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Abstract

This paper presents a novel model for the year-round simulation of evapotranspiration
(ET) and substrate temperature on two fundamentally different extensive green roof types:
a conventional drainage-based “Economy Roof” and a retention-optimized “Retention
Roof” featuring capillary water redistribution. The main scope is to bridge the gap in
urban climate adaptation by providing a modeling tool that captures both hydrological
and thermal functions of green roofs throughout all seasons, notably including periods
with dormancy and low vegetation activity. A key novelty is the explicit and empirically
validated integration of core physical processes—water storage layer coupling, explicit
rainfall interception, and vegetation cover dynamics—with the latter strongly controlled
by plant area index (PAI). The PAI, here quantified as the plant surface area per unit
ground area using digital image analysis, directly determines interception capacity and
vegetative transpiration rates within the model. This process-based representation enables
a more realistic simulation of seasonal fluctuations and physiological plant responses, a
feature often neglected in previous green roof models. The model, which can be fully
executed without high computational power, was validated against comprehensive field
measurements from a temperate climate, showing high predictive accuracy (R2 = 0.87 and
percentage bias = −1% for ET on the Retention Roof; R2 = 0.91 and percentage bias = −8%
for substrate temperature on the Economy Roof). Notably, the layer-specific coupling of
vegetation, substrate, and water storage advances ecological realism compared to prior
approaches. The results illustrate the model’s practical applicability for urban planners
and researchers, offering a user-friendly and transparent tool for integrated assessments of
green infrastructure within the context of climate-resilient city design.

Keywords: green roof; Retention Roof; blue-green roof; green roof modeling; evapotranspi-
ration modeling; substrate temperature modeling

1. Introduction
Urbanization and climate change have intensified the frequency and severity of flood-

ing and heat events in cities. This development is largely driven by increased impervious
surfaces and altered cycles of hydrology and energy. As a consequence, cities are increas-
ingly affected by stormwater overload, elevated energy demands, and growing risks to
public health during extreme weather events. Green roofs have emerged as nature-based so-
lutions that mitigate these adverse impacts by enhancing stormwater retention, improving
local microclimates, and reducing building energy demands, among other co-benefits [1–4].

In particular, retention-type green roofs—systems with enhanced water storage
capacity—are now frequently implemented as stormwater management tools at both
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building and district scales. They are supposed to not only retain rainfall during extreme
weather events but also to support aesthetic integrity and maintain healthy vegetation dur-
ing summer months for continued cooling benefits [5,6]. Given that the use of potable water
for irrigation is often limited or prohibited, understanding and predicting a green roof’s
water consumption and cooling performance is essential for optimal design and function.
From an urban planning perspective, the most important ecosystem services of green roofs
are attractive appearance [4,6,7], cooling effect [8,9], increased urban biodiversity [10,11],
and delaying runoff during precipitation events [12,13].

The hydrodynamic calculation of runoff delay is well documented in the literature [14–16]
and one key input variable for these simulations is substrate moisture at the onset of a
rain event, which strongly depends on evapotranspiration rates during prior dry periods.
Similarly, evapotranspiration plays a decisive role in the thermal behavior of the roof by
promoting latent heat loss, while substrate temperature governs sensible heat exchange
between roof surfaces and the surrounding air. These two parameters—evapotranspiration
and substrate temperature—therefore represent the most relevant calculable variables
for evaluating both the hydrological performance and urban cooling capacity of green
roofs. Their accurate prediction is essential to quantify retention capacity, guide irrigation
strategies, and evaluate energy saving potential for green infrastructure planning [8,17–19].

Nevertheless, a review of existing modeling approaches reveals several persistent
research gaps in the simulation of substrate temperature and evapotranspiration on green
roofs. The summary in Table 1 presents a comparative analysis of eleven models which
calculated both evapotranspiration and substrate temperature and were published between
1998 and 2021, highlighting the state of current modeling efforts. They have been reviewed
regarding the calculation (Ca) and validation (Va) of soil moisture, stomatal resistance,
interaction with drainage/retention layer, plant area index (PAI—the ratio of plant above-
ground biomass to the substrate surface)/soil cover fraction (SCF—the ratio of plant cover
of a measurement area), and interception, the simulation of which are important for a com-
prehensive model [20–22]. As well as regarding the validated ability to simulate a full year,
having evapotranspiration measurements for result validation and no need for numeric
solvers are necessary characteristics for a reliable and easy to use model, without the need
of extensive computational power. While many studies address some of these aspects, no
model provides a simulation with all the mentioned key parameters and characteristics.

One clear shortcoming across much of the existing literature is the limited validation
of key variables, particularly interception, stomatal resistance, and the interaction between
substrate and drainage or retention layers. While evapotranspiration is a central component
of most models, only two (Takebayashi and Moriyama, 2007 [23]; Tabares-Velasco et al.,
2012 [24]) include validation.

A second limitation is the underrepresentation of validated biophysical plant processes.
Validated seasonal variation in plant parameters such as PAI and SCF, which are crucial for
accurate modeling of evapotranspiration [25], remain largely underrepresented. Notable
exceptions include the models by Tabares-Velasco et al. [25], de Munck et al. [26], and
Decruz [27].

Overall, model usability remains a concern. Several modeling frameworks, especially
those rooted in hydrodynamic or hygrothermal simulation, require extensive computational
resources or the application of specialized software packages. Although these can provide
high-resolution results, they are often impractical for implementation in daily use software
for planners, engineers, or policymakers aiming to assess green roof scenarios in everyday
applications. Models suitable for annual simulation with minimal computational effort are
notably lacking in the reviewed literature.
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Perhaps the most consistent omission among existing studies is the neglect of drainage
and retention layer interactions. In many commercially available green roofs today, water
flow is not limited to vertical percolation within the substrate. Lateral flows, capillary
upward fluxes, and water storage in sub-layers significantly affect evapotranspiration
dynamics and substrate thermal properties [20,22,28], yet none of the reviewed models
explicitly represent this hydraulic coupling, limiting their capacity to capture the behavior
of retention-optimized green roofs. In modern multilayered systems, this shortcoming
becomes increasingly relevant for both hydrological and thermal modeling.

Finally, none of the models attempt full-year simulation with empirical validation
against evapotranspiration. Instead, many studies focus on single seasons (typically sum-
mer) or isolated events, reducing the models’ ecological realism and generalizability.

Table 1. Overview of models with calculation of evapotranspiration and substrate temperature
comparing specific characteristics and key model parameters.

Author(s) Year Soil
Moisture

Stomatal
Resis-
tance

Interaction
with

Drainage/
Retention

Layer

PAI/SCF Interception
Full Year
Simula-

tion

Validation
With Evapo-
transpiration

Data

No
Numeric
Solvers
Needed

Ca Va Ca Va Ca Ca Va Ca Va

Palomo del Barrio Q 1998 ✔ ✖ ✔ ✖ ✖ ✖ ✖ ✖ ✖ ✖ ✖ ✖
Alexandri & Jones [23] 2007 ✔ ✔ ✔ ✔ ✖ ✔ ✖ ✖ ✖ ✖ ✖ ✖

Takebayashi &
Moriyama [23] 2007 ✖ ✖ ✔ ✖ ✖ ✖ ✖ ✖ ✖ ✖ ✔ ✖

Sailor [8] 2008 ✔ ✖ ✔ ✖ ✖ ✔ ✖ ✖ ✖ ✔ ✖ ✖
Ouldboukhitine

et al. [29] 2011 ✔ ✖ ✔ ✖ ✖ ✔ ✖ ✖ ✖ ✖ ✖ ✖
Tabares-Velasco

et al. [25] 2012 ✖ ✖ ✔ ✔ ✖ ✔ ✔ ✖ ✖ ✖ ✔ ✔

Djedjig et al. [30] 2012 ✔ ✔ ✔ ✖ ✖ ✔ ✖ ✖ ✖ ✖ ✖ ✖
de Munck et al. [26] 2013 ✔ ✔ ✔ ✖ ✖ ✔ ✔ ✔ ✖ ✖ ✖ ✔

Decruz [27] 2016 ✔ ✔ ✔ ✖ ✖ ✔ ✔ ✔ ✖ ✖ ✖ ✖
Tian et al. [31] 2017 ✔ ✖ ✔ ✖ ✖ ✔ ✖ ✖ ✖ ✖ ✖ ✖

Hong et al. [32] 2021 ✖ ✖ ✔ ✖ ✖ ✖ ✖ ✖ ✖ ✖ ✖ ✖
Abbreviations: Ca means calculated. Va means validated. ✖ means parameter not included. ✔ means
parameter included.

In summary, while notable progress has been made in individual aspects of green
roof modeling, Table 1 illustrates that gaps remain in integrated, validated, and practically
usable simulations of evapotranspiration and substrate temperature. Addressing these
gaps—particularly the incorporation of vegetation dynamics, interception calculation, full-
year applicability and drainage layer interaction—remains a key challenge and motivation
for the development of more comprehensive models, such as the one proposed in the
present study.

The overarching goals of this study are as follows:

1. To model the two most essential variables—evapotranspiration and substrate
temperature—with a high degree of accuracy, as they are fundamental for the pre-
diction of the water use and energy performance of green roofs under changing
weather conditions.

2. To ensure usability and practicality, the model is designed to be applied with easily
accessible input data, without requiring high computational resources, making it
widely usable.

3. To improve model accuracy by addressing key research gaps, specifically

• include interception calculation
• capture seasonal variation in PAI and SCF
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• simulate and validate a full year
• include hydraulic coupling with drainage and retention layer

To achieve these aims, existing approaches are combined and refined into a model for
green roof evapotranspiration and temperature, which is tested across representative green
roof types. All simulations in this study were run using Microsoft Excel (Version 16.78 for
Mac) to underscore its practical applicability without the need for advanced programming
or simulation tools.

2. Materials and Methods
2.1. Study Site and Experimental Setup

For validation of the model, measurement data from the whole year of 2022 for
two different green roof types, the so-called Economy Roof and Retention Roof, was used.
The Economy Roof with its four layers (protection fleece, drainage mat, filter fleece, and
substrate) is the most common standard build-up for extensive green roofs, at least for
the German market and its neighboring countries [33,34]. The Retention Roof differs from
the Economy Roof in its use of a water retention layer instead of a drainage layer and
a capillary connection from this layer to the substrate. The measurements were carried
out in previous studies [22,28] in the south of Germany, in Krauchenwies-Göggingen
(48◦0′20.27916′′ N and 9◦12′5.33952′′ E) at an elevation of 623 m above sea level. This loca-
tion falls within a warm temperature, fully humid warm summer climate classification [35].
The setup encompassed the two green roofs, each placed in a lysimeter with a surface area of
0.5 m2. As shown in Figure 1, the lysimeters were placed on a sealed surface. To minimize
potential edge effects, e.g., an increased heat flux due to the sealed surface, a surrounding
green roof was built for this experimental setup. Each green roof was equipped with
sensors for leaf and air temperature at the vegetation level, substrate temperature, substrate
moisture content, heat flux, outflow, and weight. Additionally, a weather station recorded
precipitation, air temperature and relative humidity, wind speed, incoming shortwave solar
irradiance, and incoming longwave radiation. A detailed list of the sensors, their location
and their accuracy can be found in Table 2. The data was collected at intervals of 5 min,
resulting in a dataset comprising 2 full years (1 April 2021 to 31 March 2023). The roof
systems are distributed by Optigrün international AG, Krauchenwies-Göggingen, Germany
and contain various roof layers (Figure 2). All experimental green roofs were fertilized with
a slow-release fertilizer (Opticote, Optigrün international AG) at the beginning of the study
period and were weeded approximately once per month in summertime to preserve the
intended vegetation. The Economy Roof drains freely, while the discharge of the Retention
Roof is restricted, as the drainage hole is positioned at 3 cm height. Further details about
this research can be found in the corresponding publication by [28].

 

Figure 1. Measurement site in Göggingen-Krauchenwies, Germany [28].
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Table 2. List of measured parameters, measurement devices used, approximate position of the
sensors, and their accuracy.

Layer Parameter Measurement
Device Manufacturer Accuracy

Atmospheric
Layer Precipitation Rain[e]

LAMBRECHT meteo
GmbH, Göttingen,
Germany

±1 mm or ±1%

Air Temperature
CS215 Temperature
and Relative
Humidity Probe

Campbell Scientific
Inc., Logan, UT, USA

±0.3 ◦C (at 25 ◦C)
±0.4 ◦C (5◦ to 40 ◦C)
±0.9 ◦C (−40◦ to +70 ◦C)

Relative
Humidity

CS215 Temperature
and Relative
Humidity Probe

Campbell Scientific
Inc., Logan, UT, USA

±2% (10% to 90% range) at 25 ◦C
±4% (0% to 100% range) at 25 ◦C

Short-Wave Solar
Radiation CMP10 Pyranometer

Kipp & Zonen B.V.,
Delft, The
Netherlands

Total zero offset: <±9 W m−2

Non-stability (change/year):
<±0.5%
Non-linearity (100 to
1000 W m−2): <±0.2%
Temperature response: <±1%
(−10 ◦C to +40 ◦C)

Long-Wave
Radiation

CGR3 Pyrgeometer
(facing the sky)

Kipp & Zonen B.V.,
Delft, The
Netherlands

Non-stability (change/year):
<1%
Non-linearity: <1%
Temperature Dependence of
Sensitivity: <5% (−14 ◦F to
+104 ◦F)

Wind Speed
WindSonic4
Two-Dimensional
Sonic Anemometer

Campbell Scientific
Inc., Logan, UT, USA ±2% (at 12 m s−1)

Vegetation
Layer

Leaf Temperature
+ Air
Temperature

Leaf and Air
Temperature Type
LAT-B2, Broadleaf

ECOMATIK GmbH,
Dachau, Germany ±0.2 ◦C

Substrate
Layer

Volumetric Water
Content

CS655 Soil Water
Content
Reflectometer

Campbell Scientific
Inc., Logan, UT, USA ±1%

Substrate
Temperature

105E Temperature
Probe

Campbell Scientific
Inc., Logan, UT, USA ±0.5 ◦C

Heat Flux HFP01 Heat Flux
Plate

Hukseflux Thermal
Sensors B.V., Delft,
The Netherlands

±3%

Total Setup Weight Scale 9392.16.140
Soehnle Industrial
Solutions GmbH,
Backnang, Germany

±15 g

Outflow Small Rain Gauge
100.054

Pronamic ApS,
Ringkoebing,
Denmark

±5%

The PAI, the SCF, and the interception capacity were also quantified. For the mea-
surement of the vegetation cover and the PAI, triplicate photos were taken of each roof
approximately once per week with a digital camera (D3200, Nikon, Düsseldorf, Germany
and 8 mm/3.5 Fish-Eye II Lens Walimex pro, Studioexpress Vertriebs GmbH, Wiernsheim,
Germany). The calculation of the vegetation cover and PAI was performed with the
freeware CAN-EYE (INRAE, Paris, France).
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Figure 2. Build-up from Gößner et al. [28] of the two different green roof systems modeled in
this study.

The interception capacity quantifies the amount of rainfall retained on the surface
of a plant’s above-ground biomass. Vegetation cover with high interception capacity can
therefore improve a green roof system’s water retention capability. The assessment of
interception capacity was based on Dunkerley and Booth [36], with minor adjustments
to adapt to the smaller scale of our experiment. Ten low-growing perennials including
herbaceous species and subshrubs commonly utilized for green roof installations were
assessed. The initial preselection was based on a list of low-growing perennials suitable for
green roofs and developed through years of practical experience, the final selection was
determined by the availability at the nearest plant nursery. Of each species, three replicates
were selected. To determine the interception capacity, a 10 × 10 cm frame was used to
define the area covered by each plant’s aboveground biomass, and excess biomass outside
this frame was trimmed. Then, the plant was cut just above the substrate, weighed, and
placed in floral foam blocks to mimic the natural arrangement. Each plant was irrigated
with 500 mL water for 30 s using a rainfall-tip nozzle. After two minutes, the plants were
re-weighed to determine the interception capacity based on the weight difference, which
was then extrapolated to 1 m2 and averaged for each plant species.

The water retention layer of the Retention Roof leads, in comparison to the Economy
Roof, to highly increased soil moisture (17.18% higher on average), lower temperatures (4.2◦

cooler air at vegetation level on average during summer), and increased evapotranspiration
(0.45 mm day−1 more evaporation on average). These different effects of the two green
roofs are attributed to their differences in technical build-up. An evapotranspiration
and substrate temperature model for green roofs should be able to model both types of
green roofs.

2.2. Green Roof Model

As forecasting evapotranspiration is one of the main objectives of the model, and
stomatal behavior plays a crucial role in the transpiration process, a detailed approach was
chosen using the Penman–Monteith equation, which includes a dynamic calculation of
stomatal resistance. In contrast, the simulation of substrate moisture, substrate temperature,
and the capillary connection between the retention layer and the substrate was implemented
in a more straightforward manner to avoid the need for computationally complex numerical
solvers. A summary of all equations and constants used in the model is provided in
Appendix A.

Stomatal behavior directly regulates plant transpiration activity. Previous research has
shown that stomatal responses—and, consequently, transpiration rates—can vary signif-
icantly depending on environmental conditions [28,37,38]. For this reason, the stomatal
resistance function is considered a key element for controlling transpiration and is particu-
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larly important for accurately computing the varying evapotranspiration rates associated
with different green roof configurations.

The model requires the following meteorological input parameters: shortwave radi-
ation, air temperature, precipitation, air humidity, and wind velocity. These parameters
are freely available in Germany from a national network of weather stations. This data can
be accessed via an open data server at the following link. User instructions are given in
German and English: https://opendata.dwd.de/climate_environment/CDC/ (accessed
on 26 August 2025).

2.2.1. Evaporation and Transpiration

In the model, interception and its evaporation is modeled explicitly, as a relevant part
of small rain events can be retained at the plants’ surface [39,40]. Consequently, the original
Penman–Monteith equation is only used to quantify the potential plant transpiration (TR).

TRp =
1
λ

 ∆(Rn − G)

∆ + γ
(

1 + rc
ra

) +

pcp(es−ea)
ra

∆ + γ
(

1 + rc
ra

)
 (1)

where Rn is the net radiation (MJ m−2), G is the soil heat flux (MJ m−2), (es − ea) represents
the vapour pressure deficit (kPa) of the air, p is the atmospheric density (kg m−3), cp is the
specific heat capacity of the air (kJ kg−1 ◦C−1) , γ is the psychrometric constant (kPa ◦C−1),
rc is the stomatal resistance (s m−1), and ra is the aerodynamic resistance (s m−1).

To determine the potential evaporation (Ep) for the interception storage, stomatal
resistance restraint is eliminated from the Penman–Monteith equation [37].

Ep =
1
λ

∆(Rn − G)

∆ + γ
+

pcp(es−ea)
ra

∆ + γ

 (2)

In the model, stomatal resistance (rc) determines the amount of transpiration as a
function of solar radiation (f (solar)), air temperature (f (temp)), substrate water content
(f (VWC)), and vapour pressure deficit (f (VPD)) [8]:

rc =
rcmin

0.5 PAI
f (solar) f (VWC) f (VPD) f (temperature) (3)

f (solar) = 1 + e−0.034(Rs−3.5) (4)

f (VWC) =


1 θ > 0.7θ f k

θ f k−θwp
θ−θwp

θwp < θ < 0.7θ f k

1000 θwp > θ

(5)

f (VPD) =
0.4

1 − 0.41ln(es − ea)
+ 0.21 (6)

f (temp) =

1000 Ta < 278.15
1

1−0.0006(18−(Ta−273.15))2 Ta ≥ 278.15
(7)

where rcmin is the minimum stomatal resistance (s m−1). The stomatal resistance varies
between plant species. The lowest measured stomatal resistance for the prevailing plant
(sedum spurium) on the Economy Roof was 336 s m−1, and 168 s m−1 on the Retention
Roof for sedum kamtschaticum [22].

The function of solar radiation has been suggested by Sailor [8], where Rs is the solar
radiation (W m−2). The function of the volumetric water content has been modified by

https://opendata.dwd.de/climate_environment/CDC/
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Tabares-Velasco [25]. θ is the volumetric water content (VWC in m3 m−3), θ f k is the VWC
of the substrate at field capacity (m3 m−3), and θwp is the VWC of the substrate at the
wilting point (m3 m−3). For the used substrate, θwp is 0.06 m3 m−3 and θ f k is 0.455 m3 m−3.
Both values were determined in the laboratory at TU Braunschweig. With a θ f k value
of greater than 0.35 m3 m−3, the substrate meets the requirements of the FLL green roof
guidelines [41].

For this study the function of vapor pressure deficit has been modified on an empirical
basis, as the resulting restrain in transpiration was too high in relation to our measurements.
Therefore, “+0.21” was added to the formula, which results, in general, in lower output
values of the formula and thus increases the calculated evaporation.

es is the vapor pressure of the air at saturation (kPa) and ea the actual vapor
pressure (kPa).

The function of temperature is based on Tabares-Velasco et al. [25], referring to leaf
temperature. The original function does not consider temperatures below 0 ◦C. Since one
aim of this work is to minimize the required computational power, the heat transfer of
the vegetated area, including plant surface temperatures, is not calculated for reasons of
simplicity. Instead, the air temperature (Ta) was used as an input parameter (K). As the
model should be capable of modeling a whole year, the temperature function was modified
to enable a calculation that includes negative air temperatures.

As the above mentioned parameters can vary quickly during the day [38], a model
with relatively small time steps is necessary. In this study, the time step was 5 min.

To obtain the actual evaporation and transpiration of the vegetation the approach of
Muzylo [42] is used:

ET = Ei + TR (8)

TR =

(
1 − C

Smax

)
TRp (9)

Ei = min
(

Ep, Ep
C

Smax

)
(10)

where the actual evapotranspiration (ET in mm) consists of the actual evaporation of the
interception storage (Ei in mm) and the actual transpiration of the plants (TR in mm). C is
the amount of intercepted rainfall (mm) and interception storage and Smax the maximum
interception storage (mm).

As the green roof surface is normally not fully covered with vegetation, especially not
the whole year, the bare substrate area is calculated separately from the plant covered area.
Camillo and Gurney [43] suggested the following equation for describing the evaporation
of the substrate (Es in kg m−2 s−1):

Es =
ρs − ρa

ra + rs
(11)

where ps is the water vapour density of the substrate (kg m−3) and pa the water vapour
density of the air (kg m−3).

Based on their own measurements, Tabares-Velasco, 2009 [37], suggested the following
formula for the substrate surface resistance (rs):

rs = 34.5

(
θ

θ f k

)−3.3

(12)

For calculating the radiation budgets, formulae from the Food and Agriculture Orga-
nization (FAO) are used [44], modified for the use of time steps smaller than 24 h.
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2.2.2. PAI

Based on measurements of the PAI (−) development on the economy and Retention
Roof build-ups over the period of two years [22], the following empirical descriptions
are used:

PAIe = 3sin0.0086J + 2 (13)

PAIr = 4.5sin0.0086J + 2 (14)

where the index e stands for economy, r stands for Retention Roof, and J is the number of
the day of the year (−).

Due to more available water and higher substrate thickness, the Retention Roof has
denser vegetation (mean 5.04, SD 1.85) than the Economy Roof (mean 3.97, SD 0.87). The
formula for the Economy Roof has a PBIAS of 7% and 9% for the Retention Roof, indicating
a good model fit. However, the R2 values of 0.37 (Economy Roof) and 0.31 (Retention Roof)
show that PAI calculation is only an approximation, as the PAI is strongly dependent on
the prevailing environmental conditions.

2.2.3. Interception

Smax is closely connected to PAI. According to the measured data, PAI strongly influ-
ences the interception capacity and plants with a high PAI tend to have a greater interception
capacity (β = 0.356, SE = 0.05, p < 0.001, R2 = 0.91). Based on this data the empirical formula
15 (R2 = 0.76) describes the relationship between the PAI and Smax for a PAI > 1 [22].

Smax = −0.33 + 0.44PAI (15)

The water balance of the interception of the plant area is described as

∫
N dt SCF =

∫
Ei dt +

∫
D dt +

t2∫
t1

dC (16)

where the rainfall N (mm) on the vegetated area consists of the actual evaporation of the
interception storage (Ei in mm), the discharge from the storage (D in mm), and the change
in the interception storage (C in mm).

2.2.4. Soil Cover Fraction

During measurements in a two-year period from [22], the SCF of both green roof types
remained relatively stable, with a median of 0.96 for the Retention Roof and 0.9 of the
Economy Roof (Figure 3).

 

Figure 3. Box-plot measurements of SCF.
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2.2.5. Substrate

For simulating the substrate water content the following simple approach was em-
ployed, by adding the amount of precipitation falling directly on the substrate (N × SFCi

in mm), the discharge from the interception storage (D in mm), and the substrate resat-
uration amount to the water content (I in mm) and subtracting the evaporation from the
substrate surface (Es in mm), the water consumption for plant transpiration (TR in mm),
and the discharge when the substrate is saturated (θd in mm). As extensive green roofs
with thin substrate thicknesses are modeled, the non-even distribution of the water content
is neglected. hsub is the substrate thickness (mm).

θ =
N × SCFi − Es × SCFi − TR + D + I

hsub
− θd (17)

θd = max(0; θ − θs) (18)

The substrate temperature is determined using a simple heat transfer equation based
on [45]. The non-even distribution of the water content is neglected.

Ts =
Gsub + Gplant

Ca hsub
(19)

where Ts is the substrate temperature (◦C), Gsub the soil heat flux of the substrate (MJ m−2),
Gplant the soil heat flux of the plants (MJ m−2), and Ca the volumetric heat capacity of
the substrate (MJ m−3 K−1). The basis for Gsub is Rnsub and for Gplant, Rn is reduced in
dependency on the PAI.

2.2.6. Drainage and Substrate Resaturation

If the used drainage in the green roof has water storage, the water in this storage inter-
acts with the substrate and the plants. Most water storages of green roofs have no capillary
connection with the substrate. In this case the substrate gets moistened through water vapor
processes. Some green roof types (Retention Roofs) though, have a capillary connection
between water storage and substrate. In this case, the substrate gets saturated as long as
there is water available [28]. Via the substrate resaturation velocity (i in mm period−1) in
combination with the maximum substrate resaturation value (θImax in m3 m−3) the two
processes can be simulated by choosing empirical values. According to our 2-year measure-
ments of the Retention Roof, for θImax the maximum value of a period from 2 days after
the last precipition until the next precipitation but with water in the retention/drainage
layer was 0.41 m3 m−3. For the Economy Roof, θImax was 0.23 m3 m−3. Via a comparison
between measurements and simulation, i was chosen in an iterative empirical way to
match the measured substrate moisture behavior during periods without rain. For the
Retention Roof, an i of 0.005 mm 5 min−1 was determined, and for the Economy Roof an i of
0.002 mm 5 min−1.

I =


min(

∫
i dt , Ds) i ≥ (θImax − θ)hsub

min((θImax − θ)hsub , Ds) i < (θImax − θ)hsub

0 θ ≥ θImax

(20)

The drainage storage (Ds in mm) itself receives water from the substrate when the
substrate is oversaturated (qs in mm) and loses water via discharge (qd in mm) when the
drainage storage is full and due to the substrate resaturation process (I).

Ds = max(qs − I − qd, 0) (21)
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qd = max(Ds − Dsmax, 0) (22)

qs = θdhsub (23)

3. Results
3.1. Evapotranspiration Modelling

The model’s performance in predicting evapotranspiration (ET) was assessed season-
ally and annually by comparing measured and simulated ET using R2, root mean square
error (RMSE), and percentage bias (PBIAS) as statistical indicators (Table 3).

Table 3. Evapotranspiration model performance based on coefficient of determination (R2), root
mean square error (RMSE), and percentage bias (PBIAS).

Models
Retention

Roof
Economy

Roof

R2 RMSE PBIAS (%) R2 RMSE PBIAS (%)

Winter (December–March) 0.86 0.67 −2 0.58 1.30 13
Spring (April–May) 0.80 2.20 −12 0.85 1.42 8

Summer (June–August) 0.96 2.22 6 0.89 3.31 20
Autumn (September–November) 0.86 1.94 −6 0.90 1.79 78
Total year (January–December) 0.87 1.75 −1 0.77 2.20 22

Across the whole year, the Retention Roof model produced high predictive accuracy,
with R2 values ranging from 0.80 to 0.96 across all seasons. The annual PBIAS of just −1%
indicates an excellent overall fit and minimal systematic error. Daily mean ET was captured
well throughout the year, except in April and May, where minor underestimations occurred,
and in October, where ET was slightly overestimated (Figure 4a).

   

(a)  (b) 

Figure 4. Daily mean evaporation from 1 January to 12 December for (a) the Retention Roof and
(b) the Economy Roof.

In contrast, the Economy Roof model performed well in spring and summer for the
Economy Roof (R2 > 0.80) but showed a consistent overestimation of ET in autumn (espe-
cially in October) and underperformance in winter (R2 ≈ 0.52). The autumn overestimation
is further confirmed by a PBIAS of 20% in those months, suggesting that senescence and
reduced stomatal conductance in real plants may not be fully captured by the current pa-
rameterization. A pronounced seasonal trend is evident: the model tends to underestimate
ET from January to May and overestimate it from June to December (Figure 4b). This
behavior reflects an area where the model’s stomatal resistance function may not fully align
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with physiological adjustments of vegetation under variable irradiation, temperature, and
substrate moisture combinations.

Despite structural and vegetative differences, both roofs showed good alignment in
ET prediction during the active growing season, but the Retention Roof’s capillary water
supply and thicker substrate enabled significantly higher ET, particularly under dry spells
and warm conditions. On average, Retention Roof ET was 0.45 mm day−1 higher, aligning
with prior field studies by Gößner et al. [28] and Cirkel et al. [20].

3.2. Substrate Temperature Modelling

Model accuracy in predicting substrate temperature varied clearly between roof types
and seasons (Table 4).

Table 4. Substrate temperature model performance based on coefficient of determination (R2), root
mean square error (RMSE), and percentage bias (PBIAS).

Models
Retention

Roof
Economy

Roof

R2 RMSE PBIAS (%) R2 RMSE PBIAS (%)

Winter (December–March) 0.43 3.82 −90 0.67 2.68 −41
Spring (April–May) 0.69 4.36 −7 0.88 4.40 −1

Summer (June–August) 0.42 5.75 −12 0.93 4.47 4
Autumn (September–November) 0.82 3.09 −21 0.92 2.82 −5
Total year (January–December) 0.83 4.33 −21 0.91 4.07 −8

For the Economy Roof, R2 ranged from 0.88 to 0.92 for spring through autumn, with a
PBIAS of −5 to −1%, demonstrating a strong model fit. However, winter predictions were
not accurate, likely due to the absence of freeze–thaw physics in the model (PBIAS—41%).
The monthly daily mean temperature values, however, showed a very good fit for the total
year (Figure 5b). Regarding the winter months, this may be coincidental.

   

(a)  (b) 

Figure 5. Daily mean substrate temperature from 1 January to 12 December for (a) the Retention Roof
and (b) the Economy Roof.

The model’s performance decreased substantially for the Retention Roof, especially
during high substrate moisture and winter periods. Here, R2 dropped to 0.42. The monthly
daily mean substrate temperatures were, apart from December, consistently underestimated
(Figure 5a).

Looking at the measurement data over a period exceeding one month, Retention Roof
substrate temperatures hovered just above 0 ◦C, suggesting frozen substrate, while the
model, lacking phase-change functionality, simulated large daily amplitudes.
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This deviation is a result of the simplified heat capacity calculation, which does
not reflect the increased thermal inertia of wet or frozen substrates. Despite this, the
model still demonstrated moderate predictive power during warm seasons (R2 = 0.42–0.82;
PBIAS = −7 to −21%).

4. Discussion
4.1. Evaluation of Model Performance Relative to Study Goals

This study aimed to (1) accurately simulate ET and substrate temperature, (2) ensure
the model’s year-round usability and low computational demand, and (3) improve model
accuracy by addressing key research gaps. The degree to which each goal was achieved is
discussed below.

4.1.1. Evapotranspiration

The model performed strongly in simulating daily mean ET, especially for the Reten-
tion Roof, which achieved seasonal regression coefficients of determination (R2) between
0.80 and 0.96 and annual PBIAS of just −1%. The strong agreement between measured and
modeled ET behavior highlights the value of including substrate–drainage interactions,
which are absent from other green roof models, especially for Retention Roof systems. No-
tably, the Retention Roof yielded higher ET rates than the Economy Roof, consistent with
observed patterns from Gößner et al. [28], where thicker substrates and water availability
extended transpiration phases.

For the Economy Roof, the model showed good agreement in spring and summer
(R2 > 0.80) but had lower predictive power in winter (R2 ≈ 0.52) and significantly overes-
timated ET in autumn. This is likely due to the model’s lack of adequate adjustment for
seasonal vegetation senescence. In addition, the measured and simulated maximum daily
temperatures during September (mean daily max.) and October (mean daily max.), lay
0.72 ◦C higher than the long-term medium from 2002 to 2024 for September and 0.86 ◦C
higher for October (based on DWD data, see Section 2.2). These high temperatures support
a high transpiration rate in the model. However, this does not correspond with the actual
behavior of the plants. Comparing the daily mean measurements and the modeled daily
mean for the whole year, the Economy Roof shows a tendency for underestimation of the
evaporation from January till May and an overestimation from June to December. Con-
sequently, setting the restraints for transpiration in the model higher will lead to a better
fit for the model from June to December, but to a significantly larger underestimation for
January till May. This also indicates that the actual plant behavior is not yet fully described
by the formulae used.

4.1.2. Substrate Temperature

Substrate temperature modeling proved more robust for the freely draining Economy
Roof, indicating that the simplified heat capacity formulation is most reliable under moder-
ate moisture content. Under saturated conditions, particularly in the Retention Roof during
late winter, the model significantly underestimated temperatures. Looking at the data, the
underestimation intensifies when the substrate moisture content is above 30%. Beneath
high moisture content, the model is also not accurate when freezing occurs. This could be
observed on the Retention Roof particularly during cold periods (January–March), where
substrate temperatures were measured at ~0–2 ◦C, while the model simulated stronger di-
urnal fluctuations due to lacking phase change thermal dynamics. During months without
freezing, substrate temperature was well predicted for the Economy Roof, with R2 ranging
from 0.88 to 0.92 and PBIAS from −5 to −1%.
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The constant underestimation when substrate moisture exceeded 30% suggests the
need to establish a parameter for moisture-dependent thermal conductivity and heat
capacity in future work—an approach not yet standard in most green roof models. To
improve thermal prediction, future model extensions should take into account phase-
change heat storage in wet substrates (e.g., via integration of freeze–thaw models),
Moisture-dependent thermal conductivity, dynamic albedo shifts related to snow, or wet
surface reflectance.

4.1.3. Year-Round Usability and Computational Efficiency

The model achieved full-year simulation with a 5 min resolution using Microsoft
Excel, confirming its high practical usability and adaptability. This stands in contrast
to many high-fidelity models often implemented in numerical solvers (e.g., HYDRUS-
1D), which, while detailed, are not application friendly for planners and non-specialist
stakeholders [26].

With no dependence on proprietary software or high-performance computing, this
tool has a high suitability for integration in user software, with the ability to simulate both
ET and substrate temperature jointly, including plant physiological effects.

4.1.4. Closing Knowledge Gaps in Process Representation

The most notable gap in previous models is the lack of comprehensive, year-round
validation against measured ET data, with most studies either limited to summer periods
or short events. By implementing continuous, multi-seasonal validation, the present
model demonstrates robust year-round predictions especially for the Retention Roof, which
achieved high R2 values across all seasons. This full-year validation offers a more nuanced
understanding of temporal dynamics and systematic biases—such as the observed seasonal
underestimation and overestimation patterns—which would be obscured in single-season
or event-based studies.

Another substantial innovation is the explicit integration of drainage and retention
layer interactions. All mentioned existing models simplify water movement to vertical
percolation, neglecting the significant roles of lateral flows, capillary interactions, and water
storage in sub-layers. Here, the model simulates these hydraulic couplings using empirical
resaturation rates and maximum storage values derived from measurement data. Including
these dynamics was pivotal in accurately predicting ET during dry periods.

Furthermore, this study incorporates year-round measurements of PAI and SCF, al-
lowing empirical representation of seasonal vegetation shifts and their direct impact on
interception and ET capacity. Such detailed vegetation parameters have rarely been imple-
mented in previous green roof models, resulting in improved simulation of plant phys-
iological responses (as evidenced by the close PAI/interception correlation, R2 = 0.91).
Incorporating dynamic vegetation factors fills another gap, supporting recent findings on
the importance of plant phenology for hydrological and thermal performance.

Another advancement is the integration of an explicit interception calculation within
the model. Unlike most existing green roof models this model dynamically calculates
interception based on measured PAI and soil cover fraction SCF. This allows for a realistic
representation of rainfall intercepted by vegetation and substrate surfaces, a process that di-
rectly affects available water for ET and drainage. The integration of interception addresses
a commonly overlooked process, thereby improving hydrological realism.

4.1.5. Comparative Model Performance in Literature Context

Compared to existing modeling studies, the performance of the presented model
shows incremental improvements in some areas, particularly for ET on the Retention Roof,
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but also highlights where performance remains comparable to earlier work, especially
regarding substrate temperature and ET on the Economy Roof (Table 5).

Table 5. Model performance comparison.

Substrate Temperature Evapotranspiration

R2 RMSE PBIAS R2 PBIAS

Economy Roof 0.91 4.07 −8% 0.77 22%
Retention Roof 0.83 4.33 −21% 0.87 −1%

Sailor [8] 4.1
Tabares [25] 1.8 to 2.0 −4 to −6% −24% to 4%
Decruz [27] 1.1 to 2.4

de Munck [26] 0.91 4.32
Feng [46] 0.28–0.67 5 to 11%

For ET, the model achieves a strong correlation and low bias on the Retention Roof
(R2 = 0.87, PBIAS = –1%), reflecting a real advancement in terms of year-round accuracy
and balanced hydrological prediction. This level of performance exceeds the models by
Feng (PBIAS 5–11%, R2 0.28–0.67) or Tabares (PBIAS –24% to +4%).

In contrast, the Economy Roof produces an R2 of 0.77 and a PBIAS of 22%, suggesting
a moderate overestimation and a performance level comparable to the existing models
of Feng (PBIAS 5–11%, R2 0.28–0.67) and Tabares (PBIAS –24% to +4%). While the in-
corporation of interception and layered retention processes represents a methodological
improvement and a key reason for the good performance of the Retention Roof, these
improvements did not translate into a clear overall gain in predictive accuracy.

For substrate temperature, the results are robust but not exceptional. The model
achieves similar performance metrics to previously published approaches, particularly
under warm and rather dry conditions. Comparable values reported by de Munck
(R2 = 0.91; RMSE ≈ 4.3) and Tabares (RMSE ~2.0, PBIAS –4 to –6%) place the current
model of the economy roof within the upper performance range, but not significantly
beyond it.

In summary, the presented model stands out mainly through its process completeness
and transparency, with unique features such as integrated interception modeling, dynamic
vegetation inputs, and explicit retention-layer coupling. These advances show the models
realism and reproducibility. However, in terms of quantitative performance—particularly
for substrate temperature and ET on more simplified roof types—it achieves results broadly
in line with existing models. The clearest gain is observed in hydrological performance on
retention-optimized systems.

4.2. Limitations and Recommendations

While the presented model achieves robust performance in the simulation of ET—
particularly on the retention roof—several limitations remain that underline necessities for
future refinement.

Most notably, substrate temperature simulations under freezing and water-saturated
conditions showed reduced accuracy, especially for the Retention Roof during winter
months. This underperformance highlights the need to expand the thermal module by
incorporating moisture-dependent thermal conductivity and heat capacity, as well as freeze-
thaw dynamics and latent heat storage. These processes are crucial for replicating thermal
buffering and phase-change effects, which are currently oversimplified.

In addition, it seems that vegetation dormancy transitions, particularly in late autumn,
are not yet fully captured.
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The transferability and reproducibility of the presented model are subject to climatic
and contextual limitations. First, all measurements and model validations were conducted
at a single temperate, humid site in southern Germany, which is characterized by distinct
seasonal dynamics and a relatively uniform distribution of precipitation throughout the
year. This means that part of the model equations and parameters, including vegetation
development (PAI) and interception are calibrated for climates with moderate winters,
warm summers, and sufficient rainfall. In regions with fundamentally different climatic
conditions—such as arid zones with pronounced droughts, subtropical climates with highly
seasonal rainfall, or areas with persistent snow cover in winter—processes may behave
differently and require re-calibration or adaptation. Furthermore, the model is based on
two specific green roof systems (Economy Roof and Retention Roof) that use substrate
types, thicknesses, and plant species commonly found in the German and central European
market, particularly drought-tolerant Sedum species. In other regions, alternative plant
communities or substrate assemblies with different water retention and heat storage prop-
erties may influence the magnitude and timing of both ET and temperature regulation. It is
therefore essential to locally validate vegetation parameters and substrate hydrophysical
properties before applying the model in new contexts. Additionally, the field experiment
was carried out on relatively small lysimeter surfaces under controlled edge conditions in
a peri-urban environment. Larger roof areas, more complex urban settings, or significant
variations in exposure, shading, or wind regimes could alter the local microclimate and
influence the performance of green roof systems beyond the bounds tested here. Conse-
quently, the direct transfer of the model to other geographic and climatic contexts must
proceed with caution. Site-specific adjustments and empirical validation are recommended
to ensure reliable model performance and reproducibility under different environmental
boundary conditions.

4.3. Practical Implications

A key strength of the presented model is its low computational demand, enabling
year-round simulations without the need for proprietary software or numerical solvers.
This makes it particularly suitable for integration into urban planning software, where
quick assessments and scenario evaluations are often required within constrained time and
resource environments.

The model demonstrates how a mechanistically informed, yet accessible tool could
support the evaluation and design of green infrastructure under variable and evolving
climate conditions.

Of particular relevance is its scalability for use in climate-resilient infrastructure
planning, where green roofs are increasingly recognized as multifunctional assets for water
retention, thermal regulation, and biodiversity enhancement. The year-round simulation
capability addresses the research gap illustrated before.

By also capturing the ET process of Retention Roofs the model is well-positioned
for inclusion in forward-looking planning frameworks such as DWA-A 102-1 from the
German association of water management, which promotes the integration of green roofs
into water-sensitive and heat-adaptive strategies at both building and urban scales [47].
Moreover, the empirical basis of the model should facilitate reproducibility and foster trust
among practitioners and decision-makers.

5. Conclusions
This study developed and empirically validated a new model to simulate year-round

evapotranspiration and substrate temperature for two fundamentally different extensive
green roof types. The model demonstrates very high accuracy for evapotranspiration on
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retention-optimized roofs, with an R2 value of 0.87 and a PBIAS of –1%, and for substrate
temperature on conventional roofs, with an R2 of 0.91 and a PBIAS of –8%. Notable
methodological advancements include the explicit integration of rainfall interception,
dynamic modeling of plant canopies through PAI and SCF, and the simulation of water
storage layer coupling—features that were absent in most prior models. Model performance
proves robust across all seasons, and the approach can be implemented without relying on
high computational power.

If incorporated into appropriate software tools, the model enables practitioners and
planners to reliably predict the key hydrological and thermal functions of green roofs
year-round, thereby supporting informed decisions in urban stormwater management and
heat mitigation. Its low computational demand makes it especially applicable for routine
planning and design in urban green infrastructure, corresponding to sector standards such
as DWA-A 102-1.

Despite these strengths, some limitations remain: accuracy in substrate temperature
simulation diminishes under freezing or fully saturated conditions, and estimates for
evapotranspiration in conventional shallow roofs are less reliable during periods of plant
dormancy. Consequently, further model improvements should aim to address freeze–
thaw dynamics, moisture-dependent thermal properties, and vegetation dormancy and
stress responses. In summary, the presented model closes key methodological gaps and is
well suited for comprehensive assessment and design of green roofs in climate-resilient
urban contexts. Future work should focus on extending its applicability to a broader
range of climate zones and vegetation types, and on further refining the simulation of
winter processes.
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Abbreviations
The following abbreviations are used in this manuscript:

as Angstrom parameter [−]

b seasonal correction factor [−]

bs Angstrom parameter [−]

c cloud cover [−]

C interception storage [mm]

Ca volumetric heat capacity air
[
MJ m−3 K−1

]
cp specific heat capacity air

[
kJ kg−1 ◦C−1

]
D discharge interception storage [mm]
Ds drainage storage [mm]
Dsmax maximum drainage storage [mm]
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dr inverse earth-moon distance [−]

es vapour pressure at saturation [kPa]
ea actual vapour pressure [kPa]
Ep potential evaporation [mm]
Ei actual evaporation interception storage [mm]
Es substrate evaporation

[
kg m−2 s−1] [mm for Equation (17)]

ET actual evapotranspiration [mm]
G soil heat flux

[
MJ m−2]

Gplant soil heat flux plants
[
MJ m−2]

Gsc solar constant
[
MJ m−2 min−1

]
Gsub soil heat flux substrate

[
MJ m−2]

H sensible heat flux density
[
MJ m−2]

hc crop height [m]
Hr relative air humidity [−]

hsub Substrate thickness [mm] [m for Equation (19)]
I Substrate resaturation [mm]

i Substrate resaturation velocity
[
mm period−1

]
J number of day of the year [−]

k von Karman constant [−]

Lm longitude [rad]
Lz longitude at center of time zone west of Greenwich [rad]
MO Monin–Obukhov’s stability parameter [−]

n measured sunshine duration [h]
N rainfall [mm]
qd discharge drainage [mm]
qs discharge substrate [mm]
P atmospheric pressure [kPA]
p atmospheric density

[
kg m−3]

pa water vapor density air
[
kg m−3]

ps water vapor density substrate
[
kg m−3]

ρvs saturated water vapor density
[
kg m−3]

ra aerodynamic resistance
[
s m−1]

rc stomatal resistance
[
s m−1]

rcmin minimum stomatal resistance
[
s m−1]

rs substrate surface resistance
[
s m−1]

PAI plant area index [−]

PAIe plant area index Economy Roof [−]

PAIr plant area index Retention Roof [−]

qd outflow drainage layer [mm]
qs substrate drainage [mm]
Ra extraterestric radiation [MJ m−2]
Ri Richardson number [−]

Rn net radiation [MJ m−2]
Rns shortwave net radiation [MJ m−2]
Rnl longwave net radiation [MJ m−2]
Rs solar radiation [W m−2]
Rso solar radiation at clear sky [W m−2]
Sc seasonal correction factor sun hours [h]
Smax maximum interception storage [mm]
SFC soil cover fraction [−]

SCFi Inverse soil cover fraction [−]

t standard time mid period [−]

tdh maximum daylight hours [h]
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tsh sun hours per day [h]
Ta air temperature [◦C][K f or Rnsub, Rnl , f (Temp), εa, MO, Tkv]

Ts substrate temperature [◦C][K for Rnsub]

Tt atmospheric transmission coefficient [−]

Tmax,k maximum air temperature during period [K]
Tmin,k minimum air temperature during period [K]
Tkv virtual temperature [K]
TR actual transpiration [mm]
TRp potential Transpiration [mm]
Uz wind velocity

[
m s−1]

VPD vapor pressure deficit [−]

w sun angle mid period [rad]
w1 sun angle start period [rad]
w2 sun angle end period [rad]
ws sun hour angle [rad]
z height above sea level [m]
zh height of air humidity measurements [m]
zm height of wind velocity measurements [m]
zoh roughness length for sensible heat flux [m]
zom roughness length for momentum [m]
zt height of temperature measurements [m]
α albedo [−]

γ psychrometric constant
[
kPa ◦C−1

]
δ sun angle [rad]
εa atmospheric emissivity at clear sky [−]

εs substrate emissivity [−]

ζ atmospheric stability parameter [−]

θ volumetric water content
[
m3 m−3]

θd discharge substrate
[
m3 m−3]

θ f k volumetric water content at field capacity
[
m3 m−3]

θwp volumetric water content at wilting point
[
m3 m−3]

θImax Maximum substrate resaturation
[
m3 m−3]

κ extinction coefficient [−]

σ Stefan–Boltzmann constant
[
MJ K−4m−2d−1

]
λ latent evaporative heat

[
J kg−1

]
ψh heat flux atmospheric correction factor [−]

ψm momentum atmospheric correction factor [−]

∆ slope of the saturation–vapor–pressure temperature curve
[
kPa ◦C−1

]
Appendix A

Table A1. Summary of used equations.

Equation New/Adopted/Modified Source

Extraterrestrial
Radiation

Ra =
12(60)

π Gscdr [(w2 − w1)sin (φ)sin (δ) + cos (φ)cos(δ)(sin(w2 − w1))]

w1 = w − πt1
24

w2 = w + πt1
24

w = π
12 [(t + 0.06667(Lz − Lm) + Sc)− 12]

Sc = 0.1645sin(2b)− 0.1255cos (b)− 0.025sin(b)
b = 2π(J−81)

364
dr = 1 + 0.033cos

( 2π
365 J

)
δ = 0.409sin

( 2π
365 J − 1.39

)
ωs = arccos(−tanφ tanδ)

Adopted [48]



Urban Sci. 2025, 9, 396 20 of 24

Table A1. Cont.

Equation New/Adopted/Modified Source

Short and Longwave
Radiation

Rn = Rns − Rnl
Rso = (as + bs)Ra

Rs =
(

as + bs
tsh
tdh

)
Ra

N = 24ωs
π

Rns = (1 − α)
(
as + bs

n
N
)

Ra

Rnl = σ ·
(
(Tmax,k

4+ Tmin,k
4)

2

)
·
(
0.34 − 0.14 ·

√
ea
)
·
(

1.35 ·
(

Rs
Rso

)
− 0.35

)
Modified for timesteps

< 24 h [48]

Net Radiation Substrate Rnsub = (1 − α)Rs +
{
[(1 − 0.84c)εa + 0.84c] σ

24 T4
a − εs

σ
24 T4

s
} Modified for timesteps

< 24 h [49]

Albedo Substrate

α = 0.25 θ < 0.1
α = 0.35 − θ 0.1 ≤ θ < 0.25

α = 0.1 θ > 0.25 Adopted [50]

Emissivity Substrate
εs = min(0.90 + 0.18θ0 ; 1.0)

εa = 1.24
(

ea
Ta

) 1
7

Adopted [50]

Cloud Cover
c =

 0 2.33 − 3.33Tt ≤ 0
2.33 − 3.33Tt 0 < 2.33 − 3.33Tt < 1
1 2.33 − 3.33Tt ≥ 1

Tt =
Rs
Ra

Adopted [51]

Meteorological
Parameter es = 0.611exp

(
17.27 Ta
Ta+237.3

)
Adopted [52]

∆ = 4098 es
(Ta+237.3)2

γ =
cp P
ελ ∗ 10−3

λ = 2.501 −
(
2.361 ∗ 10−3)Ta

P = 101.3
( 293−0.0065z

293

)5.26

p = 3.468 P
Tkv

Tkv = Ta
(
1 − 0.378 ea

P
)−1

Adopted [48]

Potential Transpiration

TRp = 1
λ

[
∆(Rn−G)

∆+γ(1+ rc
ra )

+
pcp (es−ea )

ra
∆+γ(1+ rc

ra )

]

ra =
ln
(

zm−d
zom

)
∗ln
( zh−d

zoh

)
k2Uz

d = 2
3 hc

zom = 0.123hc
zoh = 0.0123hc

G =

{
0.4e−κPAI Rn Rn > 0
0.5Rn Rn ≤ 0

Adopted

[53]
22 September
2025 12:08:00

p.m.

Potential Evaporation Ep = 1
λ

[
∆(Rn−G)

∆+γ +
pcp (es−ea )

ra
∆+γ

]
Adopted [37]

Stomatal Resistance rc =
rcmin

0.5 LAI f (solar) f (wasser) f (DDD) f (temp) Adopted [8]

f (solar) = 1 + e−0.034(Rs−3.5)

f (θ) =


1 θ > 0.7θ f k

θ f k−θwp
θ−θwp

θwp < θ < 0.7θ f k

1000 θwp > θ

f (DDD) = 0.4
1−0.41ln(es−ea)

+ 0.21

f (temp) = 1
1−0.0006(18−(Ta−273.15))2

Adopted
Adopted
Modified
Modified

[25]

Evapotranspiration
Transpiration
Evaporation
Interception

ET = Ei + TR
TR =

(
1 − C

Smax

)
TRp

Ei = min
(

Ep, Ep
C

Smax

) Modified [42]

Interception

∫
N dt =

∫
Ei dt +

∫
D dt +

∫ t2
t1

dC
Smax = −0.33 + 0.44PAI

D = max(0, C − Smax)

New
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Table A1. Cont.

Equation New/Adopted/Modified Source

Evaporation Substrate

Es =
ρs−ρa
ra+rs

ρs = ρvs Hr

rsub = 34.5
(

θ
θ f k

)−3.3

ra =
1

Uzk2

[
ln
(

zm−d+zom
zom

)
+ ψm

]
∗
[
ln
(

zh−d+zoh
zoh

)
+ ψh

]
MO = − Ca TaU∗3

kgH

U∗ = Uzk
[
ln
(

zm−d
zom

)
+ ψm

]−1

ζ = zm−d
MO

Neutral Atmosphere (|Ta − Ts| ≤ 0.01K):
ψm = ψh = 0

Unstable Atmosphere Ta < Ts oder MO < 0:

ψh = −2ln
(

1+
√

1−16ζ
2

)
ψm = −2ln

(
1+(1−16ζ)0.25

2

)
− ln

(
1+

√
1−16ζ
2

)
+ 2arctan

{
(1 − 16ζ)0.25

}
− π

2

Stable Atmosphere Ta > Ts oder MO > 0:

ψm = ψh =

{
5ζ 0 < ζ < 1
5 ζ > 1

Adopted [37,43,49,54]

Sensible Heat Flux
Substrate

H = Ca
Ts−Ta

rh

rh =

[
ln
(

zm−d
zoh

)
−ψsh

]
∗
[
ln
(

zt−d
zom

)
−ψsm

]
k2∗Uz

ψsm =

2ln

 1+
(

1−16Ri)
1
4

2

+ ln

 1+
(

1−16Ri)
1
2

2

− 2arctan
((

1 − 16Ri)
1
4

)
+ π

2

ψsh = 2ln

 1+
(

1−16Ri)
1
2

2


Ri =

g(Ts−Ta)(z−d)
TaUz

2

Adopted [50,55]

Water Content
θ = N∗SCFi−Es∗SCFi−TR+D+I

hsub
− θd

θd = max
(
0; θ − θ f k )

New

Substrate Temperature Ts =
Gsub+Gplant

Cahsub
Gsub = Rnsub − H − λEs

New

Drainage and Storage

I =

 min
(∫

i dt, Ds
)

i ≥ (θImax − θ)hsub
min ((θImax − θ)hsub, Ds) i < (θImax − θ)hsub

0 θ ≥ θImax
Ds = max(qs − I − qd, 0)
qd = max(Ds − Dsmax , 0)

qs = θdhsub

New

Table A2. Summary of all used constants.

Constant Value

as 0.25
bs 0.5
Ca 0.0012 MJ m−3 K−1

cp 0.000001013 kJ kg−1 ◦C−1

Dsmax
5 mm for Economy Roof

28.5 mm for Retention Roof
Gsc 0.082

hc
0.08 m for Economy Roof
0.15 m for Retention Roof

hsub
60 mm for Economy Roof

100 mm for Retention Roof
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Table A2. Cont.

Constant Value

i 0.002 mm 5 min−1 for Economy Roof
0.005 5 min−1 for Retention Roof

k 0.41
Lz 6.056292504 rad

rcmin
336 sm−1 for Economy Roof
168 sm−1 for Retention Roof

z 650 m
zh 0.2 m
zm 0.2 m
zoh 0.0001 m
zom 0.001 m
zt 0.2 m
σ 4.903 × 10−9 MJ K−4m−2d−1

κ 0.8
θ f k 0.455 m3 m−3

θImax
0.23 m3 m−3 for Economy Roof
0.41 m3 m−3 for Retention Roof

θwp 0.06 m3 m−3
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