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Abstract

The need to prepare cities for climate change adaptation requests the urban modeller
community to implement within their models sustainable adaptation strategies to be
tested against specific city morphologies and scenarios. Greening city roofs is part of
these strategies. In this context, a GREENROOF module for TEB (Town Energy Bal-5

ance) has been developed to model the interactions between buildings and green roof
systems at the scale of the city. This module allows one to describe an extensive green
roof composed of four functional layers (vegetation – grasses or sedums, substrate, re-
tention/drainage layers and artificial roof layers) and to model vegetation-atmosphere
fluxes of heat, water and momentum, as well as the hydrological and thermal fluxes10

throughout the substrate and the drainage layers, and the thermal coupling with the
structural building envelope. TEB-GREENROOF (v7.3) is therefore able to represent
the impact of climate forcings on the functioning of the green roof vegetation and,
conversely, the influence of the green roof on the local climate. A calibration exer-
cise to adjust the model to the peculiar hydrological characteristics of the substrates15

and drainage layers commonly found on green roofs is performed for a case study lo-
cated in Nancy (France) which consists of an extensive green roof with sedums. Model
results for the optimum hydrological calibration show a good dynamics for the sub-
strate water content which is nevertheless under-estimated but without impacting too
much the green roof temperatures since they present a good agreement with observa-20

tions. These results are encouraging with regard to modelling the impact of green roofs
on thermal indoor comfort and energy consumption at the scale of cities, for which
GREENROOF will be running with the building energy version of TEB, TEB-BEM.
Moreover, the green roof studied for GREENROOF evaluation being a city-widespread
type of extensive green roof, the hydrological characteristics derived through the eval-25

uation exercise will be used as the standard configuration to model extensive green
roofs at the scale of cities.
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1 Introduction

In the literature, green roofs (roofs with a vegetated surface and a growing media)
have been credited with a large number of environmental benefits. Many experiments
conducted on green roofs have highlighted their potential to reduce roof run-off enter-
ing the storm water systems through retention and evapotranspiration. This has been5

demonstrated at the site scale (Berghage et al., 2009; Voyde et al., 2010 are two good
examples), and at the city (Mentens et al., 2006) and landscape (Oberndorfer et al.,
2007) scales. Reduced roof run-off also implies reduced rain water pollutants enter-
ing storm water systems (Berndtsson et al., 2009) although this benefit may slightly
be counter-balanced by the additional source of pollution represented by the green10

roof substrates themselves (Oberndorfer et al., 2007). Considering energy aspects,
green roofs have the ability to moderate temperature changes within buildings (Castle-
ton et al., 2010), with beneficial consequences on building energy consumption (Getter
and Rowe, 2006; Castleton et al., 2010; Jacquet, 2011) due to increased roof solar
reflectivity, increased thermal mass, shading and evaporative cooling (compared to15

standard roofs). As for energy savings, it may vary with the season and the green
roof design (materials and thicknesses) although it seems strongly influenced by the
level of insulation of the structural roof (Jaffal et al., 2012). Jacquet (2011) observed
for a green roof plot in Montréal a reduction in air conditioning demand in summer of
98.9 and 90.8 % (respectively when the green roof was irrigated and not) and a milder20

reduction in heating demand in winter (38.3 and 27.4 % depending on irrigation again).
All these site-based evidences for green roof benefits have now contributed to promote
the use of city-scale green roof infrastructure as a sustainable adaptation strategy for
climate change (Bass and Baskaran, 2003; EEA, 2012; Foster et al. 2011; Giguère,
2009; Lawlor et al., 2006; Penney, 2008; USEPA, 2008). The implementation of green25

roofs compared to urban forests and street trees, may represent a more realistic and
efficient greening strategy at the heart of cities where the building fraction is high (and
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the ground-base surface available for greening scarce) and the initial evapotranspira-
tion potential low.

The need for taking this research from the building scale to that of the city is clear,
especially in the light of climate change. A modelling approach is the only realistic
way an adaptation strategy such as roof greening can be evaluated city-wide and for5

various seasons or long time series, hence the need for green roof models. So far,
very few studies have attempted to quantify the potential of green roof infrastructures
at city-scale. Three studies were found but which do not represent green roofs (nor
buildings) explicitly. In these studies, building roofs are replaced by natural evaporat-
ing surfaces (grass, ground level) and energy and hydrological transfers are simulated10

with very simple parameterizations and calibrations. Bass et al. (2003) attempted to
quantify the potential of green roofs for urban heat island (UHI) mitigation using this
kind of modelling approach. They simulated the greening of 50 % of the available roof
surfaces throughout the city of Toronto (by replacing roof surfaces with grass) and pre-
dicted a mild cooling over part of the city on the order of 0.5 ◦C without irrigation, and15

a greater and spatially wider cooling (2 ◦C) with irrigation of the “green roofs” and the
ground-level grass of the densest areas of Toronto. Gill et al. (2007) compared the
impact of green roofs on surface temperatures (based on a simple energy balance
equation) and run-off (via a standard runoff curve number approach) for various urban
morphology classes (UMC) for the conurbation of Greater Manchester in the UK. They20

showed that “greening” all roofs made the most significant contribution to maximum
surface temperature and runoff reduction in the most urbanised UMCs (respectively
6.6 ◦C and 17.6 % for the town centre). Following Bass et al., (2003) approach, Rosen-
zweig et al. (2009) suggested that a “green roof” infrastructure for New York City could
reduce urban air temperatures by 1.4 ◦C on average and 3.2 ◦C at best, which should25

lead to a reduction in UHI amplitude. More detailed models are needed for city-scale
applications that can explicitly describe green roofs and the thermal and hydrological
behaviours associated with them, so that their impacts in terms of building energetics,
comfort, UHI and runoff be more accurately evaluated. With this aim, a detailed green
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roof model should be integrated in an urban canopy model in order to be run under
imposed (present or future) climatic conditions or coupled to a meteorological model.
This way, the environmental benefits highlighted at the building-scale could be studied
and quantified more widely, more accurately and under various climatic constraints.

In order to set up a strategy for implementing green roofs within our Town Energy Bal-5

ance (TEB) urban canopy model (Masson, 2000; Hamdi and Masson, 2008), a review
of the types of green roof implemented in cities nowadays was primarily undertaken
(Sect. 2). This allowed us to determine the main design and functions that a green roof
model should describe and consequently the physical processes associated that need
to be captured. There followed a review of green roof modelling studies to establish an10

inventory of existing green roof models, both with regard to their complexity and their
research objectives. On these bases, a green roof parameterization has been devel-
oped for TEB. The implementation of this GREENROOF module was part of a wider
effort to implement various types of urban vegetation within the model TEB (Lemonsu
et al., 2012). The hypothesis and the parameterization of GREENROOF are presented15

(Sect. 3), followed by a calibration exercise for an extensive green roof plot in the North
East of France (Sect. 4). This exercise, focused on the hydrological properties of the
green roof allowed to identify a set of values for these properties that best fitted with
in-situ conditions. The results are presented both with regard to the hydrological per-
formance of the green roof and its thermal performance.20

2 Strategy for modelling green roofs within TEB

2.1 Generic design of a green roof and physical processes associated

Green roofs of two types can be found in cities. Those called “rooftop gardens” support
fairly large shrubs or trees. Due to the intensive care needed at implantation and man-
agement, they are commonly called “intensive green roofs” and are generally imple-25

mented for recreational use. Those containing only one or two low-profile plant species
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and therefore requiring a minimal growing media, are called “extensive”. They are often
used for improved thermal and hydrological performances (Wark and Wark, 2003) and
are thus interesting to model as adaptation strategy.

Based on the technical and scientific literature (Wark and Wark, 2003; Lazzarin et al.,
2005), a generic design for extensive green roofs can be reached. From top to bottom,5

the essential components are a layer of vegetation, a layer of soil-forming-material
called substrate which is the growing media for the vegetation, a different soil-forming-
material layer which helps to control the moisture status of the over-laying substrate
(drainage or retention function depending on the plant species/climate association)
and a mandatory waterproofing sheet to prevent the structural roof from water dam-10

ages. Therefore, the final green roof design can be considered as the superposition of
a “natural” compartment (vegetation and different soil-forming-material layers) and of
an artificial compartment (waterproof and structural roof materials).

In addition, experimental studies on pilot green roofs (for example Bass and
Baskaran, 2003; Berghage et al., 2009, Jacquet, 2011; Jim and He, 2010; Jim, 2011,15

Jim and Peng, 2011; Nardini et al., 2012) have highlighted within these “natural” layers
heat and water transfers which are similar to those which establish themselves within
ground-level natural surfaces, except for specific limit conditions. The transfers involved
in a natural surface, be it at ground or roof-level, are energetic, thermal and hydrolog-
ical. The energy balance results in the balance between the surface net radiation and20

the latent, sensible and storage heat fluxes. Heat conduction and storage occur and
can be strongly influenced by soil moisture status. But unlike open ground natural sur-
faces, for green roof natural surfaces the heat gains or losses from the thermal contact
with the bearing roof should be considered. In terms of hydrological transfers, a green
roof surface behaves like any other natural surface (vertical water fluxes depend on soil25

moisture gradients, drainage appears if super-saturated conditions appear and run-off
may establish in response to extreme rainfall events) except that the hydrological char-
acteristics of green roof soil-forming-materials are very different from those of natural
soils and that the water drained out of green roof base is lost “in favour of” the rainwater
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network. These differences do not change the nature of the transfers involved but act
rather as limit conditions for these transfers.

Therefore, it seems realistic to make the hypothesis that the natural layers of green
roofs could be simulated by a standard soil-vegetation model incorporating the limit
conditions presented hereby associated with the finite dimension of the green roof and5

the presence of a structural built roof at its base.

2.2 State-of-the-art in green roof modelling

A state of the art of green roof models highlights two modelling topics: that of the energy
performance, and that of the hydrological performance, the two rarely combined. The
simple thermal and hydrological approaches are not presented here because they do10

not meet the criteria defined in our objectives.
All the detailed models of heat transfer (Alexandri and Jones, 2007; Del Barrio, 1998;

Kumar and Kaushik, 2005; Ould-Boukhitine et al., 2011; Sailor, 2008 – also known as
the Ecoroof module for EnergyPlus) have in common an explicit description of green
roofs, which takes into account a structural roof model, a soil model and a canopy15

model. While the energy balance at the green roof surface is performed in a more or
less complex way (especially with regard to modelling the behaviour of the vegetation),
the heat transfer is subsequently simulated by all these models based on a standard
conduction equation. As far as modelling vegetation behaviour is concerned, all mod-
els propose to parameterize vegetation transpiration as a function of the meteorological20

conditions and the gaseous equilibrium which establishes between the outside and the
inside of the plant (via the plant stomatal resistance) except that of Ould-Boukhitine
et al. (2011) which uses a simpler formulation (Penman-Monteith). Although these
models account for the hydrological status of the green roof, it is with the sole pur-
pose of computing soil effective thermal characteristics (as in function of soil moisture).25

Soil moisture status is either measured or estimated via a simple or a mixed form of
Richard’s equation, but hydrological performance is generally not evaluated.
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Most of the studies aimed at modelling the hydrology of green roofs (Hilten et al.,
2008; Palla et al., 2009, 2012) used the HYDRUS software (Simunek et al., 1994,
2005). This calibrated model relies on the Richard’s equation and on the hydraulic
functions of Van Genuchten (1980) and Mualem (1976) to simulate the processes of in-
filtration, lateral flow and surface runoff and predict moisture content profiles. Although5

very detailed, this model needs user-input evapotranspiration rates, which must there-
fore be estimated by other means. For numerical reasons, HYDRUS works at very
fine spatial resolutions, so that it is used to evaluate the hydrological performance of
a green roof at the scale of the hydrological event (generally a few hours). Although
it now takes into account the heat transport in addition to detailed hydrological pro-10

cesses (Simunek et al., 2005; Yu and Zheng, 2010), it is consequently not adapted for
the city-scale applications.

In summary, even if most models are able to capture the dominant processes in-
volved in green roof soil and structural compartments, none of them currently couple
a combined modelling of thermal and hydrological processes that could be used on the15

scale of a city. Neither is the presence and impact of drainage or retention layers sim-
ulated, while they play a major role, not only with regard to hydrological performance
but also in terms of thermal performance, as evidenced by the work of Jim and Tsang
(2011). Finally, the difficulty encountered by all models remains the calibration, as is
the case for all models with these levels of complexity.20

2.3 Strategy for the inclusion of green roofs within TEB

As we have established that the heat and water transfers involved in the natural layers
of green roofs (atmosphere, vegetation, and substrate and hydrological control layers)
are similar to those of perfectly natural surfaces, they can therefore be simulated, as is
the case in the models previously examined, by a standard soil and vegetation model,25

provided that it is calibrated to reflect the peculiar characteristics of the soil-forming-
materials used for the construction of green roofs. Therefore, the strategy that we pro-
pose and ultimately retain for the inclusion of green roofs within TEB is to use a soil and
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vegetation model that can, not only be calibrated for a specific soil, but would also have
the ability to overcome the limitations of existing models. The ideal model should allow
for a coupled modelling of green roof hydrological and energetic performances, dispose
of sufficiently detailed parameterizations to describe the physical processes involved
(including evapotranspiration and soil water flows), and at the same time have spatial5

resolutions (i.e. time calculations) suitable for our modelling objectives at city-scale.

3 A green roof module for TEB

3.1 Current modelling of the urban climate with TEB

Urban climate modelling at the CNRM-GAME Research Centre relies on the use of the
SURFEX land surface modelling system (Masson et al., 2012). It characterizes a study10

area based on four land use types (urban, natural, freshwater and sea and ocean
surfaces) and computes the exchange of heat, water, momentum between each type of
surface and the atmosphere. More especially, SURFEX features TEB (Masson, 2000)
for solely urban surfaces and the ISBA model (Interaction between Soil Biosphere and
Atmosphere) developed by Noilhan and Planton (1989) for the natural and agricultural15

surfaces.
For TEB, the urban landscape is simplified as a network of street canyons of infinite

length. Within each surface resolved by the model (also called mesh), it is possible
to specify the geometric, radiative and thermal characteristics of an average street
canyon represented (for equiprobable street orientations) or to fix these features street20

canyon by street canyon (for different street directions). TEB simulates the exchange
of heat and water for three generic surfaces (roof, wall and road) and computes the
urban microclimate variables at street level, as well as energy and water budgets from
the neighbourhood to the city scale (Lemonsu et al., 2004, 2010; Offerle et al., 2005;
Pigeon et al., 2008) and the feedback on the meteorological variables when it is cou-25

pled to an atmospheric model (de Munck et al., 2013; Lemonsu and Masson, 2002).
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Recently, to better describe the finer scale interactions between artificial surfaces and
natural surfaces found within cities, the ISBA model used for natural and agricultural
surfaces has been integrated within TEB (resulting in the TEB-Veg configuration) and
evaluated by Lemonsu et al. (2012). Given the modelling strategy retained and the
willingness to optimize source code development while retaining the modular structure5

of the SURFEX tool, an approach similar to Lemonsu et al. (2012), relying on ISBA,
was considered well adapted and detailed enough to characterize and simulate water,
energy and momentum fluxes within the natural layers of green roofs.

3.2 Using ISBA-DF coupled with TEB for modelling green roofs

Given the different roles and behaviours of the “soil” compartments of a green roof10

(substrate and drainage/retention layers) and the vertical “soil” texture heterogeneity
associated, it is the diffusive version of the ISBA model that is retained (called ISBA-
DF for explicit vertical diffusion and developed by Boone et al., 2000) for the mod-
elling of the green roof natural layers. Indeed, because it allows us to represent the
vertical heterogeneity of soil (and root profile distribution) and a detailed modelling of15

hydrological transfers, ISBA-DF has the potential to accurately simulate different hy-
drological behaviours for a substrate and drainage/retention layers, which appears to
be an improvement compared to existing green roof models. Consequently, the green
roof design retained for GREENROOF allows four distinct compartments or layers to
be modelled (Fig. 1): from top to bottom, a compartment for vegetation which inter-20

acts with the atmosphere, a layer of substrate (in which lies the root system of the
vegetation), a layer that controls the hydrological exchange with the substrate above
(retention/drainage layer), and a compartment to represent the structural building and
any artificial roof layers installed (waterproofing or thermal insulation membranes and
layers of the bearing roof).25

Modelling this physical design within GREENROOF implies a configuration with two
models: ISBA-DF to simulate the exchange of heat and water in the natural layers of the
roof and TEB to simulate heat exchange within the artificial layers of the roof which have
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no biological role and within which no transfer of water is involved. The structure of the
resulting source code is presented Fig. 2. With ISBA-DF, the transfer of heat and water
between the atmosphere, the vegetation, and the soil compartments of the green roofs
is simulated through fluxes (Fig. 1) which are connected to each other through the latent
heat flux (LE) which is the sum of the plant transpiration (LETR), the soil evaporation5

(LEG), and the evaporation of the water intercepted by plant foliage (LEV). These fluxes
are estimated through detailed parameterizations, especially plant transpiration (LETR)
which integrates the impact of soil water stress and meteorological conditions in the
physiological functioning of the plant (stomatal conductance). This constitutes a good
level of detail considering the spatial scale aimed at, and participates to accurately10

simulate the energy balance at the surface of the green roof and consequently the heat
conduction (G) into the substrate and the layers beyond, which is essential to ensure
a good prediction of heat transfers within the green roof system. On the hydrological
side, the model is capable of predicting green roof surface runoff that may appear in
response to extreme rainfall events. Inside the substrate and the hydrological control15

layers, ISBA simulates the water fluxes due to vertical moisture gradients (F ) and the
water vertical drainage (K ) that establishes when these layers exceed supersaturation.
This way, the overall water discharge from the green roof (which is frequently recorded)
can be estimated by combining the contributions of the total drainage out of the green
roof base (Ktotal) and the surface run-off.20

In ISBA-DF, the soil hydrology is based on a mixed form of the Richards equation to
describe the transfer of water through the soil through Darcy’s law (changes in moisture
and water potential) when transfers of heat (conduction) are described by a classical
Fourier’s law. The coupling between heat and water transfers is finally realised through
effective soil thermal characteristics which evolve in time with the soil moisture status.25

The effective thermal capacity of the soil is calculated as the weighting of the heat
capacity of water and the heat capacity of the dry soil matrix following Peters-Lidard
et al. (1998). Similarly, the effective thermal conductivity of the soil is estimated ac-
cording to Farouki (1986) as a function of the water content, the soil porosity and the
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conductivity of the dry soil. This corresponds to the level of details encountered in the
most detailed green roof models (Alexandri and Jones, 2007; Del Barrio, 1998; Sailor,
2008). In ISBA-DF, all the soil intrinsic characteristics are estimated based on a set of
pedotransfer functions and prognostic equations described in Boone et al. (2000) and
Decharme et al. (2011).5

Finally, the two-models configuration chosen required to implement a thermal cou-
pling between the base of the hydrological control layer (managed by ISBA-DF) and
the artificial layers of the roof (managed by TEB). It is expressed through the heat con-
duction flux (GN−R) that establishes between the deepest sub layer (referred to as layer
n) of the natural green roof and the top sub layer (layer 1) of the artificial roof with which10

the natural roof is in contact:

GN−R = λN−R

(
TNn

− TR1

)
(1)

TNn
and TR1

are, respectively the temperatures of the deepest sub layer of the natural

roof and the top layer of the artificial roof. λN−R is the interfacial thermal conductivity
between the two layers, approximated by:15

λN−R =
2λNn

∆zNn

(2)

with λNn
the effective thermal conductivity of the bottom layer of the natural roof and

∆zNn
its thickness. This modifies the equation predicting the temperature evolution of

the top layer of the structural roof (Eq. 1a of Masson, 2000):

CR1

∂TR1

∂t
=

(1− fGR)

dR1

(
Q∗

R1
−HR1

−LER1
−GR1−R2

)
+
fGR
dR1

(
GN−R −GR1−R2

)
(3)20

where CR1
is the thermal capacity of the artificial layer in contact with the natural roof,

fGR the fraction of roof vegetated, and Q∗
R1

, HR1
, LER1

, GR1−R2
the terms of the surface
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energy balance for the fraction of roof not vegetated. Also, to ensure the continuity in
temperature, the temperature of the deepest layer of the green roof is recalled to that
of the top artificial layer of the structural building at each time step.

Due to the presence of waterproofing membranes, no hydrological coupling is re-
quired between the soil-vegetation model and the building model, and the excess water5

and the water percolated leave the system and are collated as the “green roof outlet
drainage”. This will allow for connection to urban drainage systems when these will be
developed within a future version of TEB.

3.3 GREENROOF input parameters

For a given green roof design, the three “natural” compartments implemented in the10

GREENROOF module (vegetation, substrate and hydrological control layers) can be
initialized (Table 1). The study of the scientific and technical literature shows that the
plant species the most commonly used on green roofs are grasses (Gramineae) or
sedums (Sedum) or a mixture of both. However, sedums are more frequently used for
green roofs implemented under a dry climate due to their ability to stand the conditions15

inherent in this type of climate. Sedums are low-growing succulent plants of the Cras-
sulacea family and are categorized as Crassulacean Acid Metabolism (CAM) plants,
CAM being one of the three mechanisms for the uptake of CO2 (photosynthesis) with
C3 and C4. Under the CAM photosynthesis pathway, sedums can withstand long pe-
riods of heat and water stress (Carter and Butler, 2008; Durhman et al., 2006; Van20

Woert et al., 2005; Wolf and Lundholm, 2008) by partially closing their stomata dur-
ing the day (hence reducing or inhibiting transpiration), and opening them at night to
fix CO2 for later use in photosynthesis. Many sedums are facultative CAM, meaning
that they can switch to a C3 photosynthetic pathway when water is again available.
This ability makes them very water-use efficient, which is why they are well adapted for25

extensive green roofs (thin layer of growing media). However this photosynthetic path-
way CAM (or CAM-C3) is not parameterised in standard vegetation models (including
ISBA) and even providing standard input values for this type of vegetation is a delicate
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task because few data have been published. Even if the lack of data did not allow
for a parameterization of sedum transpiration mechanisms to be established and im-
plemented in GREENROOF, an attempt to characterize sedums for ISBA-DF has been
undertaken, bearing in mind the objective to eventually simulate the differences in char-
acteristics and functioning inherent to the two types of vegetation commonly found on5

green roofs. To this end, two options for green roof vegetation have been established
in GREENROOF and are provided to the user: the GRASS option (herbaceous lawn)
and the SEDUM option (sedum lawn). Default characteristics for GRASS were already
available in the standard version of ISBA-DF. A set of values was finally collected in the
literature to characterize the type SEDUM (Table 2).10

Ultimately, it is mainly the characterization of the substrate and hydrological layers
which is a crucial and challenging step as the soil-forming materials implemented on
green roofs are very different from the standard soils. This is discussed further in the
next paragraph via a case study. The characterization of the artificial layers (Table 1)
which may be added to the initial roof upon green roof implantation (such as insulation15

or waterproofing layers) is performed within the TEB model.

4 Calibration of the GREENROOF module for a standard case study

For standard applications of ISBA to natural soils and vegetation, the thermal and hy-
drological characteristics are deduced from empirical formulations, called pedotransfer
functions, which connect these characteristics to the user-input soil texture properties20

(sand and clay fractions; Decharme et al., 2011). But the pedotransfer functions de-
rived for natural soils are not really adapted to the soil-forming materials constituting
the substrate or the drainage layers of a green roof. Consequently, whenever possible,
it is better to directly input GREENROOF with green roof specific thermal and hydrolog-
ical characteristics. However, when thermal characteristics for green roof materials are25

available, hydrological characteristics are not only hard to find but also consist in lab
measurements which do not reflect in-situ conditions such as soil compaction or root
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presence/growth. Indeed, root growth results in the formation of soil micro-structures
which modifies the intrinsic soil hydrological behaviour. Consequently, a calibration ex-
ercise is undertaken to best fit green roof hydrological characteristics to site conditions
as well as to the GREENROOF module and thereby provide a calibration that would
be adapted for the simulation of standard green roofs.5

4.1 Case study experimental data

The GREENROOF module is evaluated against observations. This exercise is based
on the experiment conducted by the Centre d’Etudes Techniques de l’Equipement de
l’Est (CETE) in the North East of France near the city of Nancy. The research team at
the CETE has designed an experiment with the aim of studying the relations between10

the thermal and hydrological characteristics of green roof systems and their thermal
and hydrological behaviours for a set of vegetation/substrate/drainage layer combina-
tions. Due to their location, the plots are exposed to a temperate oceanic climate.

The green roof plot studied, whose surface is 75 m2, is composed of three natural
layers of significant thicknesses (Fig. 3): a vegetation layer, a manufactured growing15

media (substrate) and a drainage layer underneath. In addition, the transfer of fine
substrate particles into the drainage layer is prevented from by a 1.9 mm thick filter
sheet which lets the water pass (geotextile material with high hydrological conductivity).
In order to improve the energy performance of the building, an insulating layer of 60 mm
has been installed between the base of the green roof compartment and the structural20

roof. Finally, two 3 mm thick waterproofing membranes on either side of the insulating
layer prevent the insulator and the structural roof from water damage. The vegetation
is a freshly established (2-month old) sedum lawn consisting of a mixture of seven
species (Sedum album, Sedum reflexum larix, Sedum reflexum germanium, Sedum
spurium, Sedum sexangulare, Sedum floriferum, and Sedum hispanicum, Fig. 3). The25

substrate, manufactured by the firm Falienor, is widely used in extensive green roof
implementations. The drainage layer consists of expanded clay granules (2–10 mm
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grain size) manufactured by the Leca® firm. Therefore, this green roof plot is fairly
representative of the green roofs which are nowadays implemented in cities.

The evolution of the thermal and hydrological status within the green roof is recorded
as shown on Fig. 3. Soil temperatures are recorded using PT100 sensors at different
depths near the centre of the plot including the soil surface (0, 8, 77, 85 and 128 mm).5

Soil water content and matrix potential are provided by a TDR probe at a single depth
(66 mm), and the excess water which is drained out of the substrate and drainage
layers is measured with a tipping-bucket water gauge at the base of the green roof
(water outlet). In addition, a weather station based on the roof at 1.40 m above green
roof surface provides air temperature, wind speed and relative humidity as well as10

global incoming solar radiation at a ten minute-temporal resolution. The time series
available for all of these data run from 4 July to 29 November 2011.

4.2 Numerical setup for the case study

The calibration exercise consists of comparing the case study observations to the
GREENROOF estimates obtained for a set of simulations differing in their calibration,15

with the aim to identify an optimal calibration for the case study green roof. Due to
the difficulty in finding a large scale case study for studying green roofs, this study
focuses on the scale of the green roofed building and its surrounding environment,
scale at which observations are available. Consequently, simulations are carried out
on one grid point. To simulate atmospheric conditions to which the green roof is ex-20

posed, a series of locally observed meteorological fields are prescribed hourly to the
GREENROOF module: atmospheric pressure, shortwave incoming solar radiation (di-
rect and diffuse), long wave incoming radiation, air temperature and relative humidity,
average wind speed, and precipitation (rain and snow). The weather station installed
on the greened roof provides air temperature and relative humidity, as well as average25

wind speed and global incoming solar radiation. The global incoming solar radiation
is assumed to be about 80 % direct and 20 % diffuse. Precipitation and atmospheric
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pressure are provided by the nearest Météo France weather station (which is about
130 m from the green roof plot, see Fig. 3). Finally, since the infrared incoming radi-
ation (LW ↓) which must be prescribed to the model is not available in any of the two
stations, it is firstly established for clear sky conditions (LW ↓

CS
) according to the Stefan-

Boltzmann law (Eq. 4), with air emissivity (εa) calculated according to Prata (1996)5

after its temperature (Ta) and humidity. Then it is modulated following Diak et al. (2000)
to account for the longwave re-emission of the cloud cover (fC, Eq. (5) – assuming that
the cloud temperature is equivalent to that of the surrounding air).

LW ↓
CS

= εaσT
4
a (4)

LW ↓ = (1− fC)LW ↓
CS

+ fCσT
4
a (5)10

where σ is the Stefan-Boltzmann constant.
To model the studied plot with GREENROOF, the three natural layers of the roof

(vegetation, substrate and drainage layer) are simulated by the ISBA-DF model while
the artificial layers (the two waterproofing membranes on either sides of the insula-15

tor, and the initial structural layers of the roof) are simulated by the TEB model. Both
the thermal and hydrological influences of the particle filter are considered negligible
because of its low thickness and high water conductivity. Finally, to ensure numerical
stability in model runs and in order to extract temperature and water content model
estimates at the same vertical levels as those measured on the plot, the substrate and20

drainage layers were subdivided, respectively into 13 and five vertical sub layers.

4.3 Methodology for the initialization of green roof thermal parameters

Values for radiative and thermal characteristics (referred to as T in Table 1) of all green
roof layers, be they natural or artificial, were either recovered from the technical litera-
ture (suppliers or manufacturers of similar products), or measured by Bouzouidja (in the25

laboratory or in-situ on the study plot) or retrieved from the scientific literature. A com-
pilation of these values is presented in Table 3. Note that the value retained for the
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dry soil thermal conductivity of our green roof substrate is within the range of thermal
conductivities reported in Sailor et al. (2008) for eight different green roof substrates
at 0 % soil moisture (0.14–0.21 Wm−1 K−1) and this information is well correlated with
the substrate density (800–851 kgm−3 according to Bouzouidja, 2013; Falienor, 2010).
Its heat capacity is slightly above the range of those measured by Sailor et al. (2008,5

950 760–1 246 000 J m−3 K−1) but of a similar order of magnitude.

4.4 Methodology for the calibration of green roof hydrological parameters

The first step of this calibration consists in compiling for each of the six hydrological
characteristics needed as model inputs (referred to as H in Table 1), the values avail-
able, in the same way as for thermal parameters (technical and scientific literature,10

measurements). The water contents at field capacity and wilting point are prescribed
from in-situ observations, leaving only four hydrological characteristics to calibrate for
both the substrate and the drainage layer: the porosity, which represents the maximum
interstitial space available for water; the saturated hydraulic conductivity, which corre-
sponds to the infiltration rate of the water when the soil is saturated, the soil matrix15

potential at saturation, which corresponds to the pressure required to extract water
from a soil matrix saturated with water; and finally the coefficient of the water retention
curve used in ISBA, called b, which relates the matrix potential to the water content
of a soil matrix according to the formulation of Clapp and Hornberger (1978). The b-
coefficient is an empirical coefficient which varies according to soil type and can be20

determined by regression based on observations. This is the case for the substrate
layer for which the hydrological status is continuously recorded (Fig. 3). This is done
for two sets of relevant porosity-matrix potential combination and is developed in Ap-
pendix A. The hydrological characteristic values which are finally tested for calibrating
GREENROOF are listed in Table 4.25

Next, all possible combinations of substrate-drainage layer hydrological characteris-
tics are established, resulting in 576 calibrated versions of the GREENROOF module.
Each of them is then run and the outputs are compared against local observations to
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identify the best hydrological calibration to model the case study plot. The comparison
of the 576 simulations focuses on the estimation of the water content recorded in the
substrate. Then its impact on the green roof outlet drainage and the soil temperatures
at various depths of the green roof is evaluated.

A systematic calculation of simulation statistical scores is undertaken to compare5

GREENROOF estimates of water content to observations, based on the Nash-Sutcliffe
efficiency (NSE) and the percent bias (BIAS) (Eqs. 1 and 2 of Moriasi et al., 2007), as
well as the Pearson coefficient of correlation (R). For the sake of visualisation, R but
also the centered root mean square error (RMSE), and the standard deviations (SD)
of both the model and observations are all plotted on a Taylor diagram (Taylor, 2001).10

Finally the 576 GREENROOF simulations are compared to identify the hydrological
calibration providing the best positive NSE along with the best R and the smallest
BIAS.

4.5 Determination of the best hydrological calibration for the case study

The statistical scores for the simulation of the case study substrate water content are15

plotted on the Taylor diagram presented in Fig. 4. Note that some simulations are show-
ing very low statistical performance. They are the result of hydrological characteristic
combinations which are not necessarily compatible with each other (and therefore do
not have a physical significance), and hence are not capable of reproducing hydrolog-
ically compatible behaviours. We can see that the model performance in estimating20

substrate water content is acceptable. The highest correlation available is about 0.8
but this value is correlated with a SD value much higher than that of observations.
Looking at NSE results for substrate water content, only four calibrations provide pos-
itive NSE values. The most meaningful statistical scores (R, NSE and BIAS) for those
four calibrated-simulations, along with the associated hydrological characteristics are25

gathered in Table 5. The best scores are obtained for substrate and drainage layer
porosities (WSAT) of, respectively 0.674 and 0.900 m3 m−3, b-coefficients of, respec-
tively 3.9 and 2.7, and a saturated hydraulic conductivity for the drainage layer (kSAT)

1145

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/6/1127/2013/gmdd-6-1127-2013-print.pdf
http://www.geosci-model-dev-discuss.net/6/1127/2013/gmdd-6-1127-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
6, 1127–1172, 2013

The GREENROOF
module (v7.3) for TEB

C. S. de Munck et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

of 3.320×10−3 ms−1. These four simulations only differ by the saturated hydraulic con-
ductivity of the substrate and the matrix potential at saturation (ΨSAT) of the two layers.
The NSE scores obtained (0.018 and 0.064) albeit positive are quite low but corre-
lated with acceptable R of 0.73 and 0.72, and really good percent bias (respectively
1.3 % and –3.3 %). The choice of the best calibration was based primarily on the NSE5

value, resulting in calibrations C and D (in Table 5). Since these two calibrations only
differ by very close saturated hydraulic conductivities, their statistical score are identi-
cal. As a result, we will call calibration D the best to facilitate the discussion hereafter.
The statistics of this calibration with regard to the green roof total drainage (Table 5) is
marginally better with regard to the NSE (0.08) but presents a lower correlation than for10

substrate water contents (R of 0.56) and above all a really high bias (about +130 %),
suggesting that the model under-estimates the water content within the drainage layer.
Another possibility for this is discussed further.

Then, the statistical scores for temperatures of the best calibration (D in Table 5) are
good and above all better than those for the water content, with a NSE of 0.60 and 0.64,15

respectively for the bottoms of the substrate (77 mm) and the drainage layer (128 mm).
These values are correlated with a good R (0.93 and 0.91) and a positive bias, with the
bias getting smaller when looking deeper in the green roof (2.12 ◦C at 77 mm versus
0.57 ◦C at 128 mm; similar for other depths but not shown). These better results in
NSE and R for temperatures than for substrate water content can be explained by the20

fact that thermal transfers are less complex, hence easier to model, than hydrological
ones. Secondly the soil temperatures are quite sensitive to atmospheric forcings that
have a daily cycle.

Finally, the best set of hydrological characteristics for modelling the in-situ behaviour
of the green roof studied with GREENROOF is that displayed in Table 5 for calibra-25

tion D. The porosity of the substrate is equal to that provided by the supplier while
that of the drainage layer corresponds to the technical and scientific literature. The
saturated hydraulic conductivities provided by the supplier or measured by Bouzouidja
(2013) are equally efficient. The value for the b-coefficient is surprising because it does
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not correspond to that obtained for the porosity of that calibration (see Table 4, Ap-
pendix A). The best calibration obtained for the drainage layer whose texture, porosity
and hydrological behaviour are complex eventually displays hydrological characteristics
which are typical of the behaviour of peat: high porosity and saturated hydraulic con-
ductivity matched to a low b-coefficient (according to Lawrence and Slater, 2008). This5

information is an interesting outcome because it allows one to relate the hydrological
behaviour of expanded clay granules to a better known soil component.

4.6 Evolution of green roof hydrological and thermal performance after model
calibration

The evolution of the substrate water content and the green roof drainage over the time10

series available (between July and November 2011) are presented on Fig. 5 for the
four best calibrations to illustrate their discrepancies in relation to that of their statis-
tical scores. GREENROOF reproduces quite well the dynamics and magnitude of the
water content in the substrate layer, although maxima are frequently over-estimated
by the model. The model fit with the substrate observations seems to be better at the15

beginning and at the end of the time serie studied. For the outlet drainage (Fig. 5),
which combines the behaviours of both the substrate and the drainage layers, the cor-
relation between the model and the observations is clearly not as good. Looking at
best calibration D, the bias of GREENROOF on the outlet drainage over the entire
time serie (+129.7 %) represents a volume of water of 3.62 m3, with 2.79 m3 recorded20

and 6.41 m3 simulated by the model. Firstly, this bias is explained by the fact that the
model always simulates a background drainage at the green roof base even when
none is observed in reality. This contribution may be small amounts at each time step
but represents 1.64 m3 over the 5-months period, in other words nearly half of the bias.
Secondly, the high positive bias in the outlet drainage is likely to be related to the pres-25

ence of a device with stoppers, which is installed between the green roof base and
the tipping-bucket water gauge. This device allows a water blade of varying height to
be retained, when it exists, by using stoppers placed at different heights of the outlet
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(multiple of 15 mm). It consists in an experimental set up, which is not a device gener-
ally implemented on green roofs. It is intended to keep water on the roof for use during
dry spells or to delay and reduce roof run off peaks during heavy rainfall events. Ob-
viously, this device, which is not modelled in GREENROOF, complicates the analysis
of the calibration exercise presented herein since it prevents part of the water that is5

drained out of the drainage layer to be recorded. As the dates at which these stoppers
were installed (as well as their numbers) are known, the bias in outlet drainage has
been calculated for two time periods, between 10/07 and 08/08 and between 28/10
and 29/11 (two stoppers), and between 09/08 and 27/10 (one stopper). If related to
the amount of precipitation to which the green roof has been exposed, the resulting10

biases are, respectively 0.018 and 0.008 in m3 of water per mm of rain, showing that
the model correlates better with observations when fewer stopper are installed. These
results suggest that GREENROOF should be capable of better simulating green roof
outlet drainage without any stopper in place. Nevertheless, it presents a general ten-
dency to overestimate the outlet drainage, as can be seen especially at the beginning15

of the simulation. This suggests that GREENROOF probably underestimates the wa-
ter content in the drainage layer. Unfortunately, this behaviour can not be evaluated
against observations since, for technical reasons, the moisture status is not recorded
in this layer.

The evolution of recorded and simulated (calibration D) green roof temperatures, is20

presented Fig. 6. Be it at the bottom of the substrate (at 77 mm) or the drainage layer (at
128 mm), the temperatures estimated by GREENROOF demonstrate a good correla-
tion with those observed, especially at the beginning of the time serie studied (until mid-
August). By contrast, the amplitude of the temperatures simulated by GREENROOF is
greater than that of observations, even if the model is able to captures seasonal am-25

plitudes. This is confirmed by standard deviation values for the substrate and drainage
layer temperatures of, respectively 7.7 ◦C and 7.3 ◦C compared to 5.9 ◦C and 5.5 ◦C in
observations. For the substrate layer, the model tends to overestimate the temperature
(with a bias of 2.12 ◦C), although this is less true at the beginning of the simulation.
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This is partially due to the fact that the water content is underestimated by the model in
that layer. This has consequences on the calculation of the effective thermal properties
of the soil matrix which are calculated according to Peters-Lidard et al. (1998) based
on the dry thermal properties shown in Table 3, the porosity and the water content of
the soil matrix. Eventually, an underestimated water content will generate lower than5

in reality thermal conductivity and heat capacity, with a consequent increase in the soil
matrix temperature. The same behaviour applies to the drainage layer. Nevertheless
the model bias, even if positive over the time serie studied, is smaller for this layer
(0.57 ◦C). It is noticeable on Fig. 6 that, from around 01/11, the model starts to under-
estimate the temperatures in that layer. The bottom of the drainage layer being the one10

the most influenced by the changes in temperatures inherent to the structural building,
the negative bias observed at the end of the simulation is likely to be due to the setting
of a too low heating trigger temperature compared to the reality.

5 Conclusions and perspectives

A parameterization called GREENROOF for simulating extensive green roofs across15

the city has been developed within TEB, that is consistent with the modular architec-
ture of SURFEX. While the natural surface scheme ISBA-DF simulates the transfers
of heat and water within the natural compartments of the green roof, TEB handles
transfers within artificial layers of the green roof and the structural roof. The GREEN-
ROOF module consists of the coupling of these two models via the heat flux which20

establishes between the natural and artificial roof layers in contact as well as a set
of specific soil-forming materials characteristics. A vertical green roof design as well
as two greening options (grass or sedum lawn) are available. In order to identify the
soil-forming characteristics that best describe green roof thermal and hydrological be-
haviours within GREENROOF, a calibration exercise is realized for a case study, an25

experimental green roof plot located in the North East of France. Results show that the
GREENROOF module performs well in reproducing the dynamics of water contents
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throughout the green roof and is acceptable with regard to their amplitude. The dif-
ferences observed between modelled and observed water contents do not impact too
much the simulation of temperatures which presents good statistical scores. Due to
the thermal inertia of the substrate and drainage layers, the scores for temperatures
are, as expected, better when looking deeper in the natural green roof compartment,5

which allows for a good thermal coupling with the artificial/structural roof layers. Based
on the hypothesis that the experimental plot studied (extensive, sedum mixture lawn,
typical substrate and drainage layer materials) is a type of green roof that is frequently
implemented on urban buildings, the set of hydrological characteristics determined via
the case study is retained to simulate green roofs at the scale of cities.10

The GREENROOF module will allow the impacts of green roof implementation on
various types of buildings (1-D with atmospheric forcings) and at city-scale (forced
with atmospheric fields or coupled to an atmospheric model) to be modelled. The cou-
pled developments of the GREENROOF module and the Building Energy Model (BEM,
Bueno et al., 2012) within TEB will assess the potential of green roofs (and associated15

water resources) as a sustainable adaptation strategy for cities in terms of indoor ther-
mal comfort and energy consumption, as well as urban heat island mitigation if coupled
to an atmospheric model. Through the various options currently available in ISBA other
impacts of green roofs could be studied at the scale of cities, such as for example their
potential for carbon dioxide sequestration.20

Future developments of this work should include the analysis of a green roof plot
with similar combination of vegetation and substrate but with a retention layer instead
of a drainage layer. It would help in refining a calibration for modelling green roofs that
have such an hydrological function, although the current parameterization has already
demonstrated its ability to reproduce this function quite well. Also, the way the source25

code of GREENROOF has been developed will allow one to take advantage of any
future developments that the ISBA model source code will benefit from. Practically, the
GREENROOF module has been implemented within the version 7.3 of the SURFEX
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platform. For further details, including how to obtain a copy of the source code, see
http://www.cnrm.meteo.fr/surfex/.

Appendix A

Fitting b-coefficient of the water retention curve to observations

A1 Method5

The b-coefficient is involved in a formulation implemented in ISBA (hence called by
the GREENROOF module) which connects the water potential to the water content in
a soil matrix, derived by Clapp and Hornberger (1978):

ψ
ψSAT

=
(

wc
wcSAT

)−b
(A1)

10

where ψ (m) is the water potential for a specific water content wc (m3 m−3), ψSAT (m) is
the water potential at saturation corresponding to the water content at saturation (i.e.
the porosity) wcSAT (m3 m−3) and b is an empirical coefficient, which must be estimated.
This formulation when plotted for a soil is called the water retention curve. Following
formulation (A1), the b-coefficient can be estimated, if observations are available, as15

the opposite of the slope of the water retention curve expressed as :

log10

(
ψ
ψSAT

)
= −b×LOG10

(
wc

wcSAT

)
(A2)

Note that for applications of ISBA to natural soils, the b-coefficient does not need to be
user-calibrated because it is estimated within the model after pedotransfer functions20

based on user-input soil texture (sand and clay fractions). The case of green roof soil-
forming materials is different because sand and clay fractions are not really appropriate
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to characterize them. Hence, for the substrate of the green roof studied for which water
contents and matrix potentials were recorded between July and November 2011, the
b-coefficient can be estimated.

A2 Fitting b-coefficients for the case study green roof substrate

The b-coefficient has been estimated based on formulation (A2) using a linear regres-5

sion for two compatible combinations of porosity and saturated water potential tested in
the calibration exercise, respectively 0.674 m3 m−3 with −0.1 m for the first combination
and 0.411 m3 m−3 with −0.1 m for the second combination. For the first combination,
the linear regression resulted in a fitted b-coefficient of 2.9. The same treatment for the
second combination (Fig. A2) resulted in a fitted b-coefficient of 3.9. The two resulting10

water retention curves are displayed on Figs. A1 and A2, showing the agreements be-
tween the b-fitted theoretical curves and the observed curves. For both combinations,
the agreement is acceptable but the Clapp and Hornberger (1978) formulation does
not seem able to reproduce the tail of the observed water retention curve – when water
content is above 0.20/0.25 m3 m−3. Also, the second combination appears better than15

the first at reproducing the inflexion of the observed curve, although it does not cap-
ture the points with the lowest water contents/greatest matrix potentials. However, the
functioning of water potential probes can be well altered in dry conditions because of
the rough texture (and the resulting lack of contact) of the soil-forming material of the
green roof substrate. This may question the validity of the high water potential recorded20

on that green roof plot.
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Table 1. GREENROOF model input parameters (T and H refer, respectively to a Thermal and
a Hydrological parameter).

Parameter (unit)

Design Fraction of structural roof vegetated (–)
Number of green roof sub-layers used for calculation and their
respective depths (m)

Vegetation Type (herbaceous lawn or sedum lawn)
Fraction of vegetation covering the vegetated ground (–)
LAI (–)
Albedo (–)
Emissivity (–)
Minimum stomatal resistance (s m−1)
Roughness length for momentum (m)

Substrate and
hydrological
control
sub-layers

Initial soil moisture (soil water index) for surface, root layers and
hydrological sub-layers
Initial soil-forming material temperature for surface, root layers and
hydrological sub-layers

Substrate and
hydrological
control
sub-layers

T: Dry soil thermal conductivity (W m−1 K−1)
T: Dry soil heat capacity (J m−3 K−1)
H: Porosity (m3 m−3)
H: Saturated hydraulic conductivity (m s−1)
H: Matrix potential at saturation (m)
H: b-coefficient for water retention curve (–)
H: Water content at field capacity (m3 m−3)a

H: Water content at wilting point (m3 m−3)a

Artificial layers
added to the
structural roof
(TEB)

Total number of layers of the artificial roof and their respective
thicknesses (m)
Albedo of the top artificial layer (–)
Emissivity of the top artificial layer (–)
Thermal conductivity (W m−1 K−1)
Heat capacity (J m−3 K−1)

a For hydrological control sub-layers, only used to initialize water contents.
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Table 2. Vegetation characteristics for SEDUM compared to that of GRASS (defined according
to the default values proposed by Masson et al., 2003).

GREENROOF parameter (unit) Value Value Method for SEDUM
(GRASS) (SEDUM) (Source)

Fraction of vegetation covering the 0.9 0.9 Chosen identical to that of GRASS
ground (–)
Leaf Area Index (–) 2 3 Measured (CRITT Horticole, 2012)
Long wave albedo (–) 0.300 0.154 Measured (Doya, 2011)
Shortwave albedo (–) 0.100 0.154 Measured (Doya, 2011)
Emissivity (–) 0.95 0.83 Measured (Feng et al., 2010)
Minimal stomatal resistance (s m−1) 40 150 Chosen higher than that for GRASS

(Sect. 3.3)
Roughness length for momentum (m) 0.01 0.01 Chosen identical to that of GRASS
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Table 3. General and thermal characteristics of green roof substrate, drainage layers and roof
artificial layers (values in bold are used in simulations).

Characteristics (unit) Value Method (source)

S
U

B
S

T
R

AT
E

Thickness (m) 0.08 Measured (Bouzouidja, 2012)
Dry unit weight of soil 2610 Deducted from Falienor (2010)
particles (kg m−3)
Dry soil thermal 0.15 Measureda (Bouzouidja, 2010)
conductivity (W m−1 K−1)
Dry soil heat capacity 1 342 000 Measuredb (Bouzouidja, 2010)
(J m−3 K−1)

D
R

A
IN

A
G

E

Thickness (m) 0.05 Measured (Bouzouidja, 2012)
Dry unit weight of soil 570 Supplier information (Leca®, 2009)
particles (kg m−3)
Dry soil thermal < 0.11 Supplier information (Leca®, 2009)
conductivity (W m−1 K−1) 0.125 Manufacturer information (SILRES®, 2012)

0.113 Manufacturer information (Sinclair, 2012)
0.075–0.090 Ochs et al. (2006)

Dry soil heat capacity 331 500 Deducted from manufacturer information
(J m−3 K−1) (Sinclair, 2012) according to density

A
R

T
IF

IC
IA

L

Material / function (1) waterproofing membrane (1) Supplier information (SOPREMA®, 2012a)
(2) insulating sheet (PIRc) (2) ACERMI (2009)

5 layers, from top (1) to (3) waterproofing membrane (3) Supplier information (SOPREMA®, 2012b)
bottom (5) (4) insulator (4 to 5) Deducted from building type and age

(5) concrete (Lemonsu et al., 2011)

Thickness (m) (1) 0.003 (1) Supplier information (SOPREMA®, 2012a)
(2) 0.060 (2) Supplier information (RECTICEL®, 2012)
(3) 0.003 (3) Supplier information (SOPREMA®, 2012b)
(4) 0.10 (4 and 5) Deducted from building type and age
(5) 0.20 (Lemonsu et al., 2011)

Thermal conductivity (1) 0.7 (1 and 3) Deducted from building type and age
(W m−1 K−1) (2) 0.024 (Lemonsu et al., 2011)

(3) 0.7 (2) ACERMI (2009)
(4) 0.035 (4 and 5) Deducted from building type and age
(5) 2.3 (Lemonsu et al., 2011)

Heat capacity (J m−3 K−1) (1) 2 100 000 (1 and 3) Deducted from building type, age and
(2) 44 800 usage (Lemonsu et al., 2011)
(3) 2 100 000 (2) Deducted from BING (2006) and Kalzip®

(4) 75 000 (2010) based on density (RECTICEL®, 2012)
(5) 2 300 000 (4 and 5) Deducted from building type, age and

usage (Lemonsu et al., 2011)

a For a similar substrate, mean between −10 and 50 ◦C.
b For a similar substrate, at 20 ◦C.
c PolyIsocyanuRate foam with aluminium layer.
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Table 4. Hydrological characteristics tested for green roof calibration exercise.

Characteristics (unit) Value Method (Source)

S
U

B
S

T
R

AT
E

Porosity (m3 m−3) 0.674 Supplier information (Falienor, 2010)
0.411 Measured (Bouzouidja, 2012)

Saturated hydraulic conductivity (m s−1) 1.073 × 10−3 Supplier information (Falienor, 2010)
2.162 × 10−3 Measured (Bouzouidja, 2012)

Matrix potential at saturation (m) –0.932 Deducted from observations
–0.10 Value fitted on observed water retention curves

(Appendix A)

b-coefficient for water retention curve (–) 2.9 Deducted from water retention curve (Fig. A1)
porosity of 0.674 and matrix potential of −0.10

3.9 Deducted from water retention curve (Fig. A2)
with porosity of 0.411 and matrix potential of −0.10

Water content at field capacity 0.37 Deducted from observations

Water content at wilting point (m3 m−3) 0.15 Deducted from observations

D
R

A
IN

A
G

E

Porosity (m3 m−3) 0.553 Deducted from supplier density data (Table 3)
0.9 Literature (Ochs et al., 2006) and manufacturer

information (Argex, 2012)

Saturated hydraulic conductivity (m s−1) 3.32 × 10−3 Bouzouidja (2012)
1 × 10−2 Technical specification (Leca®, 2012)

Matrix potential at saturation (m) –0.010 Value for organic matter (Lawrence and Slater, 2008)
–0.121 Value for sand in ISBA (CH 1978a)
–0.405 Value for clay in ISBA (CH 1978a)

b-coefficient for water retention curve (–) 2.7 Value for organic matter (Lawrence and Slater 2008)
4.05 Value for sand in ISBA (CH 1978a)
11.4 Value for clay in ISBA (CH 1978a)

a Clapp and Hornberger (1978).
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Table 5. Statistical scores of GR water content, daily drainage and temperatures for the four
best hydrological calibrations.

Hydrological characteristics Scoresa

Substrate Outlet Substrate Drain. layer
water content drainage temperature temperature

Cal Wsat ksat Ψsat b R NSE BIAS R NSE BIAS R NSE BIAS R NSE BIAS

A SUBS 0.674 1.073×10−3 −0.100 3.9 0.73 0.018 1.3 0.52 0.022 119.3 0.93 0.613 2.09 0.91 0.645 0.55
DRAIN 0.900 3.320×10−3 −0.010 2.7

B SUBS 0.674 2.162×10−3 −0.100 3.9 0.73 0.019 1.3 0.52 0.023 119.2 0.93 0.613 2.09 0.91 0.645 0.55
DRAIN 0.900 3.320×10−3 −0.010 2.7

C SUBS 0.674 1.073×10−3 −0.932 3.9 0.72 0.064 −3.3 0.56 0.081 129.7 0.93 0.601 2.12 0.91 0.636 0.57
DRAIN 0.900 3.320×10−3 −0.121 2.7

D SUBS 0.674 2.162×10−3 −0.932 3.9 0.72 0.064 −3.3 0.56 0.082 129.7 0.93 0.601 2.12 0.91 0.636 0.57
DRAIN 0.900 3.320×10−3 −0.121 2.7

a R the coefficient of correlation (–), NSE the Nash-Sutcliffe Efficiency (–), BIAS the bias Model-Obs (in % for water content and drainage, in ◦C for
temperatures).
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Fig. 1. Green roof design for TEB-GREENROOF and associated physical processes. Left:
hydrological processes: surface run-off (RUNOFF), vertical water fluxes (F , infiltration or up-
ward capillary action depending on moisture gradient), supersaturated drainage (K ) and water
drained out of the green roof base water (Ktotal) and precipitations (RAIN). Right: energy bal-
ance terms: net radiation (Q∗), sensible heat flux (H), latent heat flux (LE) and ground storage
heat flux (G). LE is the sum of the ground evaporation (LEG), the evaporation of the water
intercepted by the plant canopy (LER), and the vegetation transpiration (LETR). Right: ther-
mal processes: within all layers, thermal conduction (G) between natural layers, GR between
artificial layers, with QN−R the heat flux coupling the natural and structural roofs.
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Fig. 2. Source code organisation of GREENROOF within TEB-Veg and SURFEX.
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Fig. 3. Location (top) and design (bottom) of the green roof experimental plot modelled,
showing the positions of sensors (squares for temperatures, circle for water content and matrix
potential) and water outlet (star).
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Fig. 4. Taylor diagram showing the performance of 576 models (differing in their hydrological
characteristics) to model the water content recorded at 77 mm deep in the substrate of the GR
plot studied. A dot is assigned to each of the 576 hydrologically calibrated simulations. One can
read R on the right hand side quadrant, SD radially (SDOBS is materialised by a black quadrant
at 0.048 m3 m−3), and the RMSE on grey semi-circles centered on the observations SD. The
ideal model that would fit the observations is represented by the white dot (R = 1, RMSE=0,
SD=SDOBS).
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Fig. 5. Evolution between 4 July and 29 November 2011 of substrate water content (top) and
daily outlet drainage (bottom), as observed and simulated by GREENROOF (with the four best
hydrological calibrations).
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Fig. 6. Evolution between 4 July and 29 November 2011 of SUBSTRATE (top) and DRAINAGE
layer (bottom) temperatures, as observed and simulated by GREENROOF (with the optimal
hydrological calibration – characteristics presented in boxes, respectively for the SUBSTRATE
(top) and DRAINAGE (bottom) layers).
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Fig. A1. Fitting water retention curve coefficient and matrix potential at saturation to
observations when porosity = 0.411 m3 m−3.
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Fig. A2. Fitting water retention curve coefficient and matrix potential at saturation to
observations when porosity = 0.674 m3 m−3.
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