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Abstract: 

Countries in Climate Zone A have much to gain from implementing green roofs as a climate change 
adaptation measure. Due to the limited research on green roofs in Climate Zone A, the components of a 
green roof suitable to these geographical locations have not yet been identified. One of the major barriers 
to increasing the prevalence of green roofs in these regions is the lack of proven plant species suited to 
green roofs in the tropics. The main objective of this study was to develop a plant screening tool that 
can identify the plant species that can survive and be aesthetically pleasing in an extensive green roof in 
Climate Zone A. The methodology of this study consisted of a review of the existing knowledge on 
factors that influence the selection of plants for extensive green roofs. These factors were then critically 
analyzed for their relevance to Climate Zone A. The result of this analysis was a plant selection matrix 
that can identify the plant species putatively suited for extensive green roofs in the tropics. This developed 
plant selection matrix can provide the green infrastructure industry in Climate Zone A with a greater 
knowledge for plant selection. 

1 Introduction 

Rapid population growth and the resulting expansion of urban areas have transformed the natural 
landscape into a built environment [1]. As green areas become increasingly entombed by concrete and 
asphalt, a suite of urban environmental issues has emerged [2, 3]. Expansion of high albedo surfaces 
has led to increased absorption of short-wave solar radiation, leading to unnaturally warm city 
environments known as “Urban Heat Islands” (UHI) [4–6]. The salient features of the built environment, 
such as impervious paved surfaces, have led to an increase in the volume of surface run-off, leading to 
flash flooding [1, 7]. Furthermore, urban development has resulted in habitat replacement and loss of 
native biodiversity [2, 3, 7]. Collectively, these issues present enormous environmental, economic, and 
social challenges in metropolitan areas [1]. As the urban population exponentially increases and the 
effects of global warming are increasingly felt across the world, these conditions are expected to worsen 
in the future [8, 9]. Therefore, there is an immediate need to implement solutions to these challenges, to 
make cities more livable now and in the future [1, 10]. 

Incorporating diverse forms of vegetation into cities is an effective approach to addressing the 
energy and environmental crises resulting from urbanization [11–13]. Vegetation diminishes the UHI 
effect by masking the surfaces of buildings and deflecting radiation from the sun [14, 15]. They cool the 
environment by absorbing solar energy for evapotranspiration and photosynthesis [16]. An additional 
10% of vegetation has shown to reduce temperature by 0.6 K [17]. Furthermore, increasing the green 
cover in urban areas increases the retention of water, thereby reducing the volume of storm water runoff 
[18].  
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As building density increases to accommodate the growing population, the usable area for urban 
greening diminishes at a rapid rate [19]. Therefore, the logical solution to increasing the vegetation in 
urban areas is to integrate it onto the built structures [20]. The roof is an important part of the building 
envelope, accounting for 20%–30% of the total impenetrable area in a developed city [21, 22]. These 
harsh and barren surfaces are often underutilized and contribute to urban environmental issues, such as 
UHI and flash flooding [20, 23]. Therefore, greening the rooftops is a simple but effective method for 
restoring the ecological balance that has been disturbed by urbanization [20].  

Rooftop greenery has a long history that stretches back to the legendary Hanging Gardens of 
Babylon constructed about 500 BC [24]. Green roofs have become a must in modern urban planning 
[19]. They help to compensate for the loss of urban greenery and restore ecosystem services [1]. Green 
roofs help to correct the environmental problems triggered by excessive urbanization [20].  

Green roofs provide various services to the urban environment [25]. They provide localized cooling 
and are an impressive remedy for UHI effect [1, 26]. Herath et al. [27] reported that temperature 
reductions of 1.76 °C–1.79 °C, compared with existing UHI scenario, are possible by using green roofs. 
Further studies have concluded that, by converting flat roofs into green roofs, the surrounding 
temperatures in urban areas can be reduced by 1.5 °C [28]. Moreover, as buildings receive twice as 
much solar radiation from rooftops than from vertical surfaces, green roofs reduce indoor temperatures 
and provide increased thermal comfort compared with traditional roofs [29–31].  

Green roofs are a technological solution for urban stormwater management [32]. They provide 
sanctuaries for animals, prevent noise pollution, and can be used as part of a plan for urban air pollution 
control [16, 32, 33]. The presence of greenery has a major psychological impact on urban dwellers. It 
enhances the visual aesthetics of the city and raises the value of real estate [1, 24]. Therefore, green 
roofs serve as a modern and highly efficient solution for urban environmental problems and provide 
multifaceted benefits to the environmental, ecological, social, and economic realms of cities [20, 34].  

In the recent decades, the popularity of green roofs has increased and their implementation has 
expanded beyond Europe [16, 35]. However, green roofs are still not readily accepted into the urban 
landscape in many climate zones across the world [36]. One of the major barriers to increasing the 
prevalence of green roofs is the lack of scientific data available to evaluate their applicability to local 
conditions [37, 38]. Blank et al. [39] reported that over 66% publications on green roof research in the ISI 
Web of Science database are based in the USA and the EU. Therefore, green roof research and 
implementation are largely concentrated in the temperate regions [35]. Owing to the limited research on 
green roofs in the tropics, the components of a green roof suitable to these geographical locations have 
not been identified yet [24]. Adopting the green roof technology from temperate regions can be 
problematic because of considerable differences in climate and building characteristics [40, 41]. Apart 
from the added cost, there is a high possibility of failure due to non-compatibility [41]. This lack of 
knowledge on local research and experience on green roof performance in the tropics has hindered the 
application of green roofs in countries in Climate Zone A [35]. 

The vegetation layer on a green roof is one of the most critical determinants that impacts the 
ultimate performance of green roofs [34]. The type of plant used influences the thermal performance of 
the roof, the amount of maintenance required, and determines whether a green roof stays green [20], 
[42]. Plant species that successfully perform in green roofs in Climate Zone C may not perform well in 
the Climate Zone A. For example, Sedum species, which are the primary choice for green roofs in Climate 
Zone C, cannot cope with the warm humid conditions of Climate Zone A [16]. Therefore, climate-specific 
plant selection is crucial to the success of green infrastructure [16, 43]. 

As different countries have different climatic conditions, local research must be conducted to 
successfully implement green roofs in the local context [44]. As the majority of green roof research is 
concentrated in the United States and Europe, there is a lack of information on the type of plant species 
best adapted for green roofs in Climate Zone A [20, 35, 39, 45]. The research presented in this paper is 
an initial step forward to identifying plant species that can survive and be aesthetically pleasing in Climate 
Zone A.  

Existing knowledge on factors that influence the selection of plants for extensive green roofs was 
critically analyzed for their relevance to Climate Zone A. This knowledge was then used to generate a 
plant selection matrix for identifying plant species putatively suited for extensive green roofs in Climate 
Zone A. A list of plant species identified through the matrix as suitable for the tropical climate in Asia was 
also presented. The main purpose of this study is to act as a roadmap that can assist in the development 
of future climate-specific guidelines for designing regionally appropriate green roofs in Climate Zone A.  
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2 Materials and Methods 

2.1 Factors Influencing the Selection of Plants for Extensive Green Roofs 

Extensive green roofs are expansive areas with shallow growing media. They are designed for 
minimum maintenance. Therefore, plant species that establish quickly to provide a good coverage are 
preferred [16]. Plants with good coverage will prevent the substrate from being exposed to direct sunlight 
and heavy winds. Furthermore, such plant species will reduce potential erosion problems and will retard 
weed growth [24, 46]. Snodgrass & Snodgrass [47] have recommended an ideal rate of spread between 
15 and 25 cm in the first year for plants transplanted as plugs. Plants with aggressive growth rates should 
be avoided [47].  

The shallow substrate in an extensive green roof imposes a limitation on the maximum height of 
plants that can be allowed [20]. Short plants are less prone to wind damage and are easier to maintain 
than tall plants. Therefore, plant heights between 10 and 15 cm are considered ideal for extensive green 
roofs [47]. However, one drawback in limiting plant height is that the thermal performance of a green roof 
will decrease as plant height is reduced [29].  

The canopy structure of the plant is another important criterion that must be considered in plant 
selection process. Studies have shown that plants with a lower leaf density absorb less carbon than their 
counterparts [48, 49]. Therefore, plants species with a mostly horizontal leaf distribution and have mat-
forming or dense clumping growth habits are recommended [16, 22]. The high-density foliage reduces 
the transmission of solar radiation through the canopy and provides a higher cooling effect [50]. 
Furthermore, plants with a different colored vegetation have a higher cooling effect [50].  

The root system of the plant is another important criterion. The root system should anchor the plant 
while binding the substrate together to prevent the substrate from scouring/eroding under strong winds 
or heavy rainfall. Plants species with shallow and dense root systems and with stems that root into the 
substrate as they grow are recommended [22]. 

Water-use efficiency is an important trait of plants used for extensive green roofs in the tropics [20], 
[29]. Despite high rainfall and humidity, xeric growth conditions exist on extensive green roofs in the 
tropics. The high levels of solar radiation combined with the limited water-storage capacity of the shallow 
growth medium and the nonuniformity of the rainfall distribution in the tropics cause the shallow substrate 
to regularly dry out. Over the course of a green roof project in Singapore, the substrate was depleted of 
moisture for four or more days in eight out of the twelve months over the period of one year from 2003 
to 2004 [20]. Therefore, drought tolerance is a highly desirable trait in plants used for extensive green 
roofs [16].  

Drought-tolerant species can maintain an adequate vegetation cover throughout the year [16]. 
Drought tolerance takes various botanical forms; succulent leaves, thick leaf cuticles, in-rolled leaf 
margins, small leaf area, grey or silver foliage; compact twiggy growth, reduced stomatal size and 
frequency, and Crassulacean acid metabolism (CAM) [20, 22, 29, 51].  

Plants with CAM fix more CO2 per unit of water lost from the leaves than plants with other modes 
of photosynthesis. During the daytime when evaporative loss of water from leaves is at its highest, CAM 
plants close their stomata. During the nighttime, the stomata are opened and CO2 is absorbed and stored. 
This stored CO2 is then used for photosynthesis during the daytime [20]. However, as CAM plants close 
their stomata during the daytime, dissipation of heat by transpiration is prevented. Therefore, the cooling 
effect provided by such plants is relatively low [16]. Winter & Holtum, [52] reported that in some plants, 
called inducible CAM plants, CAM is triggered by drought stress, and it can be reversed by adequate 
water and nutrient supply.  

Paradoxically, although drought tolerance is a desired feature in extensive green roofs, plants that 
are used in Climate Zone A should also tolerate prolonged periods of moisture in the root zone, which 
can be expected during the wetter months [20]. For example, Sedum species are the most common 
choice of plant for extensive green roofs in temperate regions because of their unique characteristics, 
including drought tolerance [53]. However, most of these succulent plants are susceptible to moisture in 
the air or in the substrates [43]. Therefore, plant species used for extensive green roofs in Climate Zone 
A should be capable of withstanding intermittent flooding as well as drought [54].  

The plants used in green roofs should provide long-term coverage as it reduces the need for future 
replanting and maintenance. Perennial species, hardy succulents, or herbaceous perennials are 
considered best for long-term coverage [16, 22]. Plant species that can self-propagate, such as self-
seeding annuals, or plants that can spread vegetatively are preferred. These type of plant species are 
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generally long-lived and will provide good coverage as long as the environmental conditions are favorable 
[46], [47].  

Furthermore, plant species that are self-sustaining are recommended for extensive green roofs. 
Self-sustaining plants can exist perennially without human intervention, and given that they are irrigated 
according to natural rainfall patterns, they require minimal maintenance, which is ideal for extensive 
green roofs [43].  

The selected plants should be adapted to the climatic and environmental conditions of the 
considered geographical location. The plant species must be able to withstand the average high and low 
temperatures, wind, and the amount and distribution of annual rainfall specific to the area [46]. Therefore, 
plant selection for green roofs, in most cases, should be restricted to native plant species [44]. Native 
plants have evolved to survive and grow in their regional meteorological conditions and are resistant 
against local diseases and pests [55]. Once established, native plants do not require water, fertilizers, or 
pesticides [55]. About 45% of the award-winning green roof designs mentioned in Peck’s book [56] of 
“Award Winning Green Roof Designs” have used native plants.  

Aside from decreasing the need for maintenance and irrigation, planting green roofs with native 
vegetation supports native wildlife by providing habitat and food resources for local fauna [53]. Native 
insects are more attracted to native vegetation because of the provision of appropriate pollen resources. 
Therefore, the use of native plant species will help to improve biodiversity. It will also help to replace the 
vegetation destroyed by development. Moreover, native plant species are less likely to become invasive 
[57–60].  

However, green roofs are hostile and extreme growth habitats. Owing to the high exposure level at 
the top of the building, climatic parameters are often magnified on a roof top. Therefore, some 
researchers have raised concerns about the ability of native plants to perform well under these harsh 
conditions [7, 25]. Monterusso et al. [61] tested 18 native species and 9 nonnative Sedum species 
individually on a non-irrigated rooftop. Over three years, all the nonnative Sedum species maintained 
coverage compared with only four native species. However, Lundholm [7] stated that these results do 
not provide conclusive evidence indicating that either natives or nonnatives are superior as this study 
involved different species, i.e., Sedum species versus wildflowers and grasses. However, the fact that 
no single species occurs everywhere demonstrates the fit between species and their preferred habitats 
[7].  

Green roofs are novel habitats that experience direct sunlight, elevated temperatures, strong winds, 
and high evaporation rates [23, 62]. The conditions offered on a rooftop may be either extremely dry or 
waterlogged. The microclimate on a rooftop can dramatically affect plant health and appearance and 
contribute to the failure of a green roof system [46]. Therefore, the selected plant species must be able 
to survive these challenging conditions [1, 23].  

Dunnett & Kingsbury [25] suggested that species that evolved in extreme conditions, such as 
mountainous terrains, high-altitude environments, coasts, limestone substrates, or semideserts, are 
more suited for green roof habitation as they are preadapted to green roof conditions. This idea is 
supported by the fact that majority of plant species used for green roofs in temperate regions are drawn 
from European limestone pavements and dry meadows [25]. Furthermore, several research works have 
demonstrated that the plant species that spontaneously colonize urban habitats, such as pavements, 
walls, and roofs, have origins in areas where harsh conditions prevail [63, 64]. Therefore, plants species 
from habitats with environmental conditions similar to green roof conditions should be preferred over 
species that are native to an area [43, 65]. 

The criteria that should be considered in the selection of plants for extensive green roofs in the 
tropics, as identified through an extensive literature review, are summarized in Table 1. 

Table 1. Factors Affecting the Selection of Plants for Extensive Green Roofs in Climate Zone A 

Criteria Source 

Rate of Spread within the 1st year  
*Plants transplanted as Plugs 

15–25 cm [47]  

Plant Height 2.5–20 cm [16], [47] 

Root Systems 
• Shallow and Dense 

• Stems that root to the substrate [22]  
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Substrate 

• Able to grow in shallow soil 

• Able to grow in well-draining soil 

• Can grow on nutrient-poor soil 

[54], [66]  

Canopy Structure 

• Horizontal leaf distribution 

• High foliage density 

• Dense clumping/mat forming 

• Different colored vegetation 

[50]  

Drought-Tolerant Plants 

• CAM Metabolism 

• Succulent leaves 

• Thick leaf cuticles 

• In-rolled leaf margins  

• Curved leaf surfaces  

• Grey or silver foliage 

• Compact twiggy growth 

[16], [20], [22], [46]  

Ability to withstand Intermittent 
Flooding 

 
[20], [54], [66]  

Long-term Coverage 

• Perennial species 

• Hardy succulents  

• Herbaceous perennials  

• Self-seeding annuals 

• Spread vegetatively 

[16], [22], [46], [47]  

Adapted to Local Climatic and 
Environmental Conditions 

• Native plants 

• Not prone to local pests/diseases 

• Able to survive local average high 
and low temperatures 

[44], [46], [67], [68]  

Resilience 

• Ability to survive direct sunlight 

• Ability to survive strong winds 

• Not prone to nutrient deficiencies 

• Self-sustaining 

• Ability to regenerate after stress 

[20], [43], [54], [66], 
[69]  

Habitat Similar to green roof conditions [25], [63], [65]  

User-friendliness 
• Not poisonous to humans 

• Does not possess thorns [16] 

2.2 Development of the Plant Selection Matrix 

Existing knowledge on factors that influence the selection of plants for extensive green roofs was 
critically analyzed for their relevance to Climate Zone A. This knowledge was then used to generate a 
plant selection matrix for extensive green roofs in tropics. The plant selection matrix was structured using 
a question-and-answer approach in which plant species were deemed as “highly suitable”, “suitable”, 
“suitable under certain conditions” or “unsuitable”. 

This matrix was then applied to several plant species, and a group of plant species putatively suited 
for extensive green roofs in Climate Zone A was identified. 

3 Results and Discussion 

3.1 Plant Selection Matrix for Extensive Green Roofs in the Tropics 

The plant selection matrix was developed to reflect the criteria listed in Table 1. Plant species suited 
for extensive green roofs for Climate Zone A can be identified through this 18-point matrix. The plant 
selection matrix is given in Figure 1. 
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3.2 Plant Species for Extensive Green Roofs in Climate Zone A 

 
Climate Zone A is blessed with a great plant diversity. This biodiversity provides the opportunity to 

create green roofs that are unique to this climate zone [20]. However, extensive green roofs have a 
smaller pool of potential plants because of the shallow depth of the substrate [45]. 

A list of plant species putatively suited for extensive green roofs in tropical Asia as identified through 
the plant selection matrix given in Figure 1 is provided in Table 2. 

3.3 Discussion 

Majority of the earliest green roof research publications focused on evaluating the benefits of green 
roofs [70, 71]. However, each country must do local research to identify components for successful 
establishment of green roofs [41]. Plant species that have been proved to perform well in extensive green 
roofs under temperate climatic conditions can lead to failure of the green roof system over time owing to 
adaptability issues [41]. As different countries have different climatic conditions and building 
characteristics, plant screening must be conducted to identify plant species best suited to the local 
conditions [24]. Careful selection of plants is a crucial factor that determines the viability of green roofs 
over a long time period. The successful implementation of green roofs in Germany can be attributed to 
the extensive plant screening research trials that were conducted in the early development of the green 
roof industry in this country [22]. 

Countries in Climate Zone A have much to gain from implementing green roofs as a climate change 
adaptation measure. However, the lack of proven plant species suited to green roofs in Climate Zone A 
has deterred the growth of the green roof industry in Asia and other tropical countries. The overall aim of 
this research was to provide the green infrastructure industry in Climate Zone A with a greater knowledge 
for plant selection. Existing knowledge on plant selection and performance for extensive green roofs was 
reviewed and then used to generate a plant selection matrix. The plant selection matrix developed herein 
can be used to identify plant species putatively suited to extensive green roofs in Climate Zone A. Aside 
from the plant species listed in Table 2, many other suitable species can be discovered from among the 
diverse plant species available worldwide.  

Aside from climate, plant performance in a green roof depends on various factors, such as building 
height and shade [72]. Therefore, the plant species identified through the matrix must be evaluated for 
their in situ performance prior to being applied for a green roof. Greenhouse experimentation and trials 
must be adopted to reduce potential errors and costs. Moreover, the contribution of the selected plant 
species to the overall performance of the green roof system must be evaluated. Various authors have 
reported that grasses and forbs are very effective in reducing stormwater runoff and provide improved 
thermal insulation when used in green roofs [73–75]. Furthermore, the inclusion of endemic herbaceous 
and shrub plants in green roof systems can provide an added value to green roof design. 

The plant selection matrix presented in this paper is an initial step toward identifying plant species 
putatively suited to extensive green roofs in Climate Zone A. This matrix can pave the way for developing 
future climate-specific guidelines for designing climate-adaptive and regionally appropriate green roof 
systems. 
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Fig. 1 - Plant Selection Matrix for Extensive Green Roofs in the Tropics 
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Table 2. A List of Plant Species Suited for Extensive Green Roofs in Climate Zone A 

Plant Species 1 2 3 4 5 6 7 8 9 10 11 12 13 

Sesuvium 
portulacastrum         
Sea Purslane 

15 – 20 
Root at 
Nodes 

Full Sun Succulent Yes Yes Yes 
Mat 
Forming 

Perennial 
Vegetatively 
& Seeds 

Coastal Dunes Yes [20], [76] 

Alternanthera 
sessilis 
Sessile joyweed 

20 
Root at 
Nodes 

Full Sun 
Grow in 
Xeric 
Conditions 

Yes Yes Yes 
Mat 
Forming 

Perennial 
Vegetatively 
& Seeds 

Swamps, Dykes, 
Roadsides 

Yes [20], [77] 

Desmodium 
triflorum  
Three-flowered 
Beggarweed 

20 
Root at 
Nodes 

Full Sun 
to Partial 
Shade 

Survive Dry 
Periods 

Yes Yes Yes 
Mat 
Forming 

Perennial 
Vegetatively 
& Seeds 

Roadsides Yes [20], [78] 

Zoysia matrella  
Siglap Grass 

5– 20 
Root at 
Nodes 

Full Sun 
to Partial 
Shade 

Yes Yes Yes Yes 
Dense 
Turf 

Perennial Vegetatively Shoreline Yes [20], [79] 

Murdannia 
nudiflora  
Dove Weed 

20 
Root at 
Nodes 

Full Sun 
Semi-
succulent 

Yes Yes Yes 
Dense 
Mat 

Perennial 
Vegetatively 
& Seeds 

Ditches, Dykes Yes [20], [80] 

Cyanotis cristata 15– 30 
Root at 
Nodes 

Full Sun Yes 
Tolerate 

moist 
soil 

Yes Yes 
Dense 
Mat 

Perennial Vegetatively Coastal Dunes Yes [81] 

Callisia repens 
Turtle Vine, 
Bolivian Jew 

15 
Root at 
Nodes 

Full Sun – 
Partial 
Shade 

Succulent 
Tolerate 

moist 
soil 

Yes Yes 
Dense 
mat 

Perennial Vegetatively Riparian areas No [82] 

Phyla nodiflora 
Frogfruit 

5– 15 
Root at 
Nodes 

Full Sun 
Once 
Established 

Yes Yes Yes 
Mat 
Forming 

Perennial Vegetatively Stream banks No [83] 

Vinca minor 
Common 
Periwinkle 

15 
Root at 
Nodes 

Full Sun – 
Partial 
Shade 

Once 
Established 

Yes Yes Yes 
Dense 
Mat 

Perennial Vegetatively 
Slopes and 
banks 

Yes [84] 

Arachis pintoi 
Pintoi Peanut 

20 
Root at 
Nodes 

Full Sun 
to Partial 
Shade 

Survive Dry 
Periods 

Yes Yes Yes 
Dense 
Mat 

Perennial 
Vegetatively 
& Seeds 

Open Forests No [85], [86] 

 

1 – Plant Height (cm); 2 – Shallow and Dense Root System; 3 –Sunlight Requirement; 4 – Drought Tolerant; 5 – Tolerate Intermittent Flooding; 6 – 
Grow on Well-draining Soil; 7 – Grow on Nutrient-Poor Soil; 8 – Plant Canopy/Foliage; 9 – Lifecycle; 10 – Self-Propagation; 11 – Common Habitat; 12 – 
Native to Asia; 13 - Source 
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4 Conclusions 

1. Climate specific plant selection is a crucial factor that determines the viability of green roofs over a 
long time period.  The lack of proven plant species suited to green roofs in Climate Zone A has 
deterred the growth of the green roof industry in these countries. 

2. The plant selection matrix developed herein can be used as a plant screening tool to identify plant 
species putatively suited to extensive green roofs in Climate Zone A.  

3. The plant species identified through the matrix must be evaluated for their in-situ performance prior 
to being applied for a green roof. 
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