volumetric fractions of each constituent.
Note that for the drainage boards, most of the volume is permanently
occupied by air and the organic matter fraction accounts for roots
reaching into the drainage board. The thermal properties of the dry soil
substrates (volumetric heat capacities and thermal conductivities) were
also measured both in the laboratory and in-situ using ISOMET 2114
(Applied Precision Ltd.). Resulting values were in a good agreement.
The soil thermal dispersivity is set equal to 0.5 cm. Assuming nearly
linear relationships between bulk soil thermal conductivity and the soil
water content, soil-type factor k is 0.95 for the soil substrates. For the
drainage boards, « is set 0.6 to allow a faster decrease of conductivity
when the board is drained.

2.4.6. Performance criteria used
The ability of the model to predict the water and thermal regimes is

evaluated by the Nash-Sutcliffe model efficiency NSE (Nash and
Sutcliffe, 1970) and root mean square error RMSE.

2.4.7. Design simulations

The S1D model was used to test how the green roof changes affect
its hydrological and thermal regime. Specifically, the effect of the soil
substrate depth and the vegetation type was examined. The substrate
depth was varied between 25 and 150 mm. Sedum plants can survive
with only 25 mm of the substrate (van Woert et al., 2005) and 150 mm
is often stated as the upper boundary for extensive green roofs. Chan-
ging vegetation was imitated by varying the root resistance r,,, from
1,000 to 15,000 d, covering a wide spectrum of plant types (from maize
and soybean to woody plants as reported by Rieger and Litvin (1999) or
tomato and other agricultural plants mentioned in Zwieniecki and
Boersma (1997) and de Jong van Lier et al. (2013)).

Another effect of the added substrate — the increasing weight of the
green roof — was examined (again in the range of substrate depths
25-150 mm). The total weight of the green roof includes: (1) layer with
changing weight (substrate of selected depth and maximal water con-
tent that occurred during simulation of vegetation season), and (2)
layers with constant weight (filter textile layer 0.4kg m™?2, drainage
board considered as full of water — 6.4kg m~?2 in case of TECH and
5.0kg m~2 in case of OPTI, protection textile layer 0.4kg m~2, and
water-resistive layer 1.3kg m™~2).

3. Results and discussion
3.1. Water balance components

Table 3 shows the water balance components for both test beds
evaluated for the studied period (from April 1 to September 30,
2015). Nearly twofold outflow height was observed for the OPTI bed
compared to the TECH bed reflecting the difference in water retention
capacity between the two systems; both the soil substrate and the
drainage board of the TECH test bed provide larger water retention
capacity than their counterparts in the OPTI test bed (Table 3).

The model results slightly underestimate the outflow in all cases (in
TECH bed by about 3 %, in OPTI by about 4 %). For both test beds, the
Layered alternative provides more accurate outflow predictions. It
should be noted that the overall good agreement between the model
and observation comes from the model having been optimized to

Table 2
Thermal properties of the test beds.
Alternative Layer Depth (mm) Ndry Asat X Cs £ €6
(Wm™1K™) Wm™ K™ © kI kg™'K™ e e
TECH - Layered soil 50 0.158 0.706 0.95 1.913 0.420 0.200
drainage board 25 0.037 0.077 0.60 2.300 0.060 0.100
OPTI - Layered soil 50 0.226 0.565 0.95 1.368 0.639 0.107
drainage board 25 0.037 0.063 0.60 2.300 0.060 0.100

Aary and A, are the soil thermal conductivities for dry and saturated soil, respectively, k is a shape parameter dependent on the soil texture and composition (Cote
and Konrad, 2005), C; is the heat capacity of solids, ¢, €, are soil constituent — mineral and organic - fractions.
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Table 3

Water balance components of the green roof test beds for the studied period.
Measured rainfall, observed outflow, prescribed potential transpiration, as well
as simulated outflow and actual transpiration are presented for two simulation
alternatives for each of the two test beds.

Alternative Rainfall Observed Simulated Erp Era
(mm) outflow outflow (mm) (mm)
(mm) (mm)
TECH - Layered 186.0 44.6 43.6 556.5 142.4
TECH - Merged 186.0 44.6 42.8 556.5 143.2
OPTI - Layered  186.0 80.2 76.8 556.5 109.2
OPTI - Merged  186.0 80.2 75.8 556.5 110.2

provide good cumulative outflow prediction (presented in right-hand
side panels of Fig. 2).

The 33-mm difference in the simulated outflow between the beds is
mirrored by the difference in the actual transpiration. This again re-
flects the ability of the TECH bed components to hold more water,
which can subsequently be used for plants transpiration. However, the
reduction of transpiration is significant for both test beds, i.e., the ac-
tual transpiration comprises only 26 % and 20 % of the potential
transpiration for TECH and OPTI test bed, respectively.
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3.2. Rainfall-runoff relationship

The performance of the soil water flow model is demonstrated by
comparing simulated and observed outflows (Fig. 2). The response of
the two test beds to a major rainfall event is shown in the left-hand side
panels. The event started on August 16th, and the total rainfall was
49.8 mm. The outflow during the event is satisfactorily simulated for
the OPTI test bed (NSE higher than 0.7). For the TECH bed, the simu-
lated outflow is considerably delayed as compared to the observations,
which is reflected by the NSE criterion about 0.23. Still, the total out-
flow volume during this outflow event is matched very well.

Note that our results, obtained for test beds with an area of 1 m?, are
representative for real green roofs regarding the retention function (i.e.,
reduction of the runoff volume) and have only limited relevance re-
garding the detention function (i.e., delay and redistribution of the
runoff over time), which would become dominated by lateral flow ef-
fects as the roof area increases (e.g., Palla et al., 2011).

Vesuviano and Stovin (2013) studied in detail hydrological response
of a drainage board. They concluded that simple storage routing models
or power-law relationships are capable of mimicking hydrological
functioning of the drainage layer. Skala et al. (2019) came to similar
conclusions for a complete green roof system. However, they found
episodically applied models, considering the same initial retention

1-Apr 1-May 1-Jun 1-Jul 1-Aug 1-Sep 1-Oct

Fig. 2. Comparison of observed and simulated test bed discharges during the August rainfall-runoff event (left) and the whole vegetation season 2015 with the

August event marked in gray (right).
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Fig. 3. Measured and simulated water storages in OPTI test bed (Layered alternative).

storage for all episodes, insufficient for green-roof segment with a high
retention capacity. Simulation models accounting for evapotranspira-
tion and the respective soil water status development between the
rainfall events are needed. Nonlinear reservoir model of Skala et al.
(2019) applied to the same green roof data exhibited average NSE =
-0.5, while in the present study, with the use of physically-based model
allowing for realistic root water uptake, NSE was about 0.2.

The drainage layer together with the bottom boundary condition
play an important role in hydrological modeling of green roof systems.
The two-layer model with an explicit drainage layer can be substituted
by a single-layer model with uniform effective hydraulic properties,
which however, must reflect the retention properties of the whole
system including drainage board, not only of the soil layer. In our study,
the hydraulic parameters of the Merged model are determined by
means of inverse modeling and provide similar results as the Layered
alternative (see Table 3 and Fig. 2).

3.3. Water retention and root water uptake

Temporal changes of the water amount stored in the OPTI test bed
are presented in Fig. 3. The observed water storage was determined
from the test bed weight by subtracting the dry weight of the assembly
(76.5kg). The simulated water storage was computed by the Layered
alternative of the model. The courses of simulated and measured water
storages are very similar (R® = 0.873, NSE = 0.750). However, the
storage during and after rainfall events with rainfall exceeding 12 mm
(e.g., June and September) is strongly underestimated.

Further analysis of Fig. 3 reveals that water storage in the drainage
layer is a dominant component of the total OPTI bed storage during the
studied period.

The spatiotemporal distribution of the simulated root water uptake
S in the two test beds (Layered alternative) is depicted in Fig. 4 (darker
color indicates the greater intensity of the root water uptake). This
figure illustrates the different character of root water uptake in OPTI
and TECH beds. As the TECH bed retains most of the water in the
substrate (in average 4 times more than in the drainage layer, time-
averaged storages in soil substrate and drainage layer are 2.65 mm and
0.64 mm, respectively), water for the plants is dominantly taken from
this layer. For more permeable OPTI test bed, water for the plants is
mostly available from the storage capacity of the drainage board.

The maximal rate of predicted actual transpiration is the same for
both test beds as it is defined by the root water uptake parameters
describing the plant (ryoot, o, R, Herit) and is achieved only if the water
is available throughout the whole rooting depth. As a certain part of the
profile dries out, the root water uptake from that part becomes regu-
lated by the increasing soil resistance and the total transpiration rate
reduces.

The advantage of the approach used is that it can handle the spatial
distribution of root water uptake while accounting for the availability

of water throughout the rooting zone. On the other hand, there is a lack
of relevant parameter values for plants used in green roofs in the lit-
erature. In addition, some of the suitable plants (selected species from
the Sedum genus) exhibit behavior not accounted for in our model
(switching between C3 photosynthesis and CAM metabolism and vice
versa during single vegetation season with prolonged drought periods
(Starry et al., 2014)).

3.4. Thermal regime

Generally, the measured variance of soil temperature oscillations is
expected to decrease markedly with the depth of the soil substrate. In
addition, the peak temperatures are delayed. In the green roof system
and vegetation season studied, the daily peak temperature amplitudes
were reduced in green roof system by 6 °C in maximum and at the same
time temperature peak was delayed by five hours.

Thermal regime of TECH test bed (Layered alternative) is docu-
mented in Fig. 5. Simulated and observed temperatures are presented
for an eight-day period including the major precipitation event. During
the first three days, the reduction and delay of the peak temperature
between the soil surface (used as a boundary condition) and the soil
substrate is clearly visible. During the rainfall episode, all temperatures
become similar; the temperature of the soil substrate is cooled to a
temperature of precipitation, which is in equilibrium with air. The
match between simulated and measured soil temperatures is reasonably
good (applies also for Merged system simulations — not shown here),
still, discrepancies are evident during the peak temperatures when the
substrate is dry (before the rainfall) and during the cooling phases when
the substrate is wet (after the rainfall). In this context, note that the
heat transport parameters were not ad hoc calibrated.

An overall comparison of the measured and simulated soil tem-
peratures at a depth of 35 mm is shown in Fig. 6. The soil temperatures
in both test beds are predicted with high consistency (NSE
TECH = 0.97 and NSE OPTI = 0.98). The temperature predictions for
the OPTI bed are more scattered in comparison with TECH. On the
other hand, in the TECH test bed, temperatures above 25 °C are sys-
tematically overestimated.

3.5. Design simulations

Note, that our design simulations are built on relatively crude as-
sumptions. First, hydraulic parameters determined for a 50-mm deep
soil layer are used while the depth of the substrate is varied. Secondly,
the soil substrate depth is likely to alter the thermal regime completely,
including the temperature at the soil surface. However, presented heat
transport simulations are conducted with the upper boundary condition
unchanged among the variant simulations. Nevertheless, we believe
that the results are relevant and valid for the systems studied.

The effect of the substrate depth on the simulated cumulative
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Fig. 4. Simulated spatiotemporal distribution of root water uptake for TECH and OPTI test beds (Layered alternative).
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transpiration is shown in Fig. 7. Increasing the substrate depth causes a
rise of root water uptake/transpiration due to increasing retention ca-
pacity and longer travel times of the substrate. The effect of increasing
retention capacity is more pronounced for smaller depths of TECH (the
nonlinear part of the respective curves in Fig. 7a). It is negligible for the
OPTI test bed because the shape of OPTI retention curve (between 50
and 150 mm of substrate depth, the retention capacity expands by
0.2mm only). Over the range of depths tested, the depth-increase re-
lated Er, change for OPTI is predominantly caused by the increasing
time period after rain cessation available for water to pass through the
substrate. Thus the increase of Er, is almost linear (Fig. 7a). This is
consistent with the expectation that the hydrological response of
highly-permeable substrates (with limited retention capacity and high
hydraulic conductivity) is less affected by their depth. The importance
of drainage layer decreases with increasing depth of the soil substrate.

Many studies omitted the drainage layer in the model structure used
(e.g., Hilten et al., 2008; Yang et al., 2015; Hakimdavar et al., 2014).
Together with different climatic conditions, this is probably the reason
for considerably lower retention capacity of the vegetated soil layer as
reported by Feitosa and Wilkinson (2016). They determined retention
of soil substrate similar to TECH to be between 28 and 32 % of total
rainfall (for 40 mm and 200 mm deep soil, respectively). In our study,

1-Aug 1-Sep 1-Oct

the drainage board covered by 25 mm and 150 mm deep soil added
about 27 and 2 % to the seasonal storage, respectively.

The increase of cumulative transpiration with increasing substrate
depth is accompanied by the corresponding decrease of cumulative
outflow (not shown here). This is in agreement with the earlier studies
of Feitosa and Wilkinson (2016) or Soulis et al. (2017). Li et al. (2019b)
analyzed the hydrological benefits (e.g, reduction of outflow and in-
crease of transpiration) of green roofs with increasing storage in drai-
nage layer. The authors suggested that there is a critical substrate depth
for which the slope of the cumulative outflow curve becomes sig-
nificantly less steep compared to lower substrate depths. Above the
critical depth the efficiency of further increasing the substrate depth
diminishes. In our case, the modeling results indicate that the critical
depth is about 60 mm for both TECH and OPTI bed (Fig. 7a).

Apart from changing depth, the impact of the plant species altera-
tion was tested. The vegetation cover change was simulated by varying
the radial root resistance parameter of the root water uptake model.
Different plant species have different radial root resistance reflecting
their water-use strategy. Simulated actual transpiration in reaction to
changing substrate depth and plant radial root resistance is presented in
Fig. 7b. It is clear that thinner soil profiles are more sensitive to plant
species change. In general, when designing green roofs with thin (the

60 T e 0 Fig. 5. Soil temperatures measured and simulated at a depth
_ of 35mm during the August rainfall-runoff event. Upper
50 - ) L 20 E boundary conditions of the simulation: surface temperature
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The fact that the model underestimates both the outflow and the Temperature;

water storage (e.g., Fig. 3) is partly related to the difficulties associated
with the measurements of high outflow rates (affecting the model
parameters via the upscaling optimization procedure). Another model
limitation could be associated with the effects of bimodal porosity of
the OPTI substrate. Bimodal porosity may affect the retention proper-
ties of the soil (Durner, 1994). In artificially prepared soil substrate,
natural soil aggregates are substituted by expanded shale, expanded
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Fig. 8. Simulated temperatures (for both test beds, Layered alternative) as
function of the depth of soil substrate.
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clay, lava, pumice, or crushed brick. These materials have fine pores
and correspondingly low hydraulic conductivity. When water infiltrates
into a dry mixture, it tends to bypass these components. Thus, the pore
space inside these porous particles is not immediately filled with water;
it can be filled only if the wet conditions prevail for a sufficiently long
time. Such behavior is not considered in our model, and thus, it is not
reflected in the simulation results. The fact that the effective saturated
water content of the OPTI substrate used in our simulation
(0.254 cm® em™3) is lower than that reported by the manufacturer
(0.35 cm® cm ~?) fits the hypothesis.

The presented analysis benefits from the fact that the available
observation period - vegetation season 2015 — was dryer than average
yet contained a number of significant rainfall-runoff events. This pro-
vided us with the opportunity to study the hydrological responses of the
system under contrasting conditions involving both dry and wet per-
iods. On the other hand, there was no extreme rainfall episode with the
return period larger than one year that would allow us to test the
system under ponding conditions, and also no long-lasting wet period
fed by persisting or recurrent rainfalls. This brings us back to the effect
of the bimodal porosity of OPTI substrate. The bimodal character could
result in slightly different retention capacity of the substrate leading to
different behavior of the substrate under extreme and/or prolonged
rainfalls. For a specific mineral soil substrate, Brunetti et al. (2016)
reported that the bimodal porosity model was able to more accurately
reproduce hydrographs in both dry and wet periods and to account for
daily fluctuations of soil moisture than the unimodal model. However,
bimodal character of green roof substrates is better expressed in dual
permeability than bimodal porosity models (Vogel et al., 2000).

The surface temperature of our test beds is not measured directly, it
is deduced indirectly from a single downward placed pyrgeometer. The
pyrgeometer measurement is conducted about five meters apart from
the test beds with the prevailing substrate underneath the sensor similar
to TECH. For OPTI test bed, occasional inconsistencies between the
observed soil temperature and the surface temperature calculated from
pyrgeometer measurement were encountered. After some rainfall
events, the soil temperature rose higher than the surface temperature.
Such a phenomenon cannot be reproduced by the model, which thus
predicts soil temperature lower than the observed one (highlighted
points in Fig. 6). The discrepancy is most remarkable after moderate to
major rainfall events. It is likely that the overall scatter of the OPTI-bed
simulated-to-observed-temperature plot is related to this phenomenon.
On the other hand, the temperature overestimation encountered for the
TECH bed is probably related to the deficiency in the assessment of the
soil thermal parameters.

In our modeling approach, we assumed that the plant transpiration
dominates over the soil surface evaporation. It can be shown that the
substrate surface becomes quickly dry after the cessation of rainfall
leading to a sharp decrease of the surface hydraulic conductivity which
in turn cuts off the soil surface from the soil moisture storage below. As
can be seen in Fig. 3, the green roof system is designed so that a con-
siderable amount of water stored in the system after a rainfall event is
contained within the drainage board. This water has no direct hydraulic
connection with the soil surface (it is separated by air from the soil
layer above), still, it gradually disappears (the measured weight of the
system implies so). Given the system structure, it can leave via eva-
poration and subsequent capillary condensation (Qin et al., 2016) or for
the most part through the plant roots that connect the drainage board
water storage with the atmosphere (i.e. via transpiration flux). The si-
milarity between the simulated and measured rates of system drying
during inter-rain intervals (Fig. 3) confirms that the plant transpiration
of the studied system dominates the evapotranspiration process.

4. Conclusions

The soil water and thermal regimes of two green roof test beds were
analyzed using a physically-based model. Comparison with observed
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outflow and temperature indicates that the green roof rainfall-runoff
responses and temperature fluctuations can be successfully simulated
by the presented modeling approach. The water-potential-gradient
based root water uptake algorithm proved effective in capturing the
water storage depletion between the rainfall events.

Hydrological functioning of the green roof can be similarly well
captured with both Layered and Merged description of the soil profile.
In both alternatives, the shape of retention curve, together with the
applied bottom boundary condition, defines the water retention capa-
city of the system and thus is crucial for the appropriate evaluation of
the roof hydraulic responses. However, when designing new green
roofs, soil water retention data are rarely available, and even less
measurements are available to calibrate physically-based models. Our
experience suggests that a proper estimation of the difference between
saturated and residual water content of soil substrate plays a key role,
explaining the majority of discrepancies between measured and simu-
lated outflow.

The difference between the two soil substrates tested in the present
study (local TECH soil and commercial OPTI soil) is demonstrated by
the contrasting ability of the soil layers to retain water. The Layered
simulations reveal, that the TECH soil layer accounts for most of the
retention capacity in the TECH test bed, while the OPTI layer has only
minor effect in the OPTI test bed (as the respective drainage layer
dominates). Moreover, the comparison of simulated water storage with
the monitored weight of the OPTI test bed hints at a possibility of the
dual-porosity effects on the effective retention capacity of the OPTI soil
substrate.

Satisfactory model representation of the thermal conditions of the
green roof test beds was achieved using independently evaluated
thermal properties of the substrates and drainage board. This pleasing
result is partly related to the fact that the roof system was very thin and
the surface temperature was used as the upper boundary condition.

The effects of varying soil substrate thickness and vegetation type
were evaluated on green roof water and thermal regimes. Increasing the
substrate depth causes an increase of root water uptake (due to in-
creasing retention capacity and longer travel times) and induces a
significant reduction of the maximal temperature. The thinner soil
profiles are also more sensitive to the type of plant species grown. The
obtained results can be used to design green roofs under similar con-
ditions.

Nomenclature.
Symbol Name Unit
General
t time O]
2 vertical coordinate (m)
Water flow model
0 volumetric soil water content (m®*m~3)
[:N residual water content m>m™?)
0 saturated water content (m®m~3)
h soil water pressure head (m)
K soil hydraulic conductivity (ms™ 1
K, saturated hydraulic conductivity (ms™ 1Y)
aye empirical parameter determining the shape of water reten-  (cm™')
tion and unsaturated hydraulic conductivity functions
Nyg empirical parameter determining the shape of water reten- (<)
tion and unsaturated hydraulic conductivity functions
Root water uptake model
S intensity of root water uptake ™M
o average active root radius (m)
R root length density (m~3)
Tsoil soil hydraulic resistance (s)
Troot root radial resistance )
Hgon bulk-soil water potential (m)
Hyy root xylem water potential (m)
Hepit critical root xylem water potential (m)
Er plant transpiration rate (ms™ 1Y)
Erp potential transpiration rate (ms™1)
Er, actual transpiration rate (ms™ b
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Zo coordinate of the upper boundary of the root zone (m)
2R coordinate of the lower boundary of the root zone (m)
Heat transport model
T soil temperature (K)
q soil water flux (ms™Y)
€ volumetric fraction of the soil mineral constituents -)
£ volumetric fraction of the soil organic constituents -)
C volumetric heat capacity of soil (@)

m- 3 K~ 1)
Cw volumetric heat capacity of water (@}

m~3K™ Y
Cs heat capacity of solids (kJ

kg 1KY
A soil thermal conductivity w

m 'K
Ndry thermal conductivity for dry soil w

m~ 1 K~ 1)
Asat thermal conductivity for saturated soil w

m K™Y
K soil-type factor )
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