
 

 

Journal of Sustainable Development of Energy, Water 
and Environment Systems 

 
http://www.sdewes.org/jsdewes 

 

Year 2026, Volume 14, Issue 4, 1140745 
 
 

    1 

 

                                  
                                

       

              

                             

Original Research Article 

Original Research Article 

Hydrological Functioning of a Bromeliad Green Roof: Interception 

Capacity and Evapotranspiration 
 

Bernard Busch1, Mohammad K. Najjar2, Victoria O. Souza1, Elaine G. Vazquez*3 
1 Departamento de Construção Civil, Universidade Federal do Rio de Janeiro, Brazil, e-mail: 

bernardbusch@poli.ufrj.br; victoria@mecanica.coppe.ufrj.br 
2Programa de Engenharia Ambiental, Universidade Federal do Rio de Janeiro, Brazil 

e-mail: mnajjar@poli.ufrj.br   
3 Programa de Engenharia Urbana Universidade Federal do Rio de Janeiro, Brazil 

e-mail: elaine@poli.ufrj.br     
 

Cite as: França Busch, B., K. Najjar, M., O. Souza, V., Vazquez, E., Hydrological Functioning of a Bromeliad Green Roof: 

Interception Capacity and Evapotranspiration, J.sustain. dev. energy water environ. syst., 14(4), 1140745, 2026, DOI: 

https://doi.org/10.13044/j.sdewes.d14.0745 

 

ABSTRACT 

This work presents an analysis on the contribution of plant interception and evapotranspiration 

on a green roof composed of bromeliads based on experimental tests carried out in a prototype. 

The objective is to calculate the volume of water intercepted by bromeliads and the volume of 

water that undergoes evapotranspiration and compare with the volume precipitated over the 

green roof and with the volume retained to better understand the mechanism of interaction 

between the parts. The main purpose is to improve the efficiency as a compensatory technique 

in urban drainage, which aids in minimizing urban flooding by all major cities. A literature 

review was made on the hydrological cycle and its stages and a description of the history and 

advantages of green roofs, aiming at a better understanding of the operation of the system. This 

work contributes to improving the efficiency of green roofs with regard to rainwater retention. 
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INTRODUCTION 

Human activities and industries, whether concentrated in urban centers or dispersed across 

rural areas, have significantly altered the environment [1]. In this context, the environment is 

defined as the set of physical and chemical elements, together with natural and social 

ecosystems, within which human beings are embedded both individually and collectively [2]. 

These interactions occur through dynamic processes that seek to reconcile the development of 

human activities with the preservation of natural resources and the maintenance of essential 

environmental characteristics, in compliance with established environmental quality standards 

[3].  
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However, when such interactions exceed the adaptive capacity of natural systems, they 

generate localized disturbances and trigger nonlinear responses and threshold effects, leading 

abrupt changes in ecosystem structure and function.  These thresholds, often referred to as 

tipping points, mark critical transitions beyond which recovery becomes difficult or even 

impossible without significant external intervention. As a result, environmental impacts 

propagate across spatial and temporal scales, ultimately contributing to global environmental 

change [4]. This cross-scale propagation is reinforced by feedback mechanisms that couple 

human and natural systems [5]. For instance, land-use change such as deforestation alters 

surface albedo, evapotranspiration, and carbon storage, which in turn influence atmospheric 

circulation and climate patterns [6]. These climatic shifts can further intensify land degradation, 

biodiversity loss, and water scarcity, creating reinforcing loops that amplify the initial 

disturbance [7]. In this sense, global environmental change emerges as a collection of isolated 

processes and as a network of interdependent dynamics, where changes in one subsystem 

cascade into others [8]. Acting cumulatively and systemically, global environmental change 

affects the Earth as an integrated system. Processes such as climate change; alterations in 

atmospheric chemistry and biogeochemical cycles; changes in land use and land cover; global 

chemical pollution; and disruptions of the hydrological cycle exert widespread impacts on the 

global ecosystem, effects that are already observable even in the most remote regions of the 

planet [9]. 

Agricultural practices, livestock production, economic development, and urban expansion 

directly alter natural systems by modifying key biological and geographical attributes, 

including vegetation cover, fauna, soil permeability, surface absorptivity, and albedo [10]. 

These activities also influence local and regional climatic conditions, as well as the physical 

and chemical properties of atmospheric air, soils, and water resources, affecting processes such 

as surface runoff, river dynamics, and groundwater recharge. Among the environmental 

challenges associated with these anthropogenic pressures, those most pronounced in urban 

environments include the reduction of green spaces driven by civil construction and widespread 

soil sealing, which disrupts the natural functioning of the hydrological cycle and contributes to 

a range of urban environmental problems [11]. 

Anthropogenic pressures and urbanization substantially affect urban hydrological 

processes, particularly the circulation and distribution of water. The removal of vegetated areas 

and the widespread sealing of natural surfaces significantly reduce key components of the 

hydrological cycle (namely interception, evaporation, transpiration, and infiltration) relative to 

total precipitation. These processes play a critical role in retaining rainfall and attenuating 

surface runoff, thereby contributing to the mitigation of both the frequency and magnitude of 

floods and inundation events [12]. As these regulating mechanisms are progressively weakened 

in urban environments, storm water management has emerged as an urgent challenge for cities. 

The increasing dominance of impervious surfaces, such as roads and buildings, limits rainfall 

retention and leads to higher volumes and velocities of surface runoff. In response to this 

imbalance, the incorporation of green infrastructure has gained prominence as a strategy to 

offset excessive urban densification and soil sealing [13]. According to Rola et al. [14], green 

areas and nature-based interventions aim to transform buildings and urban spaces into 

functional biotopes in an economically and ecologically optimized manner, which, when 

interconnected through green corridors, enhance atmospheric circulation and improve urban 

microclimatic conditions. 

By recovering the principles of greening built-up areas and aligning with the guidelines of 

Agenda 21, it seeks to mitigate the impacts caused by urban development, scientifically 
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addressing environmental demands and redirecting cities toward sustainable development, 

thereby achieving greater integration between the urban space, citizens, and nature.  

According to Mora-Melià [15], green roofs constitute an effective strategy for urban flood 

mitigation by promoting the temporary retention and delayed release of rainfall. This function 

is achieved through their role as compensatory techniques in urban drainage systems, whereby 

precipitation volumes are attenuated by vegetated covers that enable surface storage, water 

uptake by vegetation, and retention within the substrate. Green roofs reduce surface runoff and 

consequently decrease the volume of water conveyed to urban drainage networks by retaining 

a portion of incident rainfall [16], [17]. In addition to storm water regulation, the retained water 

may be treated and reused for non-potable purposes, such as toilet flushing, surface cleaning, 

and landscape irrigation, thereby improving urban water efficiency and alleviating pressure on 

conventional water supply systems [18]. 

 

Consequently, this mechanism can influence the hydrological balance of the catchment by 

acting as a temporary storage system that retains part of the incoming precipitation. This 

storage occurs both on vegetative surfaces (interception) and within the substrate layer, where 

water is held before being gradually released through drainage or returned to the atmosphere 

via evapotranspiration [19]. As a result, interception tends to attenuate seasonal flow 

variability, delaying runoff responses and reducing flood peak magnitudes [20]. This temporal 

redistribution is particularly relevant in urban environments, where impervious surfaces 

typically generate rapid runoff and exacerbate peak discharges [21]. Within the context of 

green roofs, there was a need to explore some aspects, such as the influence of plant 

interception and evapotranspiration, in order to better understand its benefits as a compensatory 

urban drainage technique.  

It is known that at the event scale, evaporation losses of rainfall intercepted by canopy are a 

few millimetres, which is often not much in comparison to other stocks in the water balance 

[22]. Nevertheless, at yearly scale, the number of times that the canopy is filled by rainfall and 

then depleted can be so large that the interception flux may become an important fraction of 

rainfall [23].These processes become even more complex due to the interaction between 

vegetation characteristics, substrate properties, and climatic conditions. Plant interception 

capacity varies with leaf area index, canopy structure, and rainfall intensity [24], while 

evapotranspiration rates depend on solar radiation, wind speed, air temperature, and soil 

moisture availability [25]. These factors control the antecedent moisture condition of the 

system, which is a key determinant of its retention capacity during subsequent rainfall events. 

Therefore, green roofs behave as dynamic hydrological components whose performance 

evolves over time [26]. For this reason, there is a clear need to further investigate the relative 

contributions of plant interception and evapotranspiration in green roof systems, particularly 

under different seasonal and climatic scenarios. A better understanding of these processes can 

improve the parameterization of hydrological models and support the design of more efficient 

green roof configurations. Ultimately, such insights reinforce the role of green roofs as a 

compensatory urban drainage technique, capable not only of reducing runoff volumes but also 

of mitigating peak flows and enhancing the resilience of urban water management systems. 

Flooding and inundation are considered as complex urban phenomena with cascading 

impacts across infrastructure, public health, and socio-economic systems [27]. . They disrupt 

urban mobility, causing traffic chaos and rendering some inaccessible areas, where floods can 

paralyze entire transport networks, including public transit systems, emergency response 

routes, and supply chains [28]. They lead to financial economic consequences such as damage 
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to vehicles and residences. Flood events can interrupt commercial activities, reduce workforce 

productivity, and impose significant recovery costs on both households and municipalities [29]. 

Besides, they pose risks to the population, as many people are injured when attempting to walk 

through flooded streets, which also contributes to the transmission of waterborne diseases [30]. 

Another serious problem caused by flooding is slope failure and landslides, which represent a 

high risk of structural collapse and burial of dwellings, leaving many people homeless and, 

depending on the severity of the events, potentially resulting in fatalities [31]. 

With the aim of restoring environmental balance and mitigating the problems affecting the 

hydrological cycle, the use of green roofs has emerged as a viable solution. In addition to their 

ability to retain storm water and thus reduce peak runoff directed to storm water drainage 

systems, green roofs provide several other benefits, such as mitigation of urban heat islands, 

acoustic insulation, increased biodiversity, and improved air quality. 

Within the context of green roofs, there is a need to further investigate certain aspects, 

particularly the influence of vegetation interception and evapotranspiration, in order to better 

understand their effectiveness as a compensatory urban drainage technique. 

Climatic conditions and differences in green roof configuration, i.e., substrate type and 

depth, as well as plant species selection, drive this variation in performance 

[32]. Evapotranspiration is influenced by substrate characteristics, depth and species selection 

[25], [33], [34].  

Vegetation interception is a key variable controlling hydrological and geo-environmental 

processes, such as erosion, landslides, and floods, and is essential for modeling infiltration, 

percolation, and runoff [35]. However, field measurements are time-consuming and subject to 

high variability, making rainfall simulators a reliable alternative [36]. Mendes et al. [37] 

applied this approach to Paspalum notatum (bahiagrass) and a tropical soil, obtaining an 

average interception of 5.1 mm under a 15° slope, rainfall intensity of 86 mm h⁻¹, and duration 

of 60 minutes. 

Similarly, rainfall interception has also been investigated at the urban scale. At the COSMO 

experimental site, located in the northern Kanto Plain, Japan (39°04′N, 139°07′E), interception 

was analyzed from the perspective of water and energy balance under a temperate climate with 

a rainy season in June–July and a dry winter. According to Nakayoshi et al. [38], interception 

was estimated as the residual between measured rainfall and runoff over a five-month period, 

with an average value of 6% of gross rainfall, which is lower than typical values observed in 

forests. 

The objective of this study is to analyze the interception of vegetation and 

evapotranspiration, through experimental tests carried out in the prototype of green roof located 

in the Experimental center of Environmental Sanitation (CESA) of the Federal University of 

Rio de Janeiro – Universidade Federal do Rio de Janeiro (UFRJ). Considering the wide range 

of variables involved, this study focuses on analyzing the total volume of water retained by the 

green roof, with emphasis on retention through plant interception in bromeliad tanks and losses 

due to evapotranspiration. The relevance of these processes to precipitation retention is 

discussed in order to improve the efficiency of green roofs as a compensatory technique in 

urban drainage systems and to better understand their hydrological functioning.  

Despite the well-documented benefits of green roofs, their implementation also presents 

relevant limitations that must be acknowledged. Structural constraints of existing buildings 

may restrict the adoption of green roofs, as not all constructions are designed to support the 
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additional load imposed by the system layers and retained water [39]. Furthermore, the 

presence of vegetation capable of storing water, could create favorable conditions for mosquito 

proliferation if adequate maintenance and drainage are not ensured [40]. Additional challenges 

include higher installation and maintenance costs, the need for specialized design, and potential 

operational issues related to waterproofing and long-term performance [41]. Recognizing these 

constraints is essential for a realistic assessment of green roof applicability in urban 

environments. 

HYDROLOGICAL CYCLE-PRECIPITATION (INTERCEPTION AND 

EVAPOTRANSPIRATION) 

The hydrological cycle is a global phenomenon of closed circulation of water between the 

Earth's surface and the atmosphere, driven by solar energy together with the action of gravity 

and Earth's rotation. The exchange between the circulation of the Earth's surface and the 

atmosphere occurs in two directions. In the atmosphere-surface sense, where the flow of water 

occurs in any physical state, the most significant being the precipitation of rain and snow. 

Through the movement of air masses, the main phenomenon of water transfer from the 

atmosphere to the surface occurs which is precipitation [42].  

When precipitation reaches the ground, part of it infiltrates the soil, part flows over the 

surface, and part is evaporated, either directly or through the phenomenon known as 

transpiration [43]. When precipitation falls on soil covered by vegetation, a portion of the 

precipitated volume is intercepted by leaves and stems, where it is temporarily stored and later 

evaporates. When the water storage capacity of the vegetation is exceeded, or due to the action 

of wind, the intercepted water may be re-precipitated onto the soil. Interception is a 

phenomenon that occurs with both rainfall and snowfall [37]. 

Interception is the retention of precipitation above the ground surface. Interception may 

occur through vegetation or other forms of obstruction to runoff. The retained volume returns 

to the atmosphere through evaporation. This process affects the watershed water balance, as it 

functions as a reservoir that temporarily stores a portion of the precipitation. The overall 

tendency of interception is to reduce discharge variability throughout the year, delaying and 

attenuating flood peaks [44]. 

According to Tucci and Beltrame [45], interception can be described as the difference 

between the total precipitation and the portions of the precipitation that cross the vegetation 

and that drain through the trunk and leaf edges of the trees. The intensity, duration and volume 

of precipitation influence the interception process, with the largest portion occurring at the 

beginning of precipitation. Therefore, a rain with a longer duration implies a longer period of 

time with lower interception rates. Similarly, more intense rains tend to have a smaller portion 

of the total precipitate being intercepted, since they hinder the retention of water in the foliage 

and more quickly “saturate” the storage capacity of the vegetation [46]. 

Of the total precipitation reaching the ground, a portion infiltrates into the soil, another 

fraction flows as surface runoff, and the remainder returns to the atmosphere through 

evaporation, either directly from surfaces or indirectly via transpiration [47]. In some regions 

this evaporation can be so significant that all precipitation is vaporized. At any time or place 

where water circulates on the Earth's surface, whether on continents or oceans, there is 

evaporation into the atmosphere, a phenomenon that closes the hydrological cycle. Vegetation 

characteristics such as leaf density (defined as the number of leaves per unit area and 

representing the extent of vegetation cover) determine the effective interception area. The size 
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and shape of the leaves also influences the ability of the vegetation to store water, as well as 

the arrangement of the trunks, facilitating or not the flow through them [48]. 

The equations for interception estimation are usually used only for large vegetation, 

analyzing the portion of precipitation that crosses the vegetation and the portion that flows 

through the trunks. In this research, due to the size of bromeliads, it is not possible to estimate 

the interception through these plots. Therefore, in this work an empirical method for the 

calculation of plant interception will be adopted. Evapotranspiration is the sum of evaporation 

and transpiration and depends on solar radiation, air vapor stresses and winds [43]. It runs when 

liquid water is converted to water vapor and transferred to the atmosphere. This process occurs 

when liquid water is transformed into water vapor and released into the atmosphere. It takes 

place naturally only when energy is supplied to the system, originating from solar radiation, 

atmospheric sources, or both, and is governed by the rate of energy transfer associated with the 

flux of water vapor from the Earth’s surface. This transfer occurs in the form of molecular and 

turbulent diffusion. Therefore, the evapotranspiration process of natural surfaces can be 

simulated with a physical basis, by models that describe the effect of resistance to molecular 

and turbulent diffusion on the energy distribution of the sun or atmosphere [37]. 

Also according to Tucci and Beltrame [45], quantitative information of these processes, 

which constitute an important phase of the hydrological cycle, are used in solving problems 

involving water management. However, this information obtained by direct measurements of 

different locations and different weather conditions is not found in sufficient quantity. Thus, 

estimates based on physical principles and mainly empirical equations are used as an alternative 

to fill this gap. Evapotranspiration is considered as the loss of water by evaporation from the 

soil and transpiration of plants. It is important for the water balance of a basin as a whole. 

Figure 1 shows the evapotranspiration process. 

 

Figure 1 - Representation of evapotranspiration [49] 

In the present work, the calculation of the reference evapotranspiration estimate will be 

made through the Penman-Monteith FAO equation (PM FAO 56), which is an equation that 

was standardized by the Food and Agriculture Organization of the United Nations (FAO), 

through the original Penman-Monteith equation. The required data are air temperature, relative 

humidity, solar radiation and wind speed [50]. The Penman-Monteith FAO equation (PM FAO 

56) is found in Equation (1).  
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𝐸𝑇𝑜 =
0,408∆(𝑅𝑛 − 𝐺) + 𝑌

900
𝑇 + 273 𝑢2(𝑒𝑠 − 𝑒𝑎)

∆ + 𝑦(1 + 0,34𝑢2)
 

(1) 

𝐸𝑇𝑜 = reference evapotranspiration (l /𝑑)  

𝑅n = radiation balance at the surface of the culture (MJ 𝑚-2𝑑-1)  

G = heat flux density of soil (MJ 𝑚-2𝑑-1)  

T = air temperature at 2 m height (℃)  

𝑢2 = wind speed at 2 m height (𝑚/𝑠)  

𝑒s = saturation vapor pressure (kPa)  

𝑒a = partial vapor pressure (kPa)  

∆ = slope of saturation vapor pressure curve (℃ / ℃)  

𝛾 = psychrometric coefficient (℃ / ℃) 

The assumption of a constant evapotranspiration rate throughout the day was adopted as a 

modeling simplification due to data availability constraints and the temporal resolution of the 

measurements. Given the scope of the study and its focus on cumulative water balance and 

retention performance over daily and longer timescales, short-term diurnal variability in 

evapotranspiration was considered to have a limited influence on the overall results. This 

approach is commonly applied in green roof and urban hydrology studies when detailed 

micrometeorological data are not available, and it provides a reasonable approximation for 

comparative and exploratory analyses. 

EXPERIMENTAL ANALYSIS 

A series of experimental tests was carried out at the Experimental Center for Environmental 

Sanitation of the Federal University of Rio de Janeiro, where there is a prototype of a green 

roof composed of bromeliads. To carry out the experimental tests, in addition to the green roof, 

two other equipment were fundamental: the rain simulator and the rain box. At each test, by 

sampling, some bromeliads were selected in order to measure the volume of water contained 

in their tanks. After carrying out the tests, the data obtained are analyzed and, with the help of 

mathematical and statistical tools, the results obtained are presented in order to have an 

evaluation of these. 

Description of the prototype of the experiment 

The prototype green roof was built at the Experimental Center for Environmental Sanitation 

(Cesa), located at the Federal University of Rio de Janeiro, University City, in the city of Rio 

de Janeiro, as shown in Figure 2. 
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Figure 2 - Location of the Green Roof [51] 

The green roof configuration consisted of the following layers: waterproofing layer, 

draining layer, filtering layer, substrate layer, organic matter layer, substrate protection layer 

and vegetation layer. The plant layer is composed of bromeliads of the species Neoregelia 

Cruenta, as can be seen in Figure 3. The layers and their thicknesses can be seen in Figure 4. 

 

Figure 3 - green roof bromeliads - species Neoregelia Cruenta  
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Figure 4 - configuration of green roof layers 

Within the volume of water retained by the system, only the volume corresponding to the 

interception by the bromeliads’ vegetation and the volume lost through evapotranspiration will 

be analyzed. The water retained in the internal layers of the system, such as in the substrate, 

both at its surface layer and throughout its entire thickness, as well as the volume retained by 

the drainage layer through the expanded clay will not be analyzed in the present study.  

Equation (2) represents the components that make up the retained volume. 

 

𝑅𝑒𝑡𝑎𝑖𝑛𝑒𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑉𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑖𝑜𝑛 + 𝑉𝑜𝑙𝑢𝑚𝑒𝐸𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 +  𝑉𝑜𝑙𝑢𝑚𝑒𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑙𝑎𝑦𝑒𝑟𝑠 

(2) 

The Rain Gauge Box is a device developed by the Polytechnic School of the Federal 

University of Rio de Janeiro (UFRJ). A patent application for this equipment was filed by the 

University with the Brazilian National Institute of Industrial Property (INPI) under application 

number BR2020120286942. The inventor of this device is Professor Theophilo Benedicto 

Ottoni Filho, from the Department of Water Resources and Environmental Engineering at the 

Polytechnic School of UFRJ [52]. 

The equipment was designed to measure the main hydrological processes associated with 

rainfall, such as total precipitation, infiltration, and surface runoff, as well as to assess the 

erosion index associated with precipitation events. The Rain Gauge Box is a compact device, 

built from galvanized steel, with dimensions of 1.00 × 0.90 × 0.70 m, consisting of a main body 

and a lid [52]. 

The pluviometer box has three compartments capable of storing water: the pluviometer, the 

larger reservoir, and the smaller reservoir. Each compartment is connected to a piezometric 

tube. Piezometric tube 1 is connected to the pluviometer, tube 2 to the smaller reservoir, and 

tube 3 to the larger reservoir (Figure 5). 
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Figure 5 - Rain Gauge box [24] 

For the experiments conducted with the green roof, only the larger reservoir, which has an 

area of 5,400 cm², and piezometer 3, whose tube has an area of 25.52 cm², were used. The 

reservoir water level is measured manually. A graduated ruler was fixed to the reservoir, and 

along its entire length a small acrylic tube was glued, through which a metal rod moves. One 

end of the rod is free, while the other is attached to a small Styrofoam ball that floats according 

to the water level in the reservoir. The measurement is taken based on a mark on the metal rod. 

Figure 6 shows the rain gauge box with the installed measuring device, and Figure 7 presents 

a detailed view of the measuring device. 

 

Figure 6 - Rain Gauge Box and the Level Meter [52] 
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Figure 7 - Detail of the level gauge [52] 

The rain simulator consists of a galvanized steel structure with casters at the base, so that it 

can move on the rails on the experimental bench. In its upper, 2 water interceptors with an 

adjustable shutter at the bottom, by adjusting the opening of the shutters it is possible to control 

the intensity of rain. A reservoir with a capacity of 200 liters, two return hoses connecting the 

interceptors to the reservoir, and a pump. Figure 8 shows the rain simulator. 

 

Figure 8 - Rain simulator [52] 

When the system is switched on, the pump conveys water from the reservoir to the water 

interceptors, which, through the rotation of the shutters, discharge the water through their small 

openings, thereby simulating rainfall. Excess water returns from the interceptors to the 

reservoir through return hoses. It is recommended that the water level in the reservoir be kept 

constant; therefore, throughout the experiment, the reservoir is continuously supplied by a hose 

connected to the water mains. The pump pressure must also be maintained constant in order to 

minimize variations in rainfall intensity. 
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Experimental method and results 

All the tests carried out followed the steps: measurement of the initial volume of water in 

the bromeliads, measurement of the initial rain intensity (before the test), simulation of the rain 

on the green roof, measurement of the water drained by the roof in the rain box, measurement 

of the final rainfall intensity (after the test) and measurement of the final volume of water in 

the bromeliads.  

Volume of plant interception 

Within the volume of water retained by the system, only the volume corresponding to the 

interception by the bromeliads vegetation and the volume lost through evapotranspiration will 

be analyzed. The water retained in the internal layers of the system, including the substrate at 

the surface and throughout its entire depth, is not analyzed in the present study. Similarly, the 

volume retained by the expanded clay drainage layer, which exhibits retention capacity and is 

described in detail by Garrido Neto [52], is not considered. Equation (2) represents the 

components that make up the retained volume. 

The initial and final volumes of water inside the bromeliads were measured using a plastic 

syringe and a graduated Cup. Due to the amount of bromeliads on the roof and the difficulty 

of removing their water, without the bromeliads being damaged or removed from the ground, 

the bromeliads that would be analyzed were chosen for each test. This work tried to choose 

bromeliads of different sizes and characteristics to approximate the global configuration of 

bromeliads found on the green roof. 

Before each test, water was drawn from a syringe by suction and accumulated in the 

measuring cup until it was no longer possible to draw water from the bromeliad tanks. The 

volume found was then recorded and the removed water was returned to the interior of the 

respective Bromeliad. After applying the controlled rain on the roof, a new measurement was 

made, for the same bromeliads chosen previously, so it was possible to calculate the volume 

stored by the bromeliad during the test, that is, the plant interception. It should be noted that 

the measured volumes do not necessarily represent the total storage volume of the bromeliads, 

since in some cases, small amounts of water were still left in the bromeliads that could not be 

removed with the syringe, however, due to the fact that a difference in volumes was analyzed, 

this it does not influence the final result. Still, it is possible that small volume variations were 

caused by the methodology applied for water withdrawal and the inability of the syringe when 

trying to withdraw all the water. Figure 9 shows the syringes and measuring cylinder used in 

the measurement. The syringe used in the measurements had a total capacity of 10 mL with a 

measurement scale of 1 mL, while the graduated cylinder had a total capacity of 1000 mL with 

a measurement scale of 10 mL. 
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Figure 9 - Syringes and measuring cup [52] 

Measurement of Rainfall Intensity 

Rainfall intensity is calculated using the following equipment: two metal collecting plates, 

which together have a total area of 1.8 m², a graduated bucket, and a graduated cylinder. The 

collecting plates are positioned beneath the rainfall simulator, at the same location where the 

green roof will be installed. A rainfall event with a duration of 6 minutes is then initiated. After 

this period, the simulator is turned off and the water accumulated on each plate is transferred 

to the bucket so that its volume can be measured. For greater accuracy, a graduated cylinder is 

used. 

The volumes of water collected on the two plates are then summed, and rainfall intensity 

is calculated using Equation (3). This procedure is carried out both before and after the 

experiment. Due to possible variations in rainfall intensity during the test, the rainfall intensity 

value adopted is the average of the initial and final rainfall intensities. 

 Rainfall intensity (mm/h) =
Total water volume (L)

Total area of the panels (m2)
+

1

Rain duration (h)
 

(3) 

With the values already known, the previous equation can be replaced by the Equation (4). 

  Rainfall intensity (mm/h) =
Total water volume (L)

0.18
 

(4) 
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                       A Figure 10illustrates rainfall over the collector plates. 

 

Figure 10 - Simulator and the collector plates [52] 

The results of the tests are presented below in Table 1.  

Table 1 - Description of tests 

Test Date Duration 

(h) 

Initial rainfall 

intensity 

(mm/h) 

Final rainfall 

intensity 

(mm/h) 

Adopted 

rainfall 

intensity 

(mm/h) 

1 20/06/2023 0.5 141.9 153.6 147.8 

2 27/06/2023 0.5 136.6 148.3 142.5 

3 04/07/2023 0.5 146.1 150.0 148.0 

4 11/07/2023 0.5 150.0 134.6 142.3 

5 25/07/2023 1.5 97.2 111.8 104.5 

Rainfall simulation and measurement of drained water 

After calculating the initial rainfall intensity, the simulator is moved to the green roof to begin 

the test itself. Once the simulator is in position, the rainfall is initiated and the starting time is 

recorded. The simulator remains in operation for the predetermined duration of the test. The 

initial water level inside the rain gauge box must then be recorded. 

After some time, the water percolates through the roof layers until it reaches the drains. When 

the first trickle of water exits the drains and reaches the gutter, the time must be recorded. This 

corresponds to the elapsed time between the start of rainfall and discharge into the drainage 

system. 



F   ç  B  c   B   K          M , et al.  

Hydrological Functioning of a Bromeliad Green Roof: 
Interception Capacity and Evapotranspiration…  

Year 2026 
Volume 14, Issue 4, 1140745 

 

 

Journal of Sustainable Development of Energy, Water and Environment Systems 15 

 

The next step is to record the time required for the water to travel along the entire gutter and 

drip into the rain gauge box. From that moment on, the water level inside the box is read every 

60 seconds and recorded on the field data sheet. 

Even after the rainfall ends, measurements must continue and should only stop when the same 

water level value is observed in five consecutive readings, indicating that the water volume has 

stabilized and the test has therefore concluded. 

The total volume of water precipitated by the simulator can be obtained by multiplying the 

rainfall intensity, the green roof area (1.78 m²), and the rainfall duration, as shown in Equation 

(5). 

Precipitated volume (L) = Rainfall intensity (mm/h) × Roof area (m²) × Rain duration (h) 

(5)                

The volume of water drained into the pluviometer box can be calculated from the variation 

in the water level inside the box, since the box has known dimensions, as previously stated. 

Thus, the drained water volume can be expressed by Equation (6). 

   

Total accumulated water volume (L) =
(A 𝑟𝑒𝑠𝑒𝑟𝑣 + A 𝑝𝑖𝑒𝑧𝑜)𝑥 (H 𝑓𝑖𝑛𝑎𝑙 − H 𝑖𝑛𝑖𝑡𝑖𝑎𝑙)

1000
 

 (6) 

Where: 

𝐴resev = Area of the larger reservoir (5400 cm²) 

𝐴piezo = Area of piezometer 3 (25.52 cm²) 

𝐻final = Final reading of the water level in the rain gauge box (cm) 

𝐻inicial = Initial reading of the water level in the rain gauge box (cm) 

 

Figure 11illustrates the drains that convey water from the roof, which, through the gutter, 

reaches the rain gauge box. 
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Figure 11 - Green roof and the drains 

Description of the tests 

A total of five tests were conducted in June and July 2023, with rainfall starting at 

approximately 11:00 a.m. The first four tests were performed with a rainfall intensity in the 

range of 150 mm/h and a duration of 30 minutes. The final test, in order to approximate the 

conditions used by Garrido Neto (2016), had its intensity adjusted to the range of 100 mm/h 

and a duration of 1 hour and 30 minutes. The tests are presented below in Table 2. 

One factor that directly influences the experimental results is the natural rainfall regime, since 

the green roof is exposed to weather conditions. To determine the rainfall volume prior to each 

test, precipitation data from the São Cristóvão Station were obtained from the Alerta Rio 

platform. Additionally, data from the Rio de Janeiro – Forte de Copacabana Station were 

collected from the National Institute of Meteorology (INMET) database.The values obtained 

for the São Cristóvão Station are presented in Table 2, and those for the Forte de Copacabana 

Station are presented in Table 3. 

Table 2 - Data from the São Cristóvão Station 

Test Date Number of 

previous days 

without rain 

Cumulative rainfall in 

the previous 24 h 

(mm) 

Cumulative rainfall in 

the previous 96 h 

(mm) 

1 20/06/2023 0 4.2 4.2 

2 27/06/2023 3 0 4.0 

3 04/07/2023 0 0.4 10.6 

4 11/07/2023 7 0 0 

5 25/07/2023 6 0 0 

FONTE: ALERTA RIO [53] 
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Table 3 - Copacabana Station Data 

Test Date Number of 

Previous Days 

Without Rain 

Cumulative Rainfall 

in the Previous 24 h 

(mm) 

Cumulative Rainfall 

in the Previous 96 h 

(mm) 

1 20/06/2023 0 6.0 6.0 

2 27/06/2023 3 0.0 6.6 

3 04/07/2023 0 0.8 22.4 

4 11/07/2023 7 0.0 0.0 

5 25/07/2023 6 0.0 0.0 

FONTE: INMET [54]  

RESULTS OF THE EXPERIMENTAL TESTS 

A total of five tests were conducted in June and July 2023, with rainfall beginning around 

11:00 a.m. The first four tests were carried out with a rainfall intensity of approximately 150 

mm/h and a duration of 30 minutes. The final test, in order to approximate the conditions used 

by Garrido Neto [28], had its intensity adjusted to approximately 100 mm/h and a duration of 

1 hour and 30 minutes. The results of the tests are presented below. 

Considering the green roof as a closed system—that is, with no water loss, since the walls 

and base of the roof are waterproofed, all the water applied by the simulator is either retained 

within the system or drained into the Rainwater Collection Box (CP). The retained volume is 

calculated using Equation (7). 

𝑅𝑒𝑡𝑎𝑖𝑛𝑒𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒𝑑 − 𝑉𝑜𝑙𝑢𝑚𝑒𝑑𝑟𝑎𝑖𝑛𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝐶𝑃 

(7) 

The total volume of water precipitated by the simulator was calculated by multiplying the 

intensity of rain, the green roof area (1.78 m2) and the duration of rain. The volume of water 

drained into the rain box was calculated by the variation of level inside the box, since the box 

has known dimensions. The volume of water retained in each of the tests was calculated based 

on the equations presented previously and are presented in Table 4.  

Table 4 - Volume retained in the prototype 

Date Rainfall 

intensity (mm/h) 

Precipitated 

Volume (l) 

Drained Volume 

for rain gauge 

box (l) 

Retained 

Volume  

(l) 
20/06/2023 147.8 131.54 26.59 104.95 
27/06/2023 142.5 126.83 17.90 108.93 
04/07/2023 148.0 131.72 23.87 107.85 
11/07/2023 142.3 126.65 22.79 103.86 
25/07/2023 104.5 279.02 81.65 197.37 

The volume of water intercepted by the roof was calculated from some bromeliads, the 

characteristics of which are described in Table 5. The volume of water withdrawn before the 

test is shown in Table 6 and the volume after the test in Table 7. The difference between the 

two, i.e. the volume actually accumulated during the test is shown in Table 8. 
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Table 5 - characteristics of bromeliads measured 

Characteristics of samples 

Reference Size Heigh 

(cm) 

Leaf Diameter 

(cm) 

Cup diameter 

(cm) 

1 Medium 30 28 4.0 

2 Medium 28 27 5.0 

3 Small 20 23 4.5 

4 Small 14 18 4.0 

5 Large 44 39 6.5 

6 Large 38 33 5.5 

7 Medium 28 33 6.0 

8 Large 36 33 7.0 

9 Large 35 32 6.0 

10 Large 54 30 6.0 

 
Table 6 - Volume of water before the test 

Volume before rain (ml) 

Reference 20/06/2023 27/06/2023 04/07/2023 11/07/2023 25/07/2023 

1 60 20 45 15 20 

2 95 90 150 70 30 

3 20 15 15 - - 

4 12 13 12 - - 

5 50 40 - - - 

6 30 38 - - - 

7 - 150 130 70 25 

8 - 110 75 5 15 

9 - - 70 10 30 

10 - - - 30 15 
Table 7 - Volume of water after the test 

Volume after rain (ml) 

Reference 20/06/2023 27/06/2023 04/07/2023 11/07/2023 25/07/2023 

1 110 110 100 115 110 

2 250 250 265 200 280 

3 60 50 55 - - 

4 30 30 30 - - 

5 140 130 - - - 

6 90 75 - - - 

7 - 215 230 220 190 

8 - 220 250 220 240 

9 - - 110 105 100 

10 - - - 100 100 
Table 8 - Volume of water accumulated during the test 

Cumulative Volume (ml) 

Reference 20/06/2023 27/06/2023 04/07/2023 11/07/2023 25/07/2023 

1 50 90 55 100 90 

2 155 160 115 130 250 

3 40 35 40 - - 
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4 18 17 18 - - 

5 90 90 - - - 

6 60 37 - - - 

7 - 65 100 150 165 

8 - 110 175 215 225 

9 - - 40 95 70 

10 - - - 70 85 

To calculate the total volume intercepted by the roof, the Student's t-distribution was used 

to estimate a confidence interval in which lies the average volume of water that each Bromeliad 

can accumulate. The the Student's t-distribution is a continuous probability distribution 

primarily used in statistical inference when the sample size is small and the population variance 

is unknown. 

For the application of the method, the following parameters are required: number of sample 

elements (n), sample mean (m), sample standard deviation (s), degree of freedom (v), which is 

nothing more than the sample size minus one and the choice of confidence level, which in this 

case was chosen equal to 90%. A 90% confidence level was adopted in the Student's t-

distribution due to the limited sample size and the exploratory nature of the analysis, aiming to 

increase the sensitivity for detecting statistically significant differences while maintaining an 

acceptable level of statistical rigor. 

With the values of the confidence level and degree of freedom, through the table Student's 

t-distribution the coefficient is obtained. The confidence interval is described by Equation (8  

[𝑚 −
𝑠 𝑡

√𝑛
, 𝑚 +

𝑠 𝑡

√𝑛
] 

(8) 

Therefore, the average volume intercepted by each Bromeliad will be within the above 

range, with 90% confidence. To calculate the total intercepted by the entire green roof, simply 

multiply the values of the interval by the number of bromeliads on the roof (population number 

=58). The values found for each assay are presented in Table 9. 

Table 9 - Volumes of plant interception 

Test dates 20/06/2023 27/06/2023 04/07/2023 11/07/2023 25/07/2023 

Sample size 

(n) 

6 8 7 6 6 

Degrees of 

freedom (n-1) 

5 7 6 5 5 

Confidence 

level 

90% 90% 90% 90% 90% 

Average (m) 68.83 75.50 77.57 126.67 147.50 

Standard 

Deviation (s) 

48.42 46.91 55.19 51.54 77.51 

T-student 

coefficient (t) 

2.02 1.89 1.94 2.02 2.02 

Lower range 29.00 44.08 37.03 84.27 83.74 

Upper range 108.66 109.92 118.11 169.07 211.26 
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Population 

numbers 

58 58 58 58 58 

Minimum 

volume of 

population 

(ml) 

168.23 2556.40 2148.01 4887.40 4856.85 

Medium 

volume of 

population 

(ml) 

3992.33 4379.00 4499.14 7346.67 8555.00 

Maximum 

volume of 

population 

(ml) 

6302.44 6201.60 6850.28 9805.94 12253.15 

The input data required for the Penman-Monteith FAO equation (PM FAO 56), previously 

presented, were obtained from the National Institute of Meteorology (INMET) database. To 

improve accuracy, data from two meteorological stations – Rio de Janeiro – Forte de 

Copacabana and Rio de Janeiro – Vila Militar – were taken, and the reference 

evapotranspiration value was calculated as the average of both stations. For the purpose of 

calculation, evapotranspiration is considered to occur on a permanent basis, and its daily value 

is divided equally over the entire period of one day. Therefore, the evapotranspiration rate 

corresponding to half an hour will be 48° part of the daily rate, and the volume of 

evapotranspired water will be calculated by the product of the evapotranspiration rate and the 

roof area. Table 10shows the values found.  

Table 10 - Evapotranspiration Volume 

Test Duration 

(h) 

Forte de 

Copacabana 

Station 

Vila Militar 

Station 

Average Volume of 

Water (ml) 

ETo 

(mm/d) 

ETo 

(mm/d) 

ETo 

(mm/d) 
20/06/2023 0.5 1.89 1.82 1.86 68.79 
27/06/2023 0.5 2.42 2.14 2.28 84.55 
04/07/2023 0.5 2.01 2.04 2.03 75.09 
11/07/2023 0.5 2.40 2.28 2.34 86.78 
25/07/2023 1.5 2.79 2.65 2.72 302.60 

To analyze the contribution of plant interception and evapotranspiration in water retention 

by the green roof, Table 11 shows the percentages that each volume represents of the total 

precipitated.  

Table 11 - Percentages as a function of precipitated volume 

Percentages as a function of precipitated volume 

Test 20/06/2023 27/06/2023 04/07/2023 11/07/2023 25/07/2023 

Plant 

interception 

volume 

Minimum 

volume 

1.28% 2.02% 1.63% 3.86% 2.74% 

Medium 

volume 

3.04% 3.45% 3.42% 5.80% 3.07% 
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Maximum 

volume 

4.79% 4.89% 5.20% 7.74% 4.39% 

Evapotranspiration volume 0.05% 0.07% 0.06% 0.07% 0.11% 

From the results of each test, an average percentage value of the volume of plant 

interception and the volume of evapotranspiration can be obtained, both as a function of the 

precipitated volume and as a function of the retained volume. These values are shown in Table 

12. 

Table 12 - Average percentages of volumes retained by interception and evapotranspiration 

Average of Tests Percentage of 

precipitated 

volume 

Percentage of 

volume retained 

Plant interception 

volume 

Minimum volume 2.31% 2.90% 

Medium volume 3.76% 4.68% 

Maximum volume 5.40% 6.74% 

Evapotranspiration volume 0.07% 0.09% 

It can be observed that the volume of water found inside the tank of the same Bromeliad, 

after the rain, practically did not vary from one test to the other, different from the volume 

found before the rain. This behavior can be attributed to the fact that, after rainfall events, 

bromeliads tend to be close to their maximum interception capacity. Before rainfall, however, 

the stored water volume varies according to factors such as air temperature, relative humidity, 

natural rainfall patterns, initial substrate moisture, and drainage conditions, leading the same 

bromeliad to exhibit substantially different volumes across experiments. 

The value of the contribution of plant interception will be adopted as the mean value of the 

confidence limit, 3.76% of the precipitated volume and 4.68% of the retained volume. The 

evapotranspiration volume represents only 0.07% of the precipitated volume and 0.09% of the 

retained volume. The contribution of plant interception has an important role in the retention 

of precipitation, being 5.4% and can reach almost 8% of precipitation, if considered the upper 

limit of the confidence interval presented in table 12. 

Through the results obtained it is possible to observe that the contribution of 

evapotranspiration in retention during a rain event is practically negligible, being only 0.07% 

of the precipitated volume and reaching a maximum of 0.11% for the last Test. Although 

evapotranspiration contributes minimally at short temporal scales, its cumulative effect 

becomes substantial over longer periods, playing a significant role in the overall water balance. 

A systematic comparison between the results obtained in this study and those reported in 

the literature reveals a strong agreement regarding the role of vegetation interception in green 

roof hydrology. The average interception observed in this study (3.76% of the precipitated 

volume, reaching up to 5.40% and nearly 8% considering the upper confidence interval) is 

consistent with values reported by Mendes et al. [37], who found interception capacities on the 

order of a few millimeters under controlled rainfall conditions, and by Nakayoshi et al. [38], 

who reported interception values of approximately 6% at the urban scale. This similarity 

suggests that, despite differences in vegetation type, climatic conditions, and experimental 

setups, interception tends to represent a relatively small but consistent fraction of total 

precipitation. In contrast, evapotranspiration showed a negligible contribution at the event scale 

in the present study (approximately 0.07%), which is also in agreement with previous findings 

indicating that evaporation losses during short rainfall events are limited, but may become 
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significant when evaluated over longer temporal scales. Overall, this comparison reinforces the 

reliability of the experimental approach and highlights that the hydrological behavior observed 

in bromeliad-based green roofs is coherent with broader patterns reported in the literature.  

The greatest contribution to water retention in the green roof comes from its inner layers. It 

is possible that the main responsible for this is expanded clay, as it is an element that has a high 

water absorption capacity, around 10% for a period of up to 24 hours according to the 

CINEXPAN website (http://www.cinexpan.com.br/). The green roof prototype turns out to 

have an internal storage effect, promoted by hydraulic control of the conditions of outflow of 

the drainage layer, in rains of greater intensity. Thus, water begins to accumulate in the inner 

layers of the green cover, and can saturate the drainage (expansive clay) and substrate layers 

(sand and organic soil). 

CONCLUSION 

The growth of the global population has intensified urbanization and related problems, such 

as flooding, which causes significant social, economic, and infrastructural impacts. As a 

mitigation strategy, green roofs have been proposed as a compensatory urban drainage solution. 

They reduce peak flows by absorbing and gradually releasing rainfall, while also providing 

additional benefits such as urban heat island mitigation, noise reduction, and increased 

biodiversity. 

This study presents experimental tests on a green roof prototype and the associated 

instrumentation. The results show effective stormwater retention, with plant interception within 

the range reported in the literature. Evapotranspiration values were also consistent with 

previous studies, although their contribution to short-term retention was relatively low. 

The results obtained in this study are consistent with findings reported in the literature, 

confirming the relevance of vegetation interception in stormwater retention processes. The 

observed contribution of plant interception, ranging from approximately 5% of the precipitated 

volume, aligns with results from Mendes et al. [22], who reported significant interception under 

controlled conditions, and Nakayoshi et al. [21], who identified interception values around 6% 

in an urban-scale experiment. Although evapotranspiration presented a negligible contribution 

in the short term, the findings reinforce that vegetation interception plays an important, albeit 

secondary, role compared to the storage capacity of the system layers. Overall, the agreement 

between experimental and bibliographic results supports the reliability of the adopted 

methodology and highlights the importance of considering both structural and vegetative 

components in the hydrological performance of green roofs. 

The results indicate that more than 90% of the retained water volume is associated not with 

evapotranspiration or plant interception, but with storage within the internal layers of the 

system, particularly the substrate and the expanded clay drainage layer. This finding highlights 

the dominant role of the physical structure of the green roof in stormwater retention and 

suggests that design parameters related to substrate depth and drainage composition exert a 

greater influence on water retention performance than vegetation-related processes, especially 

at short temporal scales. 

Future research should expand the analysis of plant interception to different species and 

further investigate the water retention capacity of green roof layers, such as the expanded clay 

drainage layer, under natural meteorological conditions. Monitoring both individual rainfall 

events and longer periods (e.g., weekly or biweekly) would enable evaluation under realistic 

rainfall variability and provide a more comprehensive understanding of interception, 
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evapotranspiration, and storage processes. Additionally, future work should include direct 

comparisons with previously published studies to better contextualize the results, identify 

trends, and assess system performance under different conditions, thereby strengthening the 

overall analysis. 
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