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A B S T R A C T   

Nature-based solutions (NBSs) and urban greening are well-established strategies used in various planning and 
policy instruments to promote the sustainability of cities and mitigate the effects of climate changes. Within this 
context, green roofs are emerging as an effective NBS in urban areas where space is often limited. The estimation 
of green roofs’ benefits is essential for their effective implementation and engineering design. In this contribu
tion, we present a daily time-step model to estimate the surface temperature, the growth of vegetation cover and 
the hydrological behaviour of a green roof. The model is tested using twenty time series of real and independent 
European green roofs. Results show that, in the absence of calibration, the model can reproduce the daily surface 
temperature with high accuracy. The vegetation growing period is also reproduced. The hydrological variables 
can be estimated with moderate accuracy, and higher accuracy can be achieved when the model is calibrated. 
Therefore, the model proves a useful tool to support the appraisal of green roofs and the planning of green in
frastructures in European cities.   
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1. Introduction 

Nature-based solutions (NBS) are increasingly applied in different 
planning and policy contexts, due to the numerous ecosystem services 
they provide (Basu, et al., 2021). Green roofs are a key NBS in the urban 
context. They consist of covering an impervious surface, such as the roof 
of a building, with a combination of layers, typically including a 
waterproof membrane, a drainage layer, a filter, soil substrate and 
vegetation (see e.g. FLL, 2018). Green roofs provide benefits at the 
building scale (e.g., thermal and acoustic insulation, improved micro
climate, creation of recreational spaces, improved aesthetics, increased 
property value, prolonged lifespan of roof materials) and, when imple
mented at the urban scale, can deliver additional ecosystem services 
such as heat island mitigation, biodiversity support and urban flood 
control through runoff reduction (Vijayaraghavan, 2016; Quaranta 
et al., 2021). Therefore, green roofs are suitable to improve the resil
ience of cities and liveability in urban areas under a changing climate 
(European Commission, 2019a; Shafique et al., 2018). 

In 2019, the European Commission published a strategic framework 
to support the deployment of green and blue roofs, drawing attention to 
the deployment of zero-energy buildings within the European Union 
(EU) from the year 2020. This EU’s initiative to deploy the renovation 
strategy is designed to help European countries to comply with the Paris 
Agreement on climate change (European Commission, 2010; European 
Commission, 2019a; European Commission, 2019b). Urban greening is 
increasingly considered a strategic option (Grădinaru and Hersperger, 
2019; Quaranta et al., 2022), and is referred to in the Nature Restoration 
Law (European Commission, 2020; Rosado-García et al., 2021). 

Guidelines to design green roofs in Europe are described in Catalano 
et al. (2018), while the main relevant decision factors for the imple
mentation of green roofs in Europe are discussed in Brudermann and 
Sangkakool (2017). European policies, incentive instruments and the 
share of realized green roofs in European cities are discussed in Versini 
et al. (2020). In Quaranta et al. (2021), the long-term (annual) benefits 
of urban greening are discussed in the European context, with a focus on 
runoff reduction, heat island mitigation and saving of energy demand 
for cooling during summer. 

Green roof performances and benefits depend not only on climatic 
factors and weather characteristics, but also on vegetation type, sub
strate and drainage layer’s properties (Quaranta et al., 2021). The 
behavior of green roofs has been mainly investigated by experimental 
and field measurements (e.g., Table 1). Simulation of green roofs entails 
integration of a hydrological model (to estimate the roof’s substrate 
water content and runoff), an energy balance model (to evaluate sub
strate temperature) and a biomass model (to evaluate vegetation 
growth), and in principle requires calibration of various parameters 
(Djedjig et al., 2012; Quezada-Garcia et al., 2020; He and Jim, 2010; 
Kumar and Kaushik, 2005; Yang et al., 2015; Broekhuizen et al., 2021; 
Johannessen et al., 2017). 

In this contribution, we examine the daily time-step model presented 
in Quaranta et al. (2021) (see the Method section for details). The model 
is conceived as a simple tool to quantify the energy and water balance 
and biomass growth of green roofs in the European climate. It is 
implemented in a MS Excel © spreadsheet that can be used in the 
planning and preliminary design of urban greening measures, using time 
series of widely available climatic variables. We compare model pre
dictions with the observed values of twenty independent monitored 
green roofs in ten different climatic contexts across Europe, considering 
surface temperature, temperature within the green roof’s soil layer, 
vegetation growth, soil water content and runoff (i.e., green roof 
outflow). 

Although daily time-step models have already been used extensively 
(e.g., SWAT, EPIC, Quaranta et al., 2021), a daily time-step model is here 
validated using data from several independent green roofs in different 
climatic contexts across Europe, with varying characteristics of the 
green roof components. Furthermore, although plant growth on green 

roofs has been thoroughly investigated in field experiments, to the best 
of our knowledge this is a first case of model verification for biomass 
growth in green roof systems across different contexts and with the 
SWAT (Soil and Water Assessment Tool) model. In the following sec
tions, after introducing the characteristics of the model, we illustrate 
how the model compares with measurements in the selected case 
studies. The results shed lights on the strengths and limitations of the 
model, which are discussed in view of the intended applications of the 
tool. 

2. Methods 

2.1. Combined hydrological, biomass and energy daily time-step model 

In this research, we refer to the model described in Quaranta et al. 
(2021). Its hydrological component has been successfully compared 
with measurements for agricultural soils, but not with reference to the 
soil layer of green roofs. A full description of the model is provided in 
Pistocchi et al. (2008). The hydrological balance is combined with the 
biomass growth model of the well-established Soil and Water Assess
ment Tool (SWAT) (Neitsch et al., 2011), and a surface energy balance 
(see Fig. 1). The model solves equations referred to a single layer of soil 
(unlike e.g. Quezada-Garcia et al., 2020) where the soil is described by 
layers). 

2.1.1. Hydrological model: green roof substrate water balance 
The hydrological model (dashed-blue box in Fig. 1) computes the soil 

water balance for a specific substrate type and thickness, as in Pistocchi 
et al. (2008). The balance considers infiltration and saturation excess 
runoff, gravity drainage and actual evapotranspiration (AET). The latter 
is computed as a function of potential evapotranspiration (ETo) based on 
the Penman-Monteith equation, and available water content. The bal
ance includes a surface water retention term, St, that we quantify for 
green roofs (in mm) through the equation proposed in Hansen et al. 
(1999) as a function of the roof slope i (-):  

St = 2.51–25i+73.3i2                                                                       (1) 

When applying the model to green roofs, we account for irrigation as 
an additional equivalent precipitation. The runoff was calculated by 
aggregating saturation and infiltration excess and also gravity drainage. 

The water balance neglects all snow processes: in Europe, these are of 
relevance at high latitudes and during winter, when vegetation growth is 
anyway mostly limited by the temperature stress factor, and this con
dition has not been encountered in the time series used for the valida
tion. We did not correct precipitation to account for roof slope and wind 
direction, as suggested in Vanuytrecht et al. (2014). Roof slopes were 
mild (< 2%) in the case studies we considered, while accounting for 
wind effects in urban areas requires complex analysis beyond the pur
pose of this work. 

The substrate moisture dynamics was modeled considering the well 
known Mualem-van Genuchten equation for hydraulic conductivity, 
which depends on two parameters related to the pore size distribution 
(n) and the inverse of the air entry pressure (α), see Pistocchi et al. 
(2008) for details. 

When the green roof was equipped with lateral walls, infiltration 
excess and the excess of surface retention did not generate runoff 
because of the retention effects of the lateral walls. In this case, satu
ration and infiltration excess was not included in the runoff calculation, 
but was added to the rainfall for the day after, net of the storage 
capacity. 

2.1.2. Energy balance model 
The daily energy balance of the green roof surface was calculated 

through Eq. (2):  

Rl+Rs-HAET+Hc=ΔG +Hr                                                                (2) 
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Table 1 
General data of the analyzed green roofs. Temperature monitoring point measured from the substrate surface.  

No. Acronym Latitude 
(◦) 

Altitude 
(m a.s.l.) 

City, country Substrate 
thickness 
(cm) 

Vegetation Average air 
temperature 
(◦C), summer 

Average monthly 
precipitation 
(mm) 

Output Months Comment Reference  

1 GR8F  37.98  40 Athens, Greece  8 Tall Fescue (Festuca 
arundinacea) 

26.8 47 Hydrology, 
Temperature (◦C) at – 
4 cm  

13 Irrigation with a hose for short periods was not 
quantified, thus assuming the same quantity as 
the sub-irrigation one, and this is a source of error 

(Soulis et al., 2017a; 
2017b)  

2 GR16F  37.98  40 Athens, Greece  16 Tall Fescue (Festuca 
arundinacea) 

26.8 47 Hydrology, 
Temperature (◦C) at −
4 cm and – 12 cm  

13 See above (Soulis et al., 
2017a;2017b)  

3 GR8S  37.98  40 Athens, Greece  8 Sedum sediforme 26.8 47 Hydrology, 
Temperature (◦C) at – 
4 cm  

13 See above (Soulis et al., 2017a; 
2017b)  

4 GR16S  37.98  40 Athens, Greece  16 Sedum sediforme 26.8 47 Hydrology, 
Temperature (◦C) at −
4 cm and – 12 cm  

13 See above (Soulis et al., 2017b; 
2017b)  

5 CR5S  50.16  365 Buštěhrad, Czech 
Republic  

5 Sedum mix 20.5 33 Hydrology, 
Temperature (◦C) at −
3.5 cm  

7  (Jelinkova et al., 2015; 
Skala et al., 2020)  

6 SL4S  46.12  310 Ljubljana, 
Slovenia  

4 Sedum mix 21.3 71 Temperature (◦C) at 
the surface  

11  (Arkar et al., 2018)  

7 BE7S  51.14  15 Kontich, Belgium  7 Sedum mix 12.5 (in April) 16 (April) Water content  1  (Van Renterghem and 
Botteldooren, 2014)  

8 IT8F  39.3  221 Arcavacata di 
Rende, Italy  

8 Cerastium tomentosum, 
Dianthus 
gratianopolitanus, 
Carpobrotus edulis 

23.3 114 Hydrology and Surface 
temperature  

6 Tall Fescue was used since crop data were not 
available. 

(Palermo et al., 2019)  

9 GE15G  48.0  623 Göggingen- 
Krauchenwies, 
Germany  

15 Grass, lawn species 16.6 42 Temperature at – 4 cm  4 Most hydraulic parameters were not known, thus 
only the temperature was compared. Modelled as 
tall fescue. 

(Gößner et al., 2021)  

10 GE6S  48.0  623 Göggingen- 
Krauchenwies, 
Germany  

6 Sedum mix 16.6 42 Temperature at – 5 cm  4 Most hydraulic parameters were not known, thus 
only the temperature was compared. 

(Gößner et al., 2021)  

11 IT8S  45.35  9 Padova, Italy  8 Sedum mix 24.4 72 Temp. at – 5 cm, 
vegetation  

4 Output was only available for 6 days. [n.a.], University of 
Padova  

12 IT14S  45.35  9 Padua, Italy  14 Sedum mix 24.4 72 Temp. at – 11 cm, 
vegetation  

4 See above [n.a.], University of 
Padova  

13 IT8F_b  45.35  9 Padua, Italy  8 Tall Fescue 24.4 72 Temp. at – 5 cm, 
vegetation  

4 See above [n.a.], University of 
Padova  

14 IT14F  45.35  9 Padua, Italy  14 Tall Fescue 24.4 72 Temp. at – 11 cm, 
vegetation  

4 See above [n.a.], University of 
Padova  

15 IT8B  45.35  9 Padua, Italy  8 Bermudagrass (Cynodon 
dactylon) 

24.4 72 Temp. at – 5 cm, 
vegetation  

4 See above [n.a.], University of 
Padova  

16 IT14B  45.35  9 Padua, Italy  14 Bermudagrass (Cynodon 
dactylon) 

24.4 72 + 24 Temp. at – 11 cm, 
vegetation  

4 See above [n.a.], University of 
Padova  

17 IT15A  44.4  40 Genoa, Italy  15 Alfalfa 24.3 133 Hydrology  12  (Palla et al., 2009)  
18 IT30Ag  39.2  78 Cagliari, Italy  30 American Agave plants 23.4 59 Hydrology  9 LAI = 0.5, as in the ref. (Cristiano et al., 2020)  
19 PT8S  38.75  84 Lisbon, Portugal  8 Sedum spp 22.5 27 Water content, Temp. 

at - 2 cm  
4 Green roof on a thick concrete layer, thermal 

transmittance of the support →0. Green roof age 8 
years. The substrate is not as homogeneous as it 
was in the beginning, and in case of extreme 
dryness, there was no full contact of the sensor 
with the substrate 

(Rocha, et al., 2021)  

20 PT8S  38.75  84 Lisbon, Portugal  8 Sedum spp 21.1 15 Water content, Temp. 
at - 2 cm  

8 Same green roof as above, but a different period Unpublished time series 
(Serrano H.C., Cruz de 
Carvalho R., 
Branquinho C.)  

E. Q
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where Rl is the net long wave radiation (i.e., considering the roof 
emissivity), Rs is the net short wave radiation (i.e., considering the roof’s 
surface albedo, see below). Hc (convection heat flux) is proportional to 
the difference between the substrate’s surface temperature (unknown, 
Tsup) and the temperature of external air, by means of the convective air 
coefficient hc (hc=10.45-W+10W0.5, W=wind velocity in m/s), and Hr 
(flux through the roof) is proportional to the difference between the 
temperature of the substrate surface and the temperature below the 
green roof’s support (e.g. the inner air temperature of a building under a 
green roof), by means of the thermal conductivity of the soil and sup
port. No lateral energy flux was assumed to occur. ΔG is the variation of 
the green roof’s heat content (proportional to the temperature varia
tion), assumed to be 0 as the roof is assumed to reach thermal equilib
rium each day. The term HAET is the latent heat of evaporation, and it is a 
function of AET; AET depends on ETo, which is the evapotranspiration 
that would occur from an area completely and uniformly covered with 
growing vegetation. The output of the balance equation is the surface 
temperature (Tsup) under steady conditions for a 1 m2 surface with a 
substrate. Therefore, Tsup already takes into account the presence of 
vegetation, except for the shading effect. The temperature at a certain 

depth of the substrate layer (Tdeep) was estimated after considering the 
thermal inertia of the substrate, depending on substrate thickness and 
substrate water content, as suggested in Neitsch et al. (2011). To 
calculate Tdeep, we make use of a lag coefficient that controls the influ
ence of the previous day temperature on the current day temperature 
(Neitsch et al., 2011). For this coefficient, ranging between 0 and 1, we 
selected a value of 0.5 after a few trials, as this yielded the lowest 
dispersion between observations and model predictions. The albedo of 
vegetation was set to αv = 0.23 as suggested in the SWAT, while the 
albedo of the bare substrate was set to αs = 0.2. The overall albedo is a 
weighted average of αv and αs depending on the dry biomass bio (Neitsch 
et al., 2011). The thermal transmittance of the support of the substrate 
and the underneath temperature were specified input from the experi
ments. Eq. (2) has been already widely used in literature, e.g., Zapalo
wicz (2018); Quaranta et al. (2021). 

2.1.3. Biomass growth model 
The dry biomass per unit area bio (g m− 2) affects the albedo of the 

substrate, while canopy height hc affects the canopy and aerodynamic 
resistance in the ETo term and, therefore, the actual evapotranspiration 

Fig. 1. Conceptual map of the model including the hydrologic balance, the biomass growth and energy balance flow chart. WC = water content (substrate moisture); 
subscript “d-1″ = day before. AET= actual evapotranspiration, ETo = potential evapotranspiration. Canopy interception was set to 0 in our work. 
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AET. The daily potential dry biomass growth Δbio (g m− 2) and canopy 
height were calculated using the SWAT model equations, Eq. 3 and Eq. 4 
below (Neitsch et al., 2011). The biomass growth is a function of the 
intercepted photosynthetically active radiation (a function of daily solar 
radiation Hday, MJ m− 2), the light extinction coefficient kl, Leaf Area 
Index (LAI) and radiation use efficiency RUE ((kg ha− 1)(MJ/m2)− 1) of 
the plant (a function of atmospheric vapour pressure), while the canopy 
height on a given day is a function of the maximum canopy height hc and 
the fraction of the plant’s maximum LAI corresponding to a given 
fraction of potential heat units for the plant frLAImx, as detailed in Neitsch 
et al. (2011). 

Δbio = RUE⋅0.5⋅Hday(1 − e− klLAI) (3)  

hc = hmax
̅̅̅̅̅̅̅̅̅̅̅̅
frLAImx

√
(4) 

The LAI development, which affects the biomass growth, was esti
mated as a function of fraction of growing season (cumulated heat 
units), as detailed in Appendix A of Neitsch et al. (2011). In our study, 
the cumulated heat units at maturity were set to 800 and 1000 for 
Bermudagrass and Fescue, as common values found in literature (see e.g. 
Griffith and Bamberger, 2001) and that generated good results when 
reproducing the biomass time series where the biomass was monitored 
(Appendix 1). The cumulated heat units at maturity were set to 750 and 
1000 for alfalfa and sedum, respectively. 

Depending on substrate and weather conditions, the actual dry 
biomass growth is calculated through appropriate temperature and 
water stress factors (Neitsch et al., 2011), the latter used also to correct 
the canopy’s height growth (and the effect of the temperature is already 
considered in the potential heat units, which is an input of the model 
depending on the temperature). The substrate water balance (Section 
2.1.2) provides the substrate water content used as an input to deter
mine the water stress conditions possibly faced by the plants. Nutrient 
deficit and shadow effects were not considered. The model assumes that 
plants uniformly and totally cover the substrate; the model does not 
capture the wilting and the negative biomass growth. The minimum 
canopy height was set to 3 cm. 

2.1.4. Coupling of the models 
The first model that is solved is the hydrological model, which de

pends on the meteorological conditions and soil properties, as well as on 
the soil’s water content of the day before. The water content affects the 
biomass growth by means of the water stress factor, which limits 
biomass growth. Both the water content and the biomass load (g m-2) 
affect the energy model, in particular the albedo (that depends on the 
biomass load) end the evapotranspiration (that depends on the canopy 
height and water content). 

2.2. Time series and model input data 

Measurements of green roof performances were collected at sites 
across Europe (Fig. 2) (Table 1), ranging in latitude from 38◦ to 51◦. The 
substrate thickness of the investigated green roofs ranged between 5 cm 
and 30 cm, and the most recurrent vegetation type was generally tall 
fescue (Festuca arundinacea Schreb.) or sedum (Sedum spp.). More details 
of the analyzed green roofs can be found in the references specified in 
Table 1. Table 2 summarizes the properties of the substrates. The code of 
each time series includes the acronym of the country, the substrate 
thickness in cm and the initial letter of the vegetation type. 

For each site, the following meteorological variables were used at 
daily scale as input to the model:  

- precipitation R (mm day− 1)  
- maximum, average and minimum daily temperature Tmax, Tavg and 

Tmin (◦C)  
- wind speed W (m s− 1)  

- daily average short wave radiation Rad (kJ m− 2)  
- air relative humidity (%)  
- net long wave radiation (kJ m− 2). When not measured, it was 

calculated as the downward long wave radiation (by the Prata 
method described in Wang and Dickinson, 2013) minus the upward 
long wave radiation with an emissivity green roof coefficient of 0.9 
(Neitsch et al., 2011)  

- potential evapotranspiration, ETo (mm day− 1). When not provided, 
it was calculated with the Penman-Monteith equation, using the 
height of an herbaceous crop to compute the canopy aerodynamic 
resistance (Neitsch et al., 2011).  

- vapour pressure Vap (hPa). When not monitored, it was calculated as 
suggested in Neitsch et al. (2011). 

Furthermore, each green roof was characterized by its area, incli
nation, thickness, thermal resistance or conductivity, dry density, 
porosity and hydraulic properties (hydraulic conductivity at saturation, 
substrate water content at field capacity, FC, and at wilting point, WP, 
residual and saturation substrate water content, and the parameters α 
and n of the Mualem-Van Genuchten model (see e.g., Pistocchi et al., 
2008). Table 2 lists the available substrate parameters for each case 
study. 

2.3. Crop type and mowing schedule 

The parameters used to model the roof’s vegetation (kl, RUE, LAI, 
optimal and minimum growth temperature, maximum plant height) 
were derived from the literature (e.g., Neitsch et al., 2011). Only time 
series 11–16 reported the mowing schedule, and were used for the 
validation. The irrigation schedule was considered. 

2.4. Output and analysis of results 

With the above selection of parameters, we computed daily runoff, 
average soil water content, (above ground) biomass, green roof’s surface 
temperature (Tsup) and temperature at a certain depth (Tdeep), which in 
most of the experiments was a few cm below the substrate’s surface. 

Table 1 shows the main characteristics of the examined green roofs 
and the components that could be validated, as not all the above- 
mentioned indicators have been measured on-site. 

The soil water balance can be computed once soil hydraulic pa
rameters are assigned. For time series No. CR5S, IT8F, IT15A, locally 
calibrated values for the soil hydraulic parameters were available from 
the original studies (Table 2). In the other cases, in principle the pa
rameters could be calibrated on the basis of the available observations 
(runoff, soil water content or both). However, when the model is used 
for planning or preliminary design purposes, observations are not 
available and the parameters must be assigned a priori. Pistocchi et al. 
(2008) refer to five representative soil texture classes in Europe (coarse, 
medium, medium-fine, fine, very fine, respectively named S1, S2, S3, S4 
and S5), to which they attribute average soil properties. They argue that 
the water balance of soils should usually be comprised within the 
ensemble obtained by using the hydraulic properties of the five classes. 
In the absence of more specific information, we compare the observed 
water balance (runoff and/or soil water content) with the central value 
of the ensemble and its range of uncertainty (i.e. its extremes) in order to 
evaluate the applicability of the model to unknown green roofs. 

A comparison of model output and available observations for the 
water balance, surface temperature and biomass is drawn using the 
mean absolute error (MAE), the coefficient of determination R2 and the 
Nash–Sutcliffe model efficiency (NSME). 
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3. Results 

3.1. Hydrological regime 

In this section, the comparison between the measured time series and 
the modeled ones is shown. When all the substrate’s hydraulic param
eters were available (measured or calibrated by previous models), the 
modeled time series with these parameters was also plotted, in addition 
to the modelled time series using the parameters of the ensemble of the 
five representative European soils. Although the calibration was not the 
scope of our work (as it would require site-specific studies), a light 
calibration was performed by changing some parameters (n, conduc
tivity, WP and FC) and checking visually the effects, until the model 
reproduced well the measured time series (Appendix 2). The calibrated 
values of parameters depend on the model and may change when a 
different model is implemented. 

Fig. 3 shows the results for the time series whose substrate’s hy
draulic parameters were available and locally calibrated in previous 
studies. The European soil ensemble can capture well the main trends 
and dynamics, enabling an appraisal of the runoff and substrate’s water 
content at the daily and aggregated time-scales, although the runoff is 
more challenging to capture (see the Discussion section for more de
tails). The runoff predicted with the available substrate’s parameters is 
predicted with a MAE of 25% (time series CR5S) with respect to the 
measured one. Instead, the annual predicted runoff is over-estimated by 
a factor 1.5 (+50%) and 1.8 (+80%) in the time series IT8F and IT15A, 
respectively. This may be due to the fact that these parameters were 
calibrated on other models and may not be the optimal values for our, 
different, model. The NSME of the scatter plot of the daily runoff values 
is 0.78 for the time series No.CR5S and 0.6 for time series No.IT15A. For 
the time series IT8F it is − 0.74, but becomes 0.76 if only the events with 
runoff exceeding 5 mm are considered (representing 53% of annual 

Fig. 2. Geographic distribution of the analysed green roofs. Numbers 1- 20 indicate the data series described in Table 1.  

Table 2 
Available parameters of the substrate: n and α are the Van Genuchten parameters, WP=wilting point, FC=field capacity, WC = water content (residual and at 
saturation), Ks conductivity at saturation. Storage capacity is thickness·( WCsat- WCres).  

No. Ks (m s− 1) n α (m− 1) WCres WP FC WCsat Storage capacity of substrate (cm) 

1-4 1.27E-04   1%   64% 5.04 (thickness 8 cm), 10.08 (thickness 16 cm) 
5 3.62E-05 1.362 3.82 5% 8% 17% 35% 1.5 
6 1.27E-04   2%   88% 3.44 
7 1.00E-05 1.37  3%   35% 2.24 
8 3.47E-04 1.25  0% 9% 25% 58% 4.64 
9       65%  
10       65%  
11-16 8.00E-04   2% 24% 36% 65% 5.04 
17 5.70E-04 4.13 16.2 4% 5% 32% 46% 6.3 
18 7.00E-04   2% 2.5% 25.4% 48% 13.8 
19 4.10E-04    16% 33%   
20 4.10E-04    16% 33%    
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runoff). In case of NSME< 0, but with high R2 values, results could be 
adequately corrected to match the measured values, by correcting them 
with regression equations (see, e.g., Palla et al., 2012). 

Figs. 4, 5 and 6 show the results for the case studies where the locally 
estimated hydraulic parameters were not available and, therefore, only 
a comparison with the ensemble of European soils could be shown. The 
measured time series of water content are generally represented well by 
the ensemble of the European soils. Instead, the measured runoff is 
outside of the ensemble. Time series No. 1–4 (GR8F, GR16F, GR8S, 
GR16S in Table 1) came from the same site, hence the GR8S time series 
is representative for all of them. A well-visible discrepancy is achieved 
for the runoff depicted in Fig. 4: this may be due to the intensive irri
gation, whose inflow contribution may be difficult to know and repro
duce exactly. The irrigation was implemented with a sub-daily schedule, 
that cannot be simulated in our daily-step model appropriately. 

The calibrated time series (Appendix 2) show that the model can 
capture well the main dynamics if appropriately calibrated. 

3.2. Thermal regime 

Fig. 7 represents the scatter plot of the measured temperature versus 
the predicted one for the GR16F site, both for the surface temperature 
and for the temperature within the substrate, using the calibrated values 
of the hydrological model (the substrate type affects these results to a 
very small extent, and any soil type would almost give the same results). 
This is a typical scatter plot for the temperatures in this study. The 
calculated temperatures are predicted well for all the investigated sites, 
with a linear coefficient of the regression equation usually around 1 
(when the intercept is set to 0) and with a coefficient of determination R2 

of the scatter plot above 0.8 (Table 3). The MAE is below 1%, and was 
calculated using units in Kelvin to be consistent with the thermal bal
ance of the roof (e.g., long wave radiation) as in the studies reviewed in 
Quezada-Garcia et al. (2020). 

3.3. Vegetation growth 

The biomass model’s results were compared with monitored values 
for four times series (No. IT8F_b, IT14F, IT8B, IT14B), as these were the 
only ones where the dry biomass per unit area and canopy height before 

mowing were measured. The comparison is summarized in Figs. 8–9. 
There is a good agreement for cool-season turfgrass species (Fescue), and 
the growing process of warm-season turfgrass (Bermudagrass) is quite 
delayed in the model. The cumulative dry biomass is estimated with a 
discrepancy of 5.6%, 11.7%, 45% and 190% for time series IT8B, IT14F, 
IT14B and IT8F_b, respectively. Biomass modelling is challenging on 
extensive green roofs systems due to the variety of plant species that can 
be utilized (coppices, small shrubs, succulents, turfgrasses) exhibiting 
different types of growth (prostrate, erect) and metabolic pathways (C3, 
C4, CAM1), as well as due to the negative plant response on decreasing 
substrate depth and irrigation regime. 

4. Discussion 

The twenty green roofs considered in our work cover a broad range 
of geographic contexts across Europe, as highlighted in Fig. 1, with 
varying latitude, distance from the sea, and altitude. 

The performance of the model ensemble using the properties of the 
five reference European soils, in the absence of calibration, seems 
acceptable, considering that most of the models available in the litera
ture are generally calibrated on the corresponding observed data (e.g., 
Yan et al., 2022; Liu et al., 2021). The model’s performance can be 
significantly improved after calibration. 

4.1. Hydrological regime 

The water content was estimated well by the hydrological model 
both when the substrate’s properties were known (Fig. 3) and using the 
ensemble of the European soils. The runoff was estimated with good 
accuracy as well, with NSME above 0.6 when results are compared at the 
daily scale. A NSME above 0.5 is generally deemed as satisfactory (Soulis 
et al., 2017b). The non-calibrated predicted runoff, for the time series of 
known parameters, was predicted with accuracy of 25% in CR5S. For 

Fig. 3. Cumulative runoff and water content (WC) across the time series for data series CR5S (a and b), IT8F (c), IT15A (d). “Model.” means modelled data, “Meas.” 
means measured data, and the others refer to the representative European soils (“Smed” is the median of the results associated to the European soils). 

1 The majority of photosynthetic plants uses C3 photosynthesis as primary 
mode of photosynthesis. C4 photosynthesis occurs in around 3% of vascular 
plants, such as crabgrass, sugarcane, corn and so on, CAM photosynthesis is the 
third type of photosynthesis that occurs in semi-arid plants. 
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IT8F and IT15A, the trend is captured well by the ensemble of European 
soils, while the annual calculated runoff is over-estimated by a factor 1.5 
and 1.8, respectively, using the available substrate’s parameters. This 
may be due to the fact that the parameter’s values were calibrated in 
different conditions and on different models, that are not the same of our 
ones. Furthermore, the climate of these sites, in Italy (IT8F and IT15A), 
was characterized by more intense events with respect to the other time 
series (e.g., CR5S). The average rainfall per day (considering only rainy 
days) was 14.4 mm, 9.2 mm and 3.2 mm for IT8F, IT15A and CR5S, 
respectively. 

In general, the complexity of the hydrological behavior can be 
expressed in three main points: 

1) the simulation of soil hydrology is obviously sensitive to the hy
draulic parameters adopted, and some of them may not reflect well 
the reality. Measurements of the substrate’s properties made at the 
beginning of the experiments and hydraulic properties may have 

Fig. 4. Substrate water content (WC) (a) and cumulative runoff (b) for time series GR8S. “Meas.” means measured data, and the others refer to the average European 
soils (“Smed” is the median of the results associated to the European soils). 

Fig. 5. Cumulative runoff of time series SL4S. “Meas.” means measured data, 
and the others refer to the average European soils (“Smed” is the median of the 
results associated to the European soils). 

Fig. 6. Substrate water content (WC) for BE7S (a) and PT8S (b). “Meas.” means measured data, and the others refer to the average European soils (“Smed” is the 
median of the results associated to the European soils). 

Fig. 7. Time series GR16F, scatter plot of the surface’s temperature (a) and within the substrate’s temperature (b) measured (Tm) versus modelled (Tmod).  
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temporal and spatial variability. Measurements and hydraulic pa
rameters’ values were provided at a specific location and time, while 
the proposed model presents bulk substrate values for water content. 
In particular, preferential flow may occur in ways that are generally 
difficult to model.  

2) The daily time step cannot characterize well the system performance 
in response to individual stormwater events that are typically shorter 
than one day, making it difficult to simulate the proper temporal 
variation of the substrate hydraulic conditions during stormwater 
events; however, for the soil water balance, usually 1 day is a fair 
time step, and the biggest discrepancies seem to be unrelated to 
storm events.  

3) The presented model describes infiltration and saturation excess and 
gravity drainage, and may not be fully applicable where there is a 
strong effect of artificial drainage. The proposed model generally 
overestimates the runoff. This may be due in part to the losses 
associated with rainfall splashing on the vegetation and leaving the 
roof without having the possibility of reaching the substrate (e.g., in 
windy conditions). In the field experiments, leakages, losses and 
retention of the drainage system may reduce the runoff. In addition, 
the artificial drainage and impervious lining at the bottom of a green 
roof complicates the hydrological behaviour with respect to that of 
an agricultural soil. 

Time series No. 1–4 (GR8F, GR16F, GR8S, GR16S, in Table 1) come 
from the same site. The runoff was not much affected by the substrate 
thickness and type of vegetation, as widely discussed in the reference 
scientific publications listed in Table 1, while the model, with the pa
rameters of the European average soils, was sensitive to the substrate 
thickness and vegetation type. In Fig. 4, from day 130 to day 180 (April 
and May), water content reduces without a significant runoff; this may 
be due either to the significant evapotranspiration, not captured in our 
model, or to some inaccuracy in the data of the irrigation schedule. For 
time series No. 19 and 20 (PT8S), the soil water content is much lower 
than predicted by the model with the European soils. This seems to 
suggest that the model predicts a higher infiltration excess than in re
ality, or a much quicker drainage. Furthermore, some water content 
values are equal to zero: this happened because the substrate is not as 
homogeneous as it was in the beginning of the tests, and, in case of 
extreme dryness, there was no full contact of the sensor with the sub
strate, giving WC= 0. The green roof of the time series GR8F8 is not 

further analysed, since it represents an uncommon case. The runoff was 
collected by two small pipes, one vertical and the other horizontal, 
hence the runoff was very low. A dedicated model would better simulate 
the outflow process and in our light calibrations it was not possible to 
capture the dynamics accurately. 

Therefore, even when the substrate properties are fully known, the 
model may still require a site-specific calibration (e.g., Palla et al., 
2009). Calibrations are indeed generally done in literature studies, and 
calibrated parameters are often different from the measured ones. For 
instance, the substrate hydraulic properties measured in Jelinkova et al. 
(2015) have been found different from the calibrated values obtained in 
Skala et al. (2020) 2 for the same green roof. Clearly, the hydrological 
output could be better estimated if the model would be explicitly 
conceived to reproduce each specific green roof with calibrated pa
rameters. However, the calibration was out of the scope of this study, 
mainly focusing on providing a general tool for the assessment of green 
roof performances in different contexts and climates, when no field data 
is available for calibration. 

4.2. Thermal regime 

When it comes to the estimation of temperature, the MAE is generally 
below 1% (< 3 K), better than the accuracy of the models reviewed in 
Quezada-Garcia et al. (2020), whose accuracy ranged between 5 K and 
10 K, or 3%− 6%. The coefficient R2 is generally higher than 0.80, 
except in a few cases where plots are a cluster of data due to the 
restricted range of values, but that exhibit anyway a very low MAE. 
Regression equations (modelled versus measured) were also determined 
as additional result and accuracy indicators, but not further used. In a 
real application, they could be used as correction factor to improve the 
estimation, generating scatter plots of the type y = x. Differently from 
our methods, the SWAT model (Neitsch et al., 2011) estimates the 
temperature of a bare unsealed soil as a function of solar radiation, and 
multiplies it by the term bcv (dry biomass load) to take into account of 
the vegetation, with higher uncertainty. The input parameters (e.g., 
albedo) should be selected site-specifically for future applications, or 
could be improved as a function of water content (Sailor et al., 2008). 

4.3. Vegetation growth 

Plant growth on extensive green roofs has been thoroughly investi
gated, such as the growth of turfgrasses (Ntoulas and Nektarios, 2015), 
native and endemic coppices and shrubs (Nektarios et al., 2011; 
Varela-Stasinopoulou et al., 2023b), alophytes (Paraskevopoulou et al., 
2015) and succulents (Varela-Stasinopoulou et al., 2023a). Apart from 
the plant species, increasing substrate depth has been proved to directly 
increase plant growth, while substrate type has been indifferent in most 
cases. Finally, irrigation regime has a direct impact on plant biomass 
accumulation. However, despite the broad field research work per
formed on plant growth, to the best of our knowledge, this is the first 
case of verification of a biomass growth model on extensive green roof 
systems across different contexts and with the SWAT model. 

Vegetation-substrate interaction is complex: biomass growth varies 
significantly depending on species present, plant density and root type, 
substrate depth, water availability, growth season length, as well as 
green roof management. Hence modelling biomass growth faces several 
challenges. The SWAT model is conceived for application at the water
shed scale and large areas with intensive agricultural activity; problems 
in plant growth patterns may arise when applied to different systems (e. 
g., in small green roofs and forests) (Lai et al., 2020). Furthermore, the 

Table 3 
Results of the temperature validation in terms of determination coefficient (R2), 
Mean Absolute Error (MAE) and Nash–Sutcliffe model efficiency (NSME). n.a. 
= not available. * = no analyses performed due to too few measurement data 
(six points almost with the same value), that reduces the statistical power.  

Time series No. Surface Temperature Tgreen Deep Temperature Tdeep  

R2 MAE (%) NSME R2 MAE (%) NSME 

1 0.91 0.70 0.90 n.a. n.a. n.a. 
2 0.94 0.70 0.87 0.95 0.7 0.89 
3 0.91 0.60 0.91 n.a. n.a. n.a. 
4 0.93 0.97 0.91 0.93 0.90 0.93 
5 n.a n.a n.a. 0.96 0.4 0.95 
6 0.96 0.80 0.91 n.a. n.a. n.a. 
7 n.a. n.a. n.a. n.a. n.a. n.a. 
8 0.93 0.9 0.85 n.a. n.a. n.a. 
9 n.a. n.a. n.a. 0.92 0.70 0.46 
10 n.a. n.a. n.a. 0.90 0.70 0.46 
11 n.a. n.a. n.a. * 0.50 * 
12 n.a. n.a. n.a. * 0.65 * 
13 n.a. n.a. n.a. * 0.57 * 
14 n.a. n.a. n.a. * 0.64 * 
15 n.a. n.a. n.a. * 0.54 * 
16 n.a. n.a. n.a. * . 0.41 * 
17, 18 n.a. n.a. n.a. n.a. n.a. n.a. 
19 n.a. n.a. n.a. 0.87 0.58 0.85 
20 n.a. n.a. n.a. 0.88 1.0 0.76  

2 Measured values were WCres = 0.05 (-), WCsat = 0.35 (-), n = 1.362 (-), aVG 
= 0.0382 (1/cm), Ks = 313.3 (cm/day) versus the calibrated values WCres 
= 0.05 (-), WCsat = 0.254 (-), n = 3.08 (-), aVG = 0.76 (1/cm), Ks = 687 (cm/ 
day). 
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Fig. 8. Dry biomass of cut vegetation, time IT8F_b, IT14F, IT8B, IT14B, respectively showed in the (a), (b), (c) and (d) plots.  

Fig. 9. Canopy’s height at mowing, time series IT8F_b, IT14F, IT8B, IT14B, respectively showed in the (a), (b), (c), and (d) plots.  
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vegetation cover was assumed uniform, while the predicted biomass 
may reflect only certain substrate portions. The model does not capture 
the wilting and negative biomass growth, and, after reaching the 
maximum theoretical height (which is an input parameter), the simu
lated plant biomass remains stable until the plant is harvested or killed 
via a management operation. Only turfgrass species have been used, 
rather than coppices, small shrubs or succulents. 

Differences in the accuracy of the biomass growth of the two turf 
species by the model can be due to their strongly different physiological 
characteristics, that is why they were selected for the field experiments. 
Tall fescue is a C3, cool-season turfgrass with very good water use effi
ciency when grown on soils with unconfined depth, since it possesses a 
drought avoidance mechanism based on extending its root system in 
deeper soil depths and utilizing deeper water quantities. However such a 
mechanism cannot be utilized on the restricted shallow substrate depth 
profiles on an extensive green roof system. Вermudagrass has a similar 
drought avoidance mechanism with tall fescue, but it is a C4 warm- 
season turfgrass species with a higher water use efficiency (Culpepper 
et al., 2019). Thus, their adaptive and functional drought avoidance 
mechanisms can be disrupted when forced in artificial systems, like 
green roofs, where substrate depth is very shallow compared to soils in 
open field. Another difficulty lies in the intrinsic characteristics of some 
input data we used. For instance, heat units, also known as growing 
degree days, are meant to predict seasonal plant growth which not al
ways are met because of the inaccurate or arbitrary selection of the base 
temperature (e.g., 5 ◦C, 10 ◦C and 15 ◦C were used for Bermudagrass by 
Patton et al. (2004), Gómez de Barreda et al. (2022) and Giolo et al. 
(2020), respectively), because of the different sites or the considered 
period and the different thermal excursion. The main vegetation 
parameter that affects the biomass growth is the LAI, that was estimated 
as a function of fraction of growing season, as detailed in Appendix A of 
Neitsch et al. (2011). However, the proposed generalized functions may 
lose accuracy when implemented site-specifically, because the modelled 
phenomenological grow curve, with the standard SWAT values, may not 
reflect very well the on-site vegetation. Therefore, biomass production 
should be verified during model calibration to the extent possible 
(Arnold, et al., 2012; Chaibou Begou, et al., 2016). Nevertheless, despite 
the simplifications of the SWAT model, the biomass growth was pre
dicted well overall. 

Rainfall interception by canopy was not considered. The Merriam 
equation could be implemented to estimate canopy interception, as 
described in Kozak et al. (2007). It assumes that canopy interception is a 
function of LAI and that maximum canopy saturation is approached 
exponentially as cumulative rainfall increases. If the precipitation 
intercepted by canopy is considered in the substrate water balance, the 
annual cumulative runoff would decrease by 5%, 3.8% and 3.4% for the 
calibrated time series CR5S, IT8F and IT15A, respectively. In Soulis et al. 
(2017b), the canopy interception was an additional calibration param
eter. The influence of the dry biomass and canopy height on the hy
drological and energy model is minimal. 

Our work answers to the need of more simple simulation tools, 
highlighted in Quezada-Garcia et al. (2020). The proposed mathemat
ical model strives to be practical and simple, confirming its suitability 
both for large-scale appraisal of policy scenarios (e.g., Quaranta et al., 
2021, 2022) and for local purposes when specifically calibrated 
(although an ad hoc calibration was out of the scope of the present 
paper), for example to optimize energy use and water management (e.g., 
Van Mechelen et al., 2015). When not calibrated, the model allows for a 
simple, but yet accurate, estimation across Europe by using the ensemble 
of the European representative soils. 

For a general application in absence of data, the European repre
sentative soils could be used, although substrate values may differ from 
common soil properties (see Table 2). With reference to the green roofs 
tested here (Table 2), the Van Genuchten parameter n is generally 
n = 1.3 and the residual water content is generally WCres = 1%. The Van 
Genuchten parameter α generally ranges from 0.0083 to 0.031 m− 1 for 
European soils (Pistocchi et al., 2008), while the maximum one found in 
our cases is 16.2 m− 1. Anyway α did not affect the results appreciably 
and any reasonable value would be fine. 

Only turfgrass species were considered, rather than coppices, small 
shrubs or succulents. Therefore, the growth model should be limited to 
turfgrasses and further research should be performed for other plant 
categories. 

5. Conclusions 

In this work, we implemented an integrated hydrological-energy- 
biomass model to estimate the performances of green roofs over a 
wide range of operating conditions and characteristics, covering a wide 
range of geographic contexts across East, South and West Europe. 

In our model, the roof temperature presented a high degree of pre
dictability, with a high correlation between estimated and monitored 
values (R2 >0.8) and MAE below 1%. The vegetation growth could be 
validated only with four time series (Bermudagrass and Fescue) and 
proved to be in line with the monitored values. The quantification of the 
hydrological behavior at the daily scale is instead more complex. 
Nevertheless, the proposed model allows for the assessment of the hy
drological behavior with reasonable accuracy when the hydrological 
parameters are available, and shows its potential to be calibrated for 
providing accurate estimations. When not calibrated, the result 
ensemble of the European average soils provides a reasonable estimation 
for general assessments and policy purposes. 

The model is conceived as a flexible tool to be used in different Eu
ropean geographic and climatic contexts and, as such, it is expected that 
its accuracy is lower when compared with models conceived to simulate 
a specific green roof. On the other hand, very specific models fail when 
used outside of their context, while the current model maintains a 
certain degree of flexibility. The presented model can be used during the 
planning stage to estimate the performance of a green roof in terms of 
building thermal insulation and runoff reduction. Furthermore, this 
model can be applied during the operation stage of the building: by 
running the model with weekly weather forecasts, both the cooling 
schedule, as well as the irrigation requirement at the monthly scale, can 
be improved to optimize energy and water use. Finally, with the help of 
this model, it is possible to perform a scenario analysis in the context of 
urban greening for policy and strategic purposes. Future experimental 
research should focus on the improvement of the knowledge on thermal 
and botanic properties of plants to be used for modeling, and further 
modeling research should be performed for other plant categories in 
green roof systems. 
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Appendix 1 

The dry biomass and canopy height, measured at mowing in time series No. 13–16 (IT8F_b, IT14F, IT8B, IT14), were used to estimate the accuracy 
of the biomass model.  

Table A1 
Dry biomass cut at a specific date (g m− 2). Vegetation was cut at 4 cm height, and dry biomass refers to the cut one. Dry biomass was not measured for Sedum.  

No. Substrate thickness Species Modelled species as: 24/7 6/8 20/8 3/9 17/9 15/10 

IT8B 8 cm warm-season turfgrass Bermudagrass  68.63  137.57  44.15  3.15  0.75  1.66 
IT8F_b 8 cm cool-season turfgrass Tall Fescue  3.83  22.35  7.29  2.07  0.59  0.61 
IT14B 14 cm warm-season turfgrass Bermudagrass  134.63  247.94  44.82  4.67  1.99  2.62 
IT14F 14 cm cool-season turfgrass Tall Fescue  14.77  95.91  32.45  5.83  2.53  1.57   

Table A2 
Canopy height before cutting at a specific date (cm).  

No. Substrate thickness Species Modelled specie sas: 24/7 6/8 20/8 3/9 17/9 15/10 

IT8B 8 cm warm-season turfgrass Bermudagrass  13.85  21.29  13.42  8.06  7.21  6.37 
IT8F_b 8 cm cool-season turfgrass Tall Fescue  8.62  13.01  9.64  7.83  7.31  6.20 
IT14B 14 cm warm-season turfgrass Bermudagrass  20.27  24.83  13.58  9.08  8.87  7.54 
IT14F 14 cm cool-season turfgrass Tall Fescue  10.77  17.90  12.36  8.65  8.86  7.32  
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Appendix 2

Fig. A1. Cumulative runoff or water content (WC) across the time series for data series CR5S (a and b), IT8F (c), IT15A (d), SL4S (e) and PT8S (f). “Model.” means 
modelled data, “Meas.” means measured data, “Calibr.” means calibrated values and the others refer to the representative European soils (“Smed” is the median of the 
results associated to the European soils). 
. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.ufug.2024.128211. 
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