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ABSTRACT. This study evaluated the water storage and runoff capacities of an extensive green roof simulator in
Bahia Blanca, Argentina, during the region's most extreme precipitation event in 47 years. The analysis involved
a time series of daily precipitation from 1961 to 2022. A Green Roof model was applied using daily precipitation
data, potential evapotranspiration, and field-measured water storage capacity data from 2022. The model was
based on a I m? green roof simulator, with 50 % of its surface covered by native species. The substrate depth was
set at 15 cm, with a soil water storage capacity of 58.7 mm. Precipitation in Bahia Blanca showed considerable
variability across temporal scales. The most frequent events (89 %) involved less than 20 mm of rainfall, followed
by events between 20.1 mm and 40 mm (8 %). Eight events with precipitation between 80.1 mm and 100 mm were
recorded, with March 24, 2022, marking the highest daily rainfall in 15 years (90.3 mm). However, when
examining three-day accumulated rainfall, the period from March 23 to 25, 2022, accumulated 150.3 mm, making
it the most extreme event in the last 47 years and the second highest in the 62 years analyzed. During this event,
total runoff amounted to 83.4 mm, indicating a substantial water storage of 44.6 % by the green roof simulator.
Given the projected increase in the frequency and intensity of extreme rainfall events, green roofs offer a
sustainable and innovative solution for mitigating and adapting to climate change impacts. Additionally, they serve
as crucial urban green infrastructures for managing runoff, particularly in regions prone to intense precipitation
events like Bahia Blanca.

El papel de los techos verdes en la mitigacion y adaptacion al cambio climdtico: andlisis de
su efectividad durante eventos de lluvia extrema

RESUMEN. En este estudio se evaluo la capacidad de almacenamiento de agua y escorrentia de un simulador de
techo verde extensivo en la ciudad de Bahia Blanca (Argentina), durante el evento de precipitacion mas extremo
de los ultimos 47 afios. Para ello, se analiz6 la serie temporal de precipitacion diaria del periodo 1961-2022. Se
utilizé el modelo Green Roof con datos de precipitacion y evapotranspiracion potencial diaria y de capacidad de
campo medidas in situ durante el aflo 2022 y se selecciond el periodo mas extremo en términos de precipitacion.
El modelo se aplicod considerando un simulador de techo verde con una superficie de 1 m?, cubierto al 50 % por
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especies nativas. La profundidad del sustrato fue 15 cm y la capacidad maxima de almacenamiento de agua del
suelo fue 58,7 mm. Bahia Blanca presentd una marcada variabilidad de las precipitaciones a diferentes escalas
temporales. Las precipitaciones mas frecuentes fueron las menores de 20 mm (89 %), seguidas de las de entre 20,1
y 40 mm (8 %). Se detectaron ocho eventos entre 80,1 mm y 100 mm, entre los que destaca el de 24 de marzo de
2022 por ser el evento de mayor precipitacion diaria de los ultimos 15 afios (90,3 mm). Sin embargo, al analizar
las precipitaciones acumuladas en tres dias consecutivos, se observo que la cantidad registrada durante el periodo
23-25 de marzo (150,3 mm) fue la mas extremo de los ultimos 47 afios y la segunda mas importante de los 62 afios
analizados. Durante este evento se gener6 una escorrentia total de 83,4 mm, lo que indica que el simulador de
techo verde tuvo una buena capacidad de almacenamiento de agua, alcanzando un 44,6 %. Considerando que se
prevé un aumento en la frecuencia e intensidad de eventos pluviométricos extremos, los techos verdes representan
una alternativa innovadora y sostenible para mitigar y adaptarse a los efectos del cambio climatico, permitiendo
ademas gestionar la escorrentia en entornos urbanos, particularmente en regiones con eventos pluviométricos
extremos frecuentes, como Bahia Blanca.

Keywords: Green roof, water balance model, runoff, extreme precipitation events, native species, sustainable
cities.

Palabras clave: techo verde, modelo de balance hidrico, escorrentia, eventos extremos de precipitacion, especies
nativas, ciudades sostenibles.

Received: 15 October 2024
Accepted: 13 May 2025

*Corresponding author: Andrea Brendel. Instituto Argentino de Oceanografia (IADO, CONICET/UNS),
Camino La Carrindanga Km 7 E1, Bahia Blanca BS0O0OOCPB, Buenos Aires, Argentina. E-mail: asbrendel@iado-
conicet-gob.ar; andreabrendeluns@gmail.com

1. Introduction

Urban expansion has transformed natural areas into impermeable surfaces, altering their
hydrological patterns and flow regimes (Zhang et al, 2018). Among the most significant changes
resulting from this process are the increase in peak flows, the reduction in water concentration times,
the modification of the water balance, and the increase in surface runoff volume (Li et al., 2018; Paule-
Mercado et al., 2017). Additionally, climate change has caused a significant increase in the frequency
and intensity of extreme precipitation events, directly affecting the recurrence and magnitude of flooding
in numerous cities (Berggren et al., 2012; Pour et al., 2020). Therefore, rapid urbanization and climate
change are expected further to increase the risk of flooding in the near future (Yin et al., 2015; Zhou et
al., 2019). Among the mitigation measures implemented worldwide, green roofs are one of the most
adopted, as they can be easily installed on existing buildings without requiring additional land space
(Carter and Jackson, 2007). Moreover, these green infrastructures provide multiple environmental
benefits, such as water quality purification (Rowe, 2011), reduction of building temperatures and the
urban heat island effect (He et al., 2020), as well as contributing to the decrease of air pollution (Speak
et al., 2012). Furthermore, they mitigate greenhouse gas emissions by promoting carbon absorption and
retention, which aids in reducing CO; levels in the atmosphere (Perillo ef al., 2023).

Green roofs can mitigate stormwater runoff by collecting and retaining precipitation, reducing
the flow volume to conventional stormwater infrastructure (Driscoll et al., 2015). The water storage
capacity depends on several factors, including the construction conditions of the green roof, such as
substrate type and vegetation, slope, and drainage system, among others. Studies on the capacity of these
infrastructures to store precipitation and manage urban runoff are becoming increasingly common
worldwide, but in Argentine cities, they remain scarce. Mentens ef al. (2006) analyzed 18 extensive
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green roofs with different growing media and vegetation coverage in Central Europe and found an
average runoff reduction of 50 %. In New York, it was demonstrated that a green roof on a commercial
building retains 89 % of water during intense rains (> 25 mm/event) (Todorov et al., 2018), while in a
semi-arid region of China with an annual precipitation of 425 mm/year, green roofs showed water
storage ranging from 34.7 % to 48.5 %, depending on the substrate moisture level before the
precipitation event (Liu et al., 2020). A study in Lisboa (Portugal), which shares a climate comparable
to the study area, revealed a 73 % rainwater storage capacity rate in green roofs (Brandao ef al., 2017).
Despite this, studies on how green roofs manage water storage and runoff during extreme precipitation
events have not yet been conducted in Bahia Blanca, Argentina.

This study investigates the hydrological dynamics of a green roof system in Bahia Blanca city,
Argentina, by applying a water balance model to a green roof simulator (Figs. 1 and 2). The approach
combines physical measurements from the simulator with hydrological modeling to evaluate
performance during extreme precipitation events. While the simulator provided essential data on
substrate and vegetation characteristics, the model enabled the assessment of water storage and runoff
dynamics under various precipitation conditions. The green roof simulator is located in Bahia Blanca
city (Argentina) (Fig. 1), in the lower basin of the Naposta Grande stream, whose course crosses the city
and originates from the Ventania mountain system (Fig. 1). This lower basin location makes the city
vulnerable to accumulated upstream runoff, increasing flood risk during intense precipitation events
(Mastrandrea and Pérez, 2022). The region has a sub-humid climate, with average annual precipitation
and temperature of 627.4 mm and 15.6 °C, respectively (1961-2022). The area is characterized by the
most severe extreme precipitation events in the Pampas Region (Aliaga et al., 2017). These phenomena
are considered the most representative and have the most significant adverse effects, mainly due to the
alteration of socioeconomic activities in rural areas and the emergence of socio-environmental problems
in urban settings (Bohn et al., 2011). The city is situated in a flat environment, with different terrace
levels in the north and northeast and low, flood-prone lands in the south, influencing normal runoff
conditions. As a consequence, during extreme precipitation, flooding occurs, especially in
neighborhoods located in the southern sector and over the floodplain of the Naposta stream toward the
north of the city (Mastrandrea and Pérez, 2022). Given that precipitation events in the region are
expected to become more frequent and intense in the near future (Brendel, 2023), it is essential to
understand the capacity of green roofs to reduce runoff during precipitation of varying magnitudes.

This study evaluated the water storage and runoff capacities of an extensive green roof simulator
in Bahia Blanca, Argentina, during the region's most extreme precipitation event in 47 years. The
specific objectives were to:

- Analyze precipitation patterns and identify extreme events in Bahia Blanca from 1961-2022,

- Evaluate the hydrological performance of a green roof simulator during the most extreme
precipitation event of the last 47 years using the Green Roof Water Balance Model,

- Compare the model results with international literature and discuss their implications for urban
planning in Bahia Blanca.

The relevance of these results is reflected in providing specific and applicable data to the
climatic and geographical conditions of Bahia Blanca, which will serve as a basis for designing green
infrastructure strategies adapted to the region. It is expected that the results will not only improve water
management in the city but also serve as a model for implementing nature-based solutions in other urban
areas with similar characteristics worldwide.
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Figure 1. Location of the green roof simulator in Bahia Blanca city (Argentina).

2. Material and methods
2.1. Structure and characteristic of green roof simulator

This study analyzed one extensive green roof simulator (1 m?) vegetated with native species
selected from an experimental setup of eight simulators installed in April 2021 at the Argentine Institute
of Oceanography (IADO, CONICET-UNS) experimental site (Fig. 2a). This simulator was chosen
because it was designed explicitly with drought-resistant native species and a substrate composition
optimized for local climatic conditions. In contrast, the other seven simulators tested different
combinations of exotic species and substrate compositions for other research purposes. The selected
simulator was specifically designed to evaluate the performance of locally-adapted species under
extreme precipitation conditions. It was divided into nine cells following a completely randomized
design, with three replicates of each native species distributed randomly (Fig. 3). The green roof
simulator was constructed following the guidelines of Barbaro et al. (2017), as follows: a waterproof
membrane to prevent moisture penetration; a drainage layer to facilitate the flow of excess water toward
the drains, avoiding waterlogging and oxygen deficiency in the soil; a geotextile filter layer to contain
the plant roots, protect the drainage layer, and prevent the leaching of organic matter; and finally, the
substrate layer composed of 80 % inorganic material (70 % pumice and 10 % perlite) and 20 % organic
matter (15 % peat and 5 % compost) with a height of 15 cm (Fig. 3). The planted species were
herbaceous and native (Sphaeralcea bonariensis, Aloysia gratissima, Atriplex undulata, Senecio
pampeanus), as they utilize water more efficiently and exhibit greater drought tolerance than their non-
native counterparts (Butler et al., 2012; Pago et al., 2019), thereby ensuring better vegetation survival
rates and overall green roof performance under the region's semi-arid conditions (Figs. 2 and 3).
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Figure 2. Experimental setup of green roof simulators at IADO experimental site and species used in this
study. a) General view of simulator setup showing the eight Im? simulators with different substrate and
vegetation treatments, b) Sphaeralcea bonariensis, ¢) Aloysia gratissima, d) Atriplex undulata, and e) Senecio
pampeanus.
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Figure 3. Schematic representation of the green roof simulator design. a) Cross section view showing the
different layers, b) top view illustrating the randomized distribution of native species.
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2.2. Green roof model
2.2.1. Model Overview

In this study, the GreenRoof Water Balance Model (Raes et al., 2006) was applied to a green
roof simulator (see section 2.1.) located in Bahia Blanca city (Figs. 1 and 2). This model has been widely
used in numerous urban green roofs around the world, such as in Belgium (Vanuytrecht et al., 2014),
Poland (Burszta-Adamiak and Mrowiec, 2013), and Maryland (Starry et al., 2016), but it has not yet
been explored in Argentina, characterized by significant climate variability and increasing extreme
precipitation events in urban areas (Pérez ef al., 2015; Ferrelli et al., 2019; Brendel ef al., 2021).

The model calculates the water retained in a green roof and the amount discharged as runoff,
based on precipitation and potential or reference evapotranspiration (ETo). Calculations can be
performed for user-specified roofs, with or without vegetation cover. Additionally, factors affecting the
balance between runoff, evaporation, and water storage can be specified: (i) roof characterization (type,
area, orientation, slope, from completely protected from wind and sun to extremely windy and sun-
exposed) and (ii) vegetation characterization (type of vegetation, degree of vegetation cover, substrate
depth, presence of a drainage or reservoir layer) (Table 1).

The model parameters (Table 1) were based on the physical characteristics of the previously
described simulator, incorporating its dimensions, vegetation coverage, orientation, slope, and field-
measured water storage capacity. While direct runoff measurements were not performed, the model
provides reliable estimates of hydrological performance when incorporating high-quality local
measurements. Therefore, the runoff values presented in this study represent model outputs based on
field-measured substrate properties and local meteorological data during the extreme precipitation event
of March 23-25, 2022.

Table 1. Green roof simulator parameters and characteristics included in the model. W, represents the
maximum water storage capacity (mm); d,qin is a dimensionless program parameter related to rainfall
interception based on roof orientation; Kc is the crop coefficient that accounts for vegetation characteristics, p
is the threshold fraction of maximum water storage capacity below which vegetation experiences water stress.

Parameters Characteristics
Vegetation Herbaceous. Species: Sphaeralcea
bonariensis, Aloysia gratissima, Atriplex
undulata, Senecio pampeanus.

Field-measured parameters Coverage (%) 75 %
Area (m?) 1 m?
Substrate Depth (cm) 15 cm
WS max 58.7 mm
Qrain 0.0003
Slope (°) 5°

Model input parameters Orientation North
Ke 1.0
P 0.5

2.2.2. Maximum water storage capacity (Wma)

To determine Wsmax (maximum water storage capacity), the substrate's field capacity (FC) and
bulk density were measured in situ. Following the method of Cassel and Nielsen (1986), three
undisturbed substrate samples were collected from the green roof simulator using metal cylinders. These
samples were saturated with water and allowed to drain gravitationally until reaching field capacity.
Subsequently, bulk density and volumetric water content at field capacity were determined for each
sample. The obtained Wsmax value was 58.7 mm.
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2.2.3. Daily water balance components
Incoming Water

The model determines the daily water balance, considering incoming (Wi») and outgoing water
flows (Wx, and Wer). Where Wi, is the daily precipitation (mm), modified by the cosine of the slope and
orientation of the roof to correct for the effect of wind on rain capture:

X
Win = Rops X QX 05 (o) x (1 + @ygin X X) (1)

where Rops is the daily precipitation (mm), 2 is the area of the green roof (m?), arin is @ dimensionless
program parameter, and X is the slope of the roof (in degrees). The value of anin depends on the
orientation of the roof, the local wind and rainfall characteristics, as roofs oriented towards a dominant
wind direction receive more precipitation than flat roofs or those oriented in other directions (Raes et
al., 2006). For this study, since our green roof is north-oriented, we used arnin = 0.0003, which accounts
for the influence of dominant northern winds on rainfall capture, indicating a slight increase in capture
with slope for this orientation. This value was obtained from the Green Roof Water Balance Model
standard correction factors for different roof orientations.

Water Storage Update

Wsact (actual water storage) is calculated using a daily water balance. W, is initialized at 0 or
at a measured initial value for the first day. For each subsequent day, Wsactis updated using the following
equation:

Wsact = Wsact -1 T Win = Wgr —Weo (2)

where Wsqcr (¢-1) 1 the water stored from the previous day, Wy, is the incoming rainfall, Wiy is the

water lost through evapotranspiration, and W, is water lost as runoff. The daily calculation follows this
sequence: first, incoming rainfall (W};,) is added to the previous day's storage; if this sum exceeds We,, 4y
(here, 58.7 mm), the excess water becomes runoff (W, ); finally, evapotranspiration losses (Wgr ) are
subtracted. Wy, is constrained between 0 (completely dry roof) and W, (saturated roof).

Evapotranspiration

Wer is the amount of water lost from the green roof through evapotranspiration (ET, mm), which
depends on the atmospheric evaporative demand (ETo) and the characteristics of the roof.

Wgr = QX K; X K. X ETo* 3)

Where @ is the roof area (m?), K is the water stress coefficient, K. is the crop coefficient, and ETo* is
the adjusted ETo (mm/day). ETo* is the ETo adjusted for slope, orientation, and position. The slope and
orientation of the roof determine the amount of radiation received and, consequently, the ETo.
Additionally, the ETo is influenced by the position of the roof to prevailing winds. K, is a water stress
coefficient that modifies evapotranspiration from the roof (Kc x ETo*) and varies linearly between 0
(complete stress) when Wi, is equal to zero (empty root reservoir) and 1 (no stress) above a threshold
value when the vegetation on the green roof does not experience water stress. The threshold, which
depends on the characteristics of the roof or vegetation, is specified as the fraction p of Wgmax.

The Green Roof Water Balance Model provides standard crop coefficient (Kc) values for
different roof surface conditions and vegetation types (Allen et al., 1998). Kc is set to 1.10 for a bare
substrate layer, reflecting the high initial evaporation rate from exposed substrate surfaces. When
considering vegetation, Kc values vary according to plant type: succulent-mosses have the lowest value
(Kc = 0.40) due to their water-conservative nature and reduced transpiration rates; both mosses-
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succulents and succulent-grasses combinations show intermediate values (Kc = 0.70), while grass-herb
combinations exhibit the highest coefficient (Kc = 1.00) due to their greater transpiration rates.

In our study, we selected Kc = 1.0 following these guidelines for grass-herb combinations,
despite using drought-tolerant native species. This value was chosen because: (i) our green roof
simulator contained a diverse mix of herbaceous species rather than solely succulents; (ii) the vegetation
coverage was relatively high (75%), resulting in greater total transpiration surface area; and (iii) while
these native species are efficient in water use during drought conditions, they can exhibit opportunistic
water consumption during wet periods, a common adaptation in semi-arid environments with irregular
precipitation patterns. This approach also allowed us to avoid underestimating potential
evapotranspiration during periods when water was abundantly available, such as during the extreme
rainfall event analyzed. The Kc value is then used to estimate the actual evapotranspiration rate of the
green roof by multiplying it by the reference evapotranspiration (ETo).

Runoff generation
When the sum of incoming rainfall and existing stored water exceeds Wsmax, runoff occurs:
Wyo = Wiy, — (WSmax - WSact) 4

where Wi, is the amount of water lost due to runoff (mm) when Wi, exceeds the roof's storage capacity.
Wit is the water effectively retained on the roof (mm). Wsmax depends on the type of roof and surface,
while Wsa: depends on precipitation and evapotranspiration from the green roof and is updated daily.
Wsact varies from zero when the roof is completely dry to Wsmax when the roof is saturated with rain.

Vegetation Water Stress

When the water content stored in the substrate drops below the threshold fraction p of Wsmay,
the stress level (S in %) for the green roof vegetation is calculated using:

5=100><(1—M) (5)

PXWsmax

where p is the threshold for vegetation water stress, Wsmax 1S the maximum and Wsaq is the actual amount
of water retained on the roof (mm). The threshold for vegetation water stress (p) was set to 0.5, indicating
that plants experience water stress when water storage drops below 50 % of maximum capacity (Wsmax).
This value was selected based on the drought-tolerant characteristics of our native species, consistent
with validated green roof models (Vanuytrecht et al., 2014; Starry et al., 2016; Liu et al., 2021; Zhang
et al., 2021) and particularly suitable for extensive green roofs in regions with frequent water deficits.

2.2.4. Model Application and Data Input

Users can customize the roofs simulated by the Green Roof Model to site-specific conditions
by adjusting the program parameters that describe the processes mentioned above. In this case, the model
parameters were applied to a green roof simulator in Bahia Blanca (Fig. 2a). The values of the parameters
used to apply the model are shown in Table 1. The effect of orientation, slope, and position on
precipitation interception and evapotranspiration from the roof was modeled using empirical equations
based on observations from the calibration site. Daily data on precipitation and potential
evapotranspiration were obtained for the year 2022 from a weather station of the National
Meteorological Service (SMN, Argentina), located in the peripheral area of the city. The behavior of
daily precipitation was analyzed as suggested by the Expert Group on Climate Change Detection and
Indices (ETCCDI; http://etccdi.pacificclimate.org). Therefore, daily precipitation exceeding S0 mm was
considered extreme (Brendel ef al., 2021).
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3. Results
3.1. Annual and Monthly Characterization of Precipitation from 1961 to 2022

Bahia Blanca has an average annual precipitation of 627.4 mm (£ 145.4 mm) (Fig. 4).
Additionally, it shows notable interannual variability, with a minimum of 306 mm in 2019 and a
maximum of 1,086 mm in 1976 (Fig. 4a). Summer is the season with the highest precipitation (192 mm),
followed by autumn and spring, which have similar values (175 mm and 173 mm, respectively) (Fig.
4b). On the other hand, winter is the season with the lowest precipitation, with an average total of 86
mm. March is the wettest month, 78.3 mm, while June has the lowest recorded precipitation levels (26.2
mm) (Fig. 4b).
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Figure 4. a) annual precipitation, b) monthly precipitation, and c) interannual precipitation anomalies in
Bahia Blanca, Argentina (1961-2022).
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Four well-defined periods of positive and negative anomalies were observed in the rainfall time
series, demonstrating the significant interannual precipitation variability. The first period, characterized
by a higher percentage of negative anomalies, extended from 1961 to 1974 (-10.1 to -310 mm), while
the second occurred between 1975 and 1985, exhibiting positive anomalies (47.6 to 454.8 mm) (Fig.
4c). During this interval, six consecutive years with positive anomalies were recorded, including the
year with the highest recorded precipitation (1082.2 mm, anomaly = 454.8 mm) (Fig. 4c). The third and
most prolonged period was characterized by alternating positive and negative anomalies from 1986 to
2004. The fourth period (2005 to 2022) predominantly featured dry conditions (-5.4 to -286.5 mm), with
the exceptions of 2014 (220 mm), 2017 (25 mm), and 2020 and 2021, which had positive anomalies of
approximately 20 mm. It is noteworthy that during this period, negative anomalies were more significant
than positive ones (-321 mm and 220.7 mm, respectively), and the most extreme negative anomaly over
the 61 years studied was recorded (-321 mm in 2019) (Fig. 4c¢).

3.2. Characterization of Daily Precipitation from 1961 to 2022

Daily precipitation from 1961 to 2022 is shown in Figure 5. The most frequent occurrences are
those less than 20 mm (89 %), while those between 20.1 and 40 mm represent 8 %. Precipitation events
between 40.1 and 60 mm account for 2 %, and those between 60.1 and 80 mm comprise 0.5 % (Fig. 5a).
Events exceeding 80.1 mm occurred only 11 times in the 62 years analyzed, with a total of eight events
between 80.1 mm and 100 mm, highlighting the event on March 24, 2022, as the highest daily
precipitation in the last 15 years (90.3 mm) (Fig. 5b). However, when analyzing the accumulated
precipitation over three consecutive days, it was observed that the amount recorded from March 23 to
25 was the most extreme rainfall event in the last 47 years and the second most significant in the 62
years analyzed (Fig. 6). This event was characterized by a total precipitation of 150.3 mm, of which 51
mm occurred on March 23, 90.3 mm on March 24, and 9 mm on March 25 (Fig. 6).
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Figure 5. a) Number of events by precipitation ranges and b) daily precipitation during 1961-2022 period.
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Figure 6. Accumulated precipitation over three consecutive days during 1961-2022 period.

3.3. Hydrological Response of the Green Roof to Precipitation in 2022 and During March 23 to 25

In 2022, Bahia Blanca recorded 74 precipitation events (days with precipitation > 0.1 mm), with
most events (54 events, 73 %) involving less than 5 mm of rainfall, 13 events (18 %) between 5-20 mm,
4 events (5 %) between 20-40 mm, and only 3 events (4 %) exceeding 40 mm (Fig. 7a) Several periods
exhibited precipitation values exceeding PET, suggesting elevated water availability, specifically during
March 23-25, April 7-12, and October 23-24, 2022 (Fig. 7a). Among all precipitation events, only two
generated runoffs when Wsmax (58.7 mm) was exceeded, representing less than 3 % of the total events
(Fig. 7b). It is essential to highlight that during precipitation episodes, part of the water is retained in the
soil matrix, while vegetation reduces water outflow through both canopy interception (water caught on
leaves and stems) and transpiration processes, and the rest is lost through surface and subsurface runoff.
A clear relationship between precipitation and evapotranspiration (PET) was observed throughout 2022
(Fig. 7a). PET, representing atmospheric water demand, exceeded precipitation for most of the year,
which indicates the high annual water deficit characteristic of the regional climate (643 mm of rainfall
versus 1740 mm of PET) (Fig. 7a).

The most significant runoff generation was estimated by the model during March 23-25, 2022
(Fig. 7¢). Despite receiving 51 mm of precipitation on March 23, no runoff was generated during this
event. Subsequently, on March 24, with rainfall of 90.3 mm, Ws, reached 11.5 mm, while Wro
amounted to 78.8 mm, indicating that the green roof stored 12.7 % of the incoming rain, with the
remaining 87.3 % lost as runoff. This lower storage value can be attributed to elevated soil moisture
content from the previous day's precipitation, which reduced the available storage capacity. On March
25, of the 9 mm of rainfall received, 4.6 mm resulted in runoff, corresponding to a storage of 48.9 %.
Therefore, during the three-day event (total precipitation 150.3 mm), the green roof generated a total
runoff of 83.4 mm, resulting in a cumulative storage of 44.6 % (Fig. 7¢).
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Figure 7. Hydrological dynamics of the green roof simulator. a) Daily precipitation (PP) and potential
evapotranspiration (PET) during 2022; b) precipitation, runoff, and the amount of water stored in the roof in
2022 and c) precipitation, potential evapotranspiration, runoff and the amount of water stored in the roof
during 22-29 March 2022

4. Discussion

The study of precipitation, particularly during extreme events, is a fundamental element in
understanding climate due to the various environmental and social consequences they generate, such as
flooding, soil erosion, and biodiversity loss (Brendel et al., 2017). Precipitation is a highly variable
parameter across different temporal scales: annual, seasonal, and daily (Bekele et al., 2017; Ferrelli et
al., 2019). In Bahia Blanca, significant variability in precipitation has been observed over the last 62
years due to its location in a transitional zone between temperate and arid climates (Aliaga et al., 2017).
This variability significantly influences plant species' survival and performance on green roofs,
particularly in climates with high water deficit and irregular precipitation patterns, such as Bahia Blanca
(Perillo et al., 2023). The high variability necessitates substrate compositions and native plant selections
that can rapidly adapt to sudden changes between prolonged dry periods and intense precipitation events.
This ensures water storage capacity and runoff management even under extreme climatic conditions
(Perillo et al., 2023).

12 Cuadernos de Investigacion Geografica, 51, 2025. pp. Xx-xx



The role of green roofs in climate change mitigation and adaptation

The analyzed precipitation event was the most extreme in the last 47 years and the second most
significant from 1960 to 2022. This situation is associated with global warming, the main cause of
climate change (Padhiary et al, 2018). According to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC, 2021), the last four decades have been successively
warmer than any other since 1850. The average air temperature in the previous two decades of the 21st
century (2000-2020) was 1°C higher than in the 1850-1900 period and 1.1°C higher in 2011-2020
compared to 1850-1900. This temperature increase has primarily been driven by greenhouse gas
emissions from human activities, especially CO, (Padhiary et al., 2018), whose concentration reached
peak levels in at least two million years in 2019 (IPCC, 2021). Consequently, the increase in atmospheric
water vapor has modified precipitation patterns worldwide (Bekele et al., 2017; Muthuwatta et al.,
2018), manifesting in Bahia Blanca with an increase in precipitation intensity over the last six decades
(Ferrelli et al., 2021). Looking forward, precipitation variability and extremes are projected to intensify
globally (IPCC, 2021), with regional variations depending on local conditions and emission scenarios.
For Bahia Blanca specifically, projections indicate increased precipitation toward the end of the 21st
century, particularly under high emission scenarios (RCP 8.5) (Brendel, 2023). This trend is particularly
concerning as climate change exacerbates flooding risks through increased frequency and intensity of
extreme events (Avashia and Garg, 2020; Leandro ef al., 2020). The city's vulnerability is further
heightened by its location in the lower basin of the Naposta Grande stream and urban infrastructure
limitations (Zapperi, 2014; Mastrandrea and Pérez, 2022), making the implementation of green
infrastructure solutions increasingly critical. Given these local challenges and future climate projections,
it is essential to evaluate green roof performance through reliable methodologies. Model simulations
have emerged as a valuable tool to assess the hydrological performance of green roofs (Busker et al.,
2022). Several models have been developed for this purpose, each addressing different aspects of green
roof hydrology. Liu et al. (2021) used HYDRUS-1D to simulate runoff response under different
substrate designs, while Zhang ef al. (2021) employed a physically based model to evaluate stormwater
storage during intense rainfall events. Hamouz et al. (2020) analyzed single events runoff from extensive
green roofs in cold climates, and Shafique et al. (2018) proposed a comprehensive model considering
different substrate compositions and rainfall intensities. In Bahia Blanca, our application of the Green
Roof Water Balance Model represents the first attempt to evaluate extensive green roof performance
during extreme precipitation events in this region. While the model has not undergone formal validation
locally, its implementation provides valuable insights due to the incorporation of high-quality local
measurements, including daily precipitation, potential evapotranspiration, and field-measured water
storage capacity obtained through rigorous soil sampling and laboratory analysis.

The water storage capacity of green roofs fundamentally depends on substrate properties,
vegetation types, and local climatic conditions (Akther et al., 2018; Peng et al., 2019). Studies have
shown that climatic factors such as rainfall intensity, antecedent dry period, solar radiation, air
temperature, relative humidity, and evapotranspiration rate significantly influence the hydrological
performance of green roofs (Wong and Jim, 2015; Zhang et al., 2021). However, in climates with
significant water deficits, runoff variability is primarily attributed to precipitation, evapotranspiration,
substrate water storage capacity, and initial water content before a rain event (Liu et al., 2021; Todorov
et al., 2018). In this context, and considering the climate of Bahia Blanca, the daily variability of runoff
analyzed and water storage could be linked to these factors. The variation in water storage capacity
observed during the three-day extreme event (March 23-25, 2022) clearly demonstrates the influence of
antecedent moisture conditions on the green roof's hydrological performance. On March 23, the green
roof showed maximum storage capacity with no runoff generation despite receiving 51 mm of
precipitation. This optimal performance can be attributed to initially dry substrate conditions, resulting
from the characteristic high evapotranspiration rates of the warm season (PET values around 4-5
mm/day in March). However, this precipitation event significantly increased the substrate moisture
content, thereby reducing its storage capacity for subsequent rainfall. Consequently, on March 24, when
90.3 mm of rain fell on the already moistened substrate, the storage capacity decreased substantially to
12.7 %, with most of the precipitation (87.3 %) converting to runoff. This behavior aligns with findings
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from Liu et al. (2021), who reported that water storage capacity in green roofs varies from 34.7 % to
48.5 % depending on initial moisture conditions, with dry substrates showing significantly higher
storage capacities. While direct measurements of initial substrate moisture were not available in our
study, the daily water balance calculations through the model provide valuable insights into the
substrate's moisture status and its influence on storage performance. This moisture-dependent behavior
is particularly relevant in Bahia Blanca's climate, where the typically dry substrate conditions favor high
initial storage capacities, but consecutive rain events can rapidly reduce this effectiveness.

The green roof simulator analyzed showed optimal performance in retaining precipitation and
reducing runoff generated during the most extreme precipitation event in the last 47 years, with an
average water storage capacity of 44.6 % and 55.5 % runoff. These values align with those reported in
numerous experimental green roof plots worldwide using validated models (Gong et al., 2019; Harper
et al., 2015; Lee et al., 2015; Liu et al., 2019; Stovin et al., 2012; Zhang et al., 2021). For example,
Palla et al. (2009) using SWMS 2D found water storage of 51.5 % during a 153.2 mm event, remarkably
similar to our water storage of 44.6% during a 150.3 mm event. Similarly, Villarreal and Bengtsson
(2005) reported values of 20-40 % during intense short-duration events. More recent studies have further
validated these water storage ranges under various conditions. Zhang et al. (2021) documented values
of 42.8-56.7 % during extreme events exceeding 100 mm in China, while Liu et al. (2021) found
comparable results (34.7-48.5 %) in semi-arid conditions, emphasizing the critical role of initial
substrate moisture in determining storage capacity. These findings align closely with our results,
particularly considering our use of field-measured water storage capacity and local meteorological data.
Additionally, Hamouz et al. (2020) reported similar ranges (30-45 %) during extreme events, noting
decreased efficiency near substrate saturation, while Shafique et al. (2018) found values of 40-60 %
during intense rainfall events, emphasizing substrate characteristics' importance. The consistency
between our model's predictions and these validated studies, especially those conducted under similar
rainfall intensities or climatic conditions, suggests that despite lacking formal validation, the Green Roof
model provides reliable estimates of hydrological performance under local conditions. This alignment
with international findings strengthens confidence in the model's utility for urban planning in Bahia
Blanca, though future local validation would further enhance its applicability.

The hydrological performance of green roofs varies according to local climate. For instance, in
a dry climate in southern Australia, water storage capacity was observed to range from 51 % to 96 %
(Beecham and Razzaghmanesh, 2015), while in a humid tropical climate in Hong Kong, it varied
between 24.3 % and 36.3 % (Wong and Jim, 2014). Additionally, average runoff retention is
significantly higher in extensive green roofs in dry subhumid climates (75.2 %) compared to maritime
climates (43.4 %) (Sims et al., 2019). This corroborates that the use of green roofs in Bahia Blanca, a
city with significant water deficits but intense and frequent wet events, is crucial for controlling urban
runoff. On the other hand, substrate selection is fundamental as it can affect both the hydrological
performance of the system and the quality of the drained water (Shafique et al., 2018). The substrate
significantly influences water storage capacity more than vegetation type and cover (Berndtsson, 2010;
Liu et al, 2019; Stovin et al., 2012; Zhang et al., 2019).

In this study, the substrate used is lightweight with high porosity, composed of 80% inorganic
material (70 % pumice and 10 % perlite) and 20 % organic matter (15 % peat and 5 % compost), which
provides high water storage capacity and good drainage properties, essential for the hydraulic dynamics
of a green roof (Hachoumi et al., 2021). Furthermore, the local climate, characterized by significant
annual water deficits and high evapotranspiration rates in the warm season, produces a substrate with
low moisture content. This characteristic is important, as studies have shown that dry substrates can
store more water due to a larger water storage volume during precipitation events (Liu et al., 2020).
Regarding the appropriate vegetation type for extensive green roofs, the selection of species with short
roots that exhibit rapid growth, low maintenance, and high tolerance to extreme climatic conditions,
especially to water deficits, is suggested (Shafique et al., 2018). Thus, native species selected for their
drought tolerance were used in the green roof simulator (Perillo ef al., 2023). Furthermore, it has been
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shown that these species possess a remarkable ability to retain precipitation, especially during intense
rainfall events (Todorov et al., 2018). Therefore, considering that the study area projects an increase in
the severity of rainfall in the near future, using native species is essential to mitigate the effects of climate
change (Brendel, 2023).

Finally, the simulation provides robust evidence of green roof hydrological performance during
extreme events, strengthened by integrating locally-adapted native vegetation and optimally selected
substrate composition. This comprehensive approach generates valuable data precisely calibrated for
Bahia Blanca's context, establishing a strong foundation for green infrastructure implementation in the
region. Future research on full-scale installations will build upon these findings by incorporating
continuous runoff monitoring systems and examining additional aspects such as edge effects, root
development dynamics, and long-term maintenance. Direct runoff measurements in future studies will
complement our modeling approach, providing additional insights into the temporal dynamics of water
movement through the green roof system during extreme events. This combination of modeling and
empirical measurements will further advance our understanding of green roof behavior in the region,
ultimately enhancing their effectiveness as a climate change adaptation strategy.

5. Conclusion

This study represents the first assessment of green roof performance in Bahia Blanca. It
demonstrates their effectiveness as an innovative and sustainable solution for mitigating the effects of
climate change and managing urban runoff, particularly in regions experiencing frequent extreme
rainfall events. The results showed that during the most extreme precipitation event recorded in the last
47 years, the green roof successfully retained an average of 44.6 % of the rainfall, significantly reducing
surface runoff volume and mitigating the risk of flooding within the city.

In the context of climate change, where an increase in the frequency and intensity of extreme
rainfall events is expected, adopting green infrastructure is not only a mitigation measure but also an
essential strategy for urban adaptation. The information generated by this study is crucial for developing
policies and strategies for green infrastructure development in Bahia Blanca and other regions with
similar climatic conditions. Integrating green roofs into urban planning can significantly enhance the
sustainability and resilience of cities in the face of future climate challenges.
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