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ABSTRACT 
The formation of urban heat islands (UHI) over cities is the main challenge to the urban environmental 

sustainability worldwide. To mitigate UHI effects, passive cooling using cool materials and/or greening is 

thought to be the most effective strategy. As urban greening is relatively nascent in the urban literature, a 

multitude of research gaps are still to be filled, especially for the cities belonging to the hot arid belt. The 

present study aims to explore to what extent are three greening strategies (façade greening, roofs greening 

and urban parks) feasible in UHI mitigation using case study in Greater Cairo Metropolitan Area (GCMA). 

This task is best achieved through modeling, using the micro-scale numerical model ENVI-met, to simulate 

the probable outdoor cooling effects of greening for a hot summer day. The results, for this specific case, 

show that both façade and roof greening would yield up to 0.5oC average reduction of air temperature 

compared with the actual case, while the cooling effects of the hypothetical pocket parks may be as high as 

7oC during day time till 15.00 PM, and after that parks would exhibit heat island properties. The study 

findings may assist in better planning of urban green spaces to increase their cooling potentialities. 

Keywords: ENVI-met; Modeling; Passive cooling; Urban greening; Urban heat island. 

   

INTRODUCTION 

 
One of the current challenges of the urban 

environmental sustainability is the formation of UHI 

over cities. UHI is the air temperature difference 

between an urban space and its surrounding rural areas 

(Rizwan et al., 2008). The main sustainability 

measures (human thermal comfort, energy consu-

mption and carbon dioxide emissions) are all strongly 

related to UHI. UHI and urban pollution island (UPI) 

are coexisting phenomena as high temperatures 

accelerate certain atmospheric chemistry cycles 

(Ulpiani, 2021). Furthermore, the increase in cooling 

energy consumption to mitigate UHI effects results in 

more emissions. The rise of both air temperature and 

the concentration of harmful pollutants severely affect 

human health, and increase heat-related mortality rates 

(Santamouris 2016), and the situation is further 

exacerbated during hot waves. As almost all future 

climatological scenarios point towards remarkably 

higher temperatures, there is an increasing global 

interest in assessing the potential benefits resulting 

from the UHI mitigation.  

To decrease absorption of the solar radiation in 

urban environments, several passive systems (i. e. 

function utilizing primary energy sources) were 

identified and experimented. Nowadays, two main 

strategies are being implemented: (1) the use of “cool 

materials” with high solar reflectance as pavement and 

building envelopes, and (2) the expansion of the 

vegetative cover, which cause passive cooling through 

evapotranspiration and provision of shading. The three 

main greening strategies are: roof greening, façade 

greening and urban parks. Green roofs are roofs that 

are fully or partially covered with vegetation. They 

may be intensive, having a deep soil layer (0.5 m) to 

accommodate large plants, or extensive, having a 

shallow soil layer (0.2 m) and requiring little irrigation 

and low maintenance (William et al., 2016, Balany et 

al., 2020). Green façades (also referred to as vertical 

greenery; bio-walls; living walls or vertical gardens) 

have plants attached to walls. The plants can be wall-

climbing or hanging-down and may require a specially-

designed irrigation system. The urban parks increase 

the water-permeable city surface, thus retaining water 

in the soil and enhancing evapotranspiration. Addit-

ionally, parks are unique in that their cooling effect 

may extend several hundred meters beyond the park 

borders. Greening strategies proved to be effective in 

decreasing energy consumption indoors (Wang et al. , 

2014), and achieving thermal comfort, air quality and 

reducing noise in the outdoors (Desario and Gray 2015, 

Akbari and Kolokotsa 2016, Takács et al., 2016, 

Degirmenci et al., 2021, Khare et al., 2021, Stewart 

and Mills 2021).   

As the implementation of greening strategies 

requires high costs, and in view of the lack of 

quantitative observational data about the effectiveness 

of each strategy, researchers have turned to models to 

explore the outcomes in a variety of scenarios (Crank 

et al., 2018). Climate models simulate real-world 

phenomena using equations that link properties (e.g. air 

temperature) to processes (e.g. transfer of heat). In 

terms of scale, urban climate models are classified into 

micro-, local- and mesoscale. The emphasis of micro-

scale models is on the urban canopy layer which 

extends from ground to the height of buildings and 

trees. The high complexity of this layer discouraged 

most meteorologists from studying urban micro-

climates until it was shown in the 1980s that simpl-

ification is possible with relatively little loss of rigor 

(Oke et al., 2017). 
 

Modeling the potential effects of various greening 

strategies was primarily investigated through case 

studies belonging to temperate or continental climates 

of Europe, Canada, and the United States (e.g. Musco 

2016), or tropical climates of Asia as exemplified by 

Singapore, Hong Kong, and other Chinese cities 

(Wong and Chen 2016). Despite the fact that UHI 

effects are more pronounced in the hot arid belt's 

summer season than elsewhere, just a few studies on 

urban greening in this belt have been conducted: 
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Bencheikh and Rchid (2012) studied the Ghardaia 

Oasis in Algeria; Hanafi and Djamel (2017) studied 

Biskra in Algeria; Birge et al. (2019) studied Abu 

Dhabi, UAE; Abaas (2019) studied Baghdad, Iraq; and 

Abdulateef and Al-Alwan (2022) studied Baghdad, 

Iraq; and Jaddah, Saudi Arabia, by Aina et al. (2021), 

as well as certain Egyptian case studies. 

GCMA is the largest world metro belonging to the 

hot arid belt. With more than 25 million inhabitants 

and about 450 km
2
 of built-up area (estimates for the 

year 2020), the agglomeration witnessed unpre-

cedented expansion during the last decades, overw-

helming all the master plans developed before. This 

state-of-affair results in the intensification of UHI as 

reported in several studies (Benas et al., 2017, 

Polydoros et al., 2018, Mahmoud and Gan 2018, El 

Kenawy et al., 2020. However, for a “case against” see 

Shahraiyni et al., 2016). The poor quality of the 

GCMA air is partly due to the fact that the urban 

developments did not consider urban trees to control 

the hot climate (Fahmy and Sharples 2008). Realizing 

the ecosystem services potential of greening, a plan 

was set in 1990s to establish the 100 km long by 25 

meters wide "Greater Cairo Ring Road Green Belt" 

(https://www.eeaa.gov.eg/Portals/0/Documents/greenb

elt/greenbelt.pdf, accessed April, 18, 2021). But later 

on, the plan has been shelved in favor of expanding the 

built-up area. More recently, the vehicular network re-

developments leave the city less green (Elbardisy et al., 

2021). Today, the per capita green area in Cairo is as 

low as 6 square centimeters, and the consumption of 

electricity for air conditioning is unprecedentedly 

rising (Aboelata and Sodoudi 2019). 

The first study to model the urban microclimate 

referring to a case from Egypt was published as late as 

2008. This study (Fahmy and Sharples 2008) explored 

the mutual effects between three urban forms (dot, 

clustered and compact) on one hand and the 

microclimatic conditions in a case from Cairo on the 

other. Later on, Fahmy and Sharples (2009) inves-

tigated the combined effect of urban geometry and 

greenery on the thermal comfort using hypothetical 

case in New Cairo. Further progress was achieved 

when Fahmy et al., (2010), using leaf area index (LAI), 

simulated the thermal performance (i. e. interception of 

direct radiation) of Ficus elastica and Peltophorum 

pterocarpum in Cairo’s summer season. Fahmy et al. 

(2017) explores the role of green walls and roofs 

together with trees, in two cases in Metropolitan Cairo 

and Alexandria. Fahmy et al. (2018) studied the 

mitigation of UHI using a case in Cairo, with 

simulation of the present and two future scenarios for 

2050 and 2080. Only two greening strategies (tree lines 

and green roofs) were modeled. Again, Fahmy et al. 

(2019) modeled two hypothetical cases, in new Cairo 

and Heliopolis, to study the combined effect of street 

geometry and greenery. Aboelata and Sodoudi (2019), 

Aboelata (2020) and Aboelata and Sodoudi (2020) 

simulate the effects of tree lines strategy to ameliorate 

microclimate conditions in cases in Cairo, and the same 

thing was done by Elbardisy et al. (2021) using a case 

in Heliopolis. In a more narrow application, amelio-

rating school microclimate through plantation was 

presented by Elbardisy et al. (2016) using a case from 

Metropolitan Cairo. 

Recently, Fahmy et al. (2020) reviewed all the case 

studies on the urban microclimate of Egypt. It is note-

worthy that all these studies were: (1) conducted 

exclusively by architects. Geographers, climatologists 

and ecologists have never contributed to the subject 

matter; (2) almost all of them are applied to cases in 

New Cairo and Heliopolis, and thus leaving the highly 

dense urban "popular quarters" unexplored; (3) some 

are mere hypothetical cases to show how a change of 

geometry of an existing urban setting can mitigate 

UHI, e.g. rotating an urban canyon 10
o 

clockwise. 

Indeed, the findings of such studies do provide 

invaluable insights into future urban planning in Egypt, 

but changing the already existing geometries is not a 

common UHI mitigation strategy worldwide.   

Though not intended to model greening strategies, 

three other studies using cases from Egypt showed that 

the strategy of geometry manipulation alone cannot 

mitigate all UHI effects at pedestrian level, as all 

locations would be vulnerable during the noon hours. 

Of these, two studies used cases in Cairo and New 

Aswan (Galal et al., 2020a, b), with recommendation 

to add vegetation and change surface materials as 

additional mitigating measures. The third study, on the 

resort city of Baltim (Limona et al., 2019), is the only 

one addressing the role of sea breeze, together with 

three urban forms, in human comfort. They concluded 

that, even with the most favorable geometry, the heat 

comfort could not be attained through urban geometry 

alone.  

As a result, as Fahmy et al. (2018) pointed out, there 

are still a lack of UHI mitigation research in Egypt. 

One of our significant knowledge gaps is the efficacy 

of greening walls and/or roofs. Despite the fact that the 

topic was and continues to be of global interest, the 

effects of urban parks have never been investigated 

using Egyptian examples. The current study was 

sparked by a desire to learn more about parks' ability to 

alleviate stress, as well as other greening methods. 

Because most research on examples in Egypt has 

focused on tree arrangements (street greening), the 

current study will examine how viable three different 

greening choices (green roofs, green façades, and urban 

parks) are for UHI reduction. Modeling is the most 

efficient way to complete the task, and the findings 

may be useful to planners. 

 
 

MATERIALS AND METHODS 

 

Study area 

The study area is part of GCMA (Figs. 1 and 2). It is 

rectangular in shape, being 420m by 330m, and is 

located between 30° 01' 32'' and 30° 01' 46'' North and 

31° 11' 57'' and 31° 12' 16'' East. It is so chosen as to 

include the two extremes of urban forms, of which the 

compact form is represented by parts of Abu Qatada 

and Bein Es-Sarayat quarters, while the campus of 

Cairo University represents the dot (single building) 
form. Additionally, the area offers different urban ele- 
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ments, including 210 buildings with heights ranging 

from 3 to 30m, a wide variety of vegetation (94 trees in 

the sidewalks and the University campus, and hedge 

and grass in the campus), and streets and alleys ranging 

in width between 35 and 5m. The configurations of the 

streets and their flanking buildings give rise to different 

canyon geometries and different canyon orientations to 

the prevailing wind. 
 

 
 

Figure (1): Location of the study area. (A) GCMA bounded by 

farmlands from north and south, and by deserts from east and 

west; (B) The study area as part of GCMA. 
 

 
 

Figure (2): Satellite view of the study area as of April 2021. (1) 

Cairo University campus (part); (2) Cairo University metro 
station; (3) Abu Qatada quarter (part); (4) Faculty of Computer 

Sciences; (5) A heritage brewery (under restoration); (6) Bein Es-

Sarayat quarter (part). 
 

The evolution of the land cover of the study area 

across the last century is well documented in the 

“Town series” maps, which is a reduced version of the 

detailed original cadastral maps. Fig. (3) shows three 

successive snapshots of the landscape as surveyed in 

1930 and 1946 and aerially photographed in 1977. The 

first snapshot depicts a blue scape of two (now defunct) 

irrigation canals separating the rural hinterland of Giza 

(the twin city of Cairo) (west) from its urban margin 

(east). The margin was still having farmlands in-

between the built-up areas. In the second snapshot the 

landscape became less green but still having the blue. 

Lastly, the green was represented only by dotted trees 

(the small brown circles on the map). The land cover 

evolution of the study area is not unique, as almost all 

the rural/urban fringe of the present-day Greater Cairo 

underwent similar developments. 
 
 

 
 

Figure (3): Evolution of the land cover in the study area as 

documented in old maps: (A) the cadaster of 1930; (B) the 

cadaster of 1946; (C) the aerial photographs of 1977. Blue 
refers to two defunct irrigation canals; green to both farmland 

and urban greenery, orange for residential buildings, and brown 

for public buildings. Source: adapted from Survey of Egypt 
1946, 1959; ESA 1991. 

 

The summer climate is hot and dry, with dominant N 

to NW winds with chilling effect. According to the 

Solar Atlas of Egypt (Ministry of Electricity and 

Renewable Energy, 2018), the mean surface direct 

normal irradiance (DNI) in Cairo, is as high as 390 

W/m
2
 in June and July, while the global horizontal 

irradiance (GHI) is 350 W/m
2
 in both months. The 

closest meteorological station (Giza agromet) is 

approximately 1.1 km south of the research area's 

centre point. Since 1955, it has been operational. Table 

(1) shows the climatic normal of air temperature for the 

last published time series, as published by the Egyptian 

Meteorological Authority (EMA). 
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Table (1): Air temperature (°C) at Giza agromet 

station throughout the hottest months (1976-2005, 

EMA (2011). 
 

 

Site surveys 

Modeling urban microclimate requires that 

meteorological and spatial data on the built 

environment are brought together. The spatial data 

describe the geometry of streets and buildings, the 

materials of buildings, pavements and soil. The 

described data were compiled during field studies in 

March and April 2021. 
 

Field measurement of meteorological data 
 

Typically, the last week of June and the first of July 

are the extreme hot weeks of the summer of Egypt. 

Accordingly, the field measurements were conducted 

for the hottest 8-hours (between 10.00 and 18.00 local 

time) on Friday June, 25, 2021. Being public holiday, 

Fridays witness the least heat and exhaust emissions. 

Following the guidelines set by World Meteorological 

Organization (Oke, 2006), air temperature (Ta) and 

relative humidity (RH) were measured in two sheltered 

observation points (Points A and B Fig. 4) using 

UT330B USB data logger with 0.1℃ resolution and 

±0.5℃ accuracy. The measurements, shown in Table 2, 

were taken at 2m height, and the loggers were housed 

in a ventilated shelter so as to be less influenced by 

winds while their temperature is in equilibrium with 

the adjacent air. 
 

 
Figure (4): The present land cover in the study area A and B (as of 

April 2021). 
 

The selected model  

The simulation was performed using version 4.0 of 

ENVI-met software, which was developed by Michael 

Bruse in 1994, and has continued to be developed since 

then. ENVI-met is a computational fluid dynamics 

(CFD) model. CFD is a numerical method of modeling 

complex fluid flow by breaking down geometry into 

cells then computing the fluid flow for the individual 

cell (Georgatou and Kolokotsa 2016). ENVI-met 

allows the user to perform one-dimensional steady 

flow, and one and two-dimensional unsteady flow 

simulations, with resolution ranging between 0.5 and 

10 m in space and 5 sec in time. The model is mainly 

used to simulate urban environments and to assess the 

effects of green architecture visions (official website 

https://www.envi-met.com/). It consists of 1D boun-

dary model, used for the initialization of the simulation 

and definition of the boundary conditions, 3D 

atmospheric model, a soil model, and a vegetation 

model which simulates the heat and vapor exchanges 

between the plants and the atmosphere (Tsoka et al.  

2018).  
 

The simulation results are visualized in the 

“Leonardo” module through which users can customize 

and export the microclimate datasets as maps, or tables 

containing the co-ordinates of each cell and the values 

contained in each. Of the possible manipulations of 

data in Leonardo are map algebra operations.  This 

concept has a long tradition in the works of landscape 

architects, but the automation of the operations were 

made available only as late as 1970s, thanks to the 

works of Dana Tomlin and the development of the GIS 

software. Map algebra operations include-among other 

things-arithmetic operations such as adding and sub-

tracting all cells in a raster layer from the corres-

ponding cells of another layer, and the result would be 

a new layer. Thus, the cooling effect of a certain gree-

ning strategy can be calculated by conducting simple 

subtraction operation on two layers, one representing 

the present case and the other being the modeled case, 

both layers should represent the same areal extent.  
 

The simulations using ENVI-met may take days 

using PC, and there is no possibility to simulate more 

than a representative day in a small area. Notwith-

standing all its limitations, the use of ENVI-met in 

microclimate simulations has been increasing signify-

cantly during the last decade (Balany et al.  2020). In a 

review of literature on heat-mitigation strategies for the 

period 1977-2020, Nasrollahi et al.  (2020) reported 

that ENVI-met was the software used in 68% of all 

simulations. 
 

Table (2): Measured air temperature (Ta) and relative 

humidity (RH) values, during the hottest hour of the 

day at sites A and B at 2 m altitude. 
 

Hottest 

hours in 

day  

Studied sites 

A B A B 

Ta (°C) RH (%) 

10:00 31.4 31.9 56 55 

11:00 32.4 32.8 50 50 

12:00 33.7 33.7 45 48 

13:00 35.6 34.4 42 45 

14:00 35.7 34.4 43 46 

15:00 35.6 34.4 44 47 

16:00 35.0 33.7 49 51 

17:00 31.8 30.0 55 57 

18:00 30.7 29.1 54 59 

Recorded value 
Months 

June July August 

Mean of Max 34.9 35.3 34.9 

Mean of Min 21.2 22.7 23 

Max absolute record in 

30 years 
45.8 44.9 41.6 

Mean at 06:00 local 

time 
25.1 26 26 

Mean at 12:00 33.9 34.3 34 

Mean at 18:00 28.8 29.4 29 
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Model setup and parameterization 
 

ENVI-met model requires an area input file (.INX) 

which defines the 3D geometry of the area. This file 

was created in “Spaces” module using a bitmap file 

(bmp) of the land cover map (Fig. 4). The walls of 

buildings were all assumed to be made of red brick 

while the roofs are made of concrete. The streets are of 

asphalt while most of the narrow sidewalks (which are 

made of concrete) could not be represented in view of 

the selected resolution. As recommended by the 

developer, a compromise has to be found between the 

accuracy and resolution of the model, otherwise the 

model may require several days to perform the com-

putations. Accordingly, the 420 * 330m modeled area 

was fitted into 84 x 66 grid cells of 5 x 5 m each. In 

order to ensure a stable numerical simulation and 

minimize errors at the model boundary, 10 nesting grid 

cells were added around the core area. As the default 

model orientation is that Y-axis pointing to north, the 

model was rotated -16° (i. e. counterclockwise) away 

from grid north so as to align almost all streets and 

buildings' layouts to the X- and/or Y-axis and thus 

better representing street canyons. 
 

As the tallest building is 30 m high, the model upper 

boundary was set as 90m. This z parameter is digitally 

represented by 30 vertical grid cells with 3 m each. The 

vertical datum was set as zero, and there was no need 

for a digital elevation model (DEM) as the topography 

of the area is almost flat. The main input data are 

shown in Table (3). No parameters were input for the 

building materials as they are already defined in the 

ENVI-met database. The other windows had their 

values kept as standard. 
 

Table (3) Main input data used for ENVI-met, air 

temperature (Ta); relativite humidity (RH); wind 

speed (WS); wind direction (North West, NW); sky 

cover; soil humidity at different depths. 
 

Measured parameters Recorded value 

Air temperature (°C ) 

Max Ta  35.9, at 13:40 

Min Ta 24.2, at 04:00 

Relative Humidity (%) 

Max RH 72, at 03:30 

Min RH 42, at 13:00 

WS at 10m height (m/s) 4.2 

Wind direction (NW) 315°  

Sky cover 0 

Soil humidity (%) 

Soil depth 0.0-50 cm 25.00 

Soil depth 50-200 cm 30.00 
 

In “Envi guide” module used for performing the 

simulation, the “Simple forcing” option for temperature 

and humidity was used to avoid computation problems, 

as recommended by the developer (https://envi-

met.info/doku.phpid=kb:lbc). The simulations were 

held for 8-hours, between 10.00 and 18.00 local time, 

on June, 25th as one of the extreme hot days of 

summer. Four scenarios were simulated: (1) Actual 

case, with the present vegetation cover; (2) Façade 

greening case, using the option "only green" (i. e. 

without substrate); (3) Roof greening case, using the 

options "green, sandy loam substrate" and "greening 

without air gap"; (4) Introducing two hypothetical 

pocket parks with dense crown trees, each is 10 m 

apart. The methodology used is summarized in Fig. (5). 
 

 
Figure (5): Flowchart of the methodology used. 

 

RESULTS AND DISCUSSION 

 

Site surveys 

As the area is a principal crossroads, it is not 

surprising that the pavement materials, of asphalt and 

concrete, account for more than half of the land cover 

(Fig 4 and Table 4), not including the flyovers. The 

pavement contributes to the development of UHI. The 

relatively high percentage of soil cover is due to both 

the planted areas in the university campus and the 

earthen bank on which a major railway was laid down. 
 

Table (4): The lands cover types' proportions in the 

study area. As represented: B, building; As, Aspha-

lt; and Con, concrete coverage area (m
2
). 

 

Land 

cover 
B As Con Soil Total 

Area 

(m2) 
41,130 63,116 7,296 27,058 138,600 

% 29.7 45.5 5.3 19.5 100 

 

The urban form in the north east and south west is of 

the compact type, the so-called Arabian or Saharan, 

which is characterized by the narrow alleys (down to 

5m or even 4m-wide) (Fig. 6 A, B, C, D). This 

traditional form was intended to provide shade in the 

arid climate environments (Hassan et al., 2016) though 

it minimizes wind chilling potential. In the south east, 

the dot urban form of Cairo University (Fig. 6 E, F) 

prevails. This form increases heat gain from four 

façades but maximizes wind chilling. Within the 

compact NE block, the streets are oriented N-S so as to 

maximize the flow of cool air from N and NW, and to 

provide shading through the block by buildings of solar 

radiation before and after the noon. Contrarily, the SW 

compact block is not so fortunate, as its alleys are E-W 

oriented, with less shading and less air chilling 

potentials. The reason is that this neighborhood was 

originally established as a hamlet amid the farmlands, 

and thus the alleys had had to be perpendicular to the 
main dirt road, itself the left bank of the then existing  
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irrigation canal (see Fig. 3A). In both two blocks, few 

buildings are only 6 m tall, but most of them are taller 

enough, on either side on the streets, to create urban 

canyons with high values of aspect ratio (H/W, 

buildings mean height/ street width) and low sky-view 

factor (SVF), or less openness to the sky. This 

geometry contributes well to the shading effect, and 

thus improves the human thermal comfort during the 

hot season. However, the main canyon is a wide street 

oriented E-W, with unfavorable geometry in terms of 

both H/W and SVF. 
 

 

Figure (6): Photographs of urban components in the study area: (A) 

and (C) showing the alleyways are narrow, the tree-shading 

approach successfully doubles as façade greening, Bein El-Sarayat 
quarter; (B), Typical north-south urban canyon, Bein El-Sarayat 

quarter; (D), Typical east-west urban canyon, Abu Qatada quarter. 

Note the sun rays about 2 hours after sunrise; (E) The many types 

of greenery on the Cairo University campus; (F), A tree on the 

Cairo University campus with a tiny shaded area at 13.35 at local 

time on June 25, 2021, when the sun was 67 degrees above the 
horizon. 
 

The current greenery coverage ratio (GCR) is 5.8% 

(Table 5). In the narrow alleys, some trees act as wall 

greenery, though not originally intended to be so (Fig. 

6A and C). However, trees cultivated around are 

mostly with dense crown, but some of them are less 

dense and practically ineffective for microclimate 

amelioration (Fig. 6F). 
 

The Simulation of the four scenarios 
 

Before conducting any simulation, ENVI-met 

provides the opportunity to have a look to the modeled 

area as 3D block diagram. Fig. 7A shows the 3D used 

for simulating three of the four scenarios: the actual 

case, façade greening and roof greening, while Fig. 7B 

shows the modeled area after introducing two 

hypothetical pocket parks with dense crown trees, each 

is 10 m apart. The largest park is 2.0 hectare area, and 

is now a vacant plot with some old unused buildings, 

while the smallest one is only 0.35 ha, and is supposed 

to replace a block consisted of 42 buildings.   
 

Table (5): Coverage of all greenery types 
 

Coverage 
Study 

area 

All 

greenery 

types 

Grass Hedge Trees* 

Area (m2) 138,600 8,093 1,590 126 6,377 

% 100 5.8 1.1 0.1 4.6 

*
canopy extent according to satellite views (as of April 2021) with 

60-cm resolution. 
 

 
 

Figure (7): 3D model of the study area created by ENVI-met 
before the nesting grids were added. (A) Actual situation; (B) 

introducing two hypothetical pocket parks (i) and (ii). 
 

The simulated Ta values in the four scenarios, down 

to 0.5o resolution, are shown in Fig. (8). Wind speed, 

RH outputs are not shown and will be used only for 

interpretation of Ta results. Using map algebra, the 

cooling (and warming, if any) effect of the three 

greening strategies is obtained by subtracting layers. 

Fig. 9 shows, down to 1.0
o
 resolution, the probable 

cooling (and warming) effect of the strategies. 
 

Effectiveness of Façade greening strategy  

If strictly applied in accordance with the model 

parameters, façade greening would yield 0.2 to 0.5
o
C 

average reduction of Ta (with standard deviation 0.3 to 

0.5
o
C) compared with the actual case, as shown in Fig. 

(9) and Table (6). Note that the equation decrease of Ta 

= modeled Ta-Ta actual case holds only for the row 

containing the average, but seemingly not holds for the 

rows of Min and Max. This is logical and quite 

expected, as the cell containing the Min (or Max) value 

of Ta actual case layer would not necessarily be the 

same cell containing the Min (or Max) value of the 

modeled Ta layer. 

The results could not be adequately compared with 

other cases since the number of available studies 

worldwide is few, as reported in a recent review 

(Balany et al., 2020). However, in a comparable case 

belonging to the hot dry climate of Cairo, modeling 

façade greening yielded slight increase in canyon Ta 

(Fahmy et al., 2017). In view of the lack of 

experiments in controlled conditions, the only possible 
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interpretation has to refer to the changes in the controls 

of the received and reflected short-wave radiation. The 

controls of received radiation are: sun geometry 

(altitude and azimuth), atmospheric transmissivity, and 

surface geometry (slope and aspect), while reflection is 

controlled by surface reflectivity or albedo (Mills et al., 

2021). As the albedo is the only control changed, it can 

be concluded that green façades, through reflection of 

solar radiation, ameliorate the microclimate indoors 

(indoors is beyond ENVI-met capabilities, and is not 

intended to be dealt with here) but not so do in the 

canyons at the pedestrian level. Also, Fig. (9) shows 

that the cooling effect for 12:00 and 14:00 for the same 

greening scenario is almost similar, while at 16.00 is 

different. This may suggest that the variations of sun 

elevation would be the control. Calculating sun 

elevation in NOAA Solar Calculator (https://gml.no-

aa.gov/grad/solcalc/) for the day of simulation yields 

83.3, 62.1 and 36.2 degrees up from the horizon at 

12.00, 14.00 and 16.00 respectively. This cannot 

account for the similarity at 12:00 and 16:00. For the 

same day, sun azimuth (measured in degrees clockwise 

from north) was 176, 263 and 278, respectively, and 

thus cannot account for the variability between12:00 

and 14:00 on one hand and 16:00 on the other.  
 

 
 

Figure (8): Modeled air temperature values of four scenarios at  

1.50 m above ground. 
 

Effectiveness of roof greening 

Green roofs are often considered as the most suitable 

urban greening strategy where open spaces are limited 

(Balany et al., 2020), as is the case with the study area. 

However, the results for the roof greening scenarios 

(Fig. 9 and Table 7) are almost similar to those of 

façade greening (vide supra). These results are in 

accordance with the findings in other studies, which 

have shown that green roofs give a very low 

improvement or even no improve to the level of 

thermal comfort, at the pedestrian level (Santamouris 

2014, Balany et al., 2020). Even indoors, roof greening 

was found to be of low effectiveness in three cases 

belonging to three climatic zones in Egypt: Alexandria, 

Cairo and Aswan (Mahmoud and Ismaeel 2019). 

However, the subject is still a research gap for hot arid 

climates as reported in a very recent review (Jamei et 

al., 2021). 
 

 
 

Figure (9): Modeled cooling effect of three greening techniques at 

1.50 m above ground (positive values denote warming). Buildings 
are supposed to be non-existent in place of the two imagined 

parks. 
 

Effectiveness of parks 
 

Strangely enough, parks have never been proposed 

as a possible strategy to mitigate UHI in Egypt. 

Though the literature on the cooling effects of parks is 

ample, very few studies on hot arid climate cases have 

been done. Indeed, most of the Egyptian cities which 

are plagued by UHI have no vacant spaces to be used 

for planting parks within the built-up area. However, 

introducing pocket parks is still possible without large-

scale redevelopment. 

To model the anticipated cooling effects of pocket 

parks, the two hypothetical parks shown in Fig. (7B) 

were used. Unlike the results of façade and roof 

greening, Fig. (9) and Table (8) show that parks can 

help to moderate UHI during the day until 15.00 PM, 

after which they will experience air warming even 

under the canopy of vegetation. These results are in 

agreement with the well-established conclusion that 

parks are cooler during the day and are warmer during 

the night (Bowler et al., 2010). However, in the present 

case study the warming effects started at 15.00, well 

earlier than the supposed time of sunset (19.01 PM for 

the day of simulation). Also, the results show that the 

extension of the cooling effect is beyond the model's 

boundaries, and thus it cannot be predicted. This result 

is in disagreement with the rule of thumb that the 

cooling effect would extend approximately the distance 

of the park’s width. 
 

The high diversity, of the possible park geometries 

and size, results in varying magnitudes and transport of 

cooling (Gunawardena et al., 2017). Additionally, the 

plant architecture (canopy form, foliage density, branch 

systems) and plant physiology (which depends on 

species, age and health) result in a range of 

microclimates that defies simple generalization (Oke et 

al., 2017, Roth 2020). Anjos and Lopes (2017) 

reviewed the studies conducted in seven cities with 

park size ranging from 500 to 0.24 hectares, and they 

reported cooling effects ranging from 1 to 3°C. 

Contrarily, Jaganmohan et al., (2016), upon studying a 

case belonging to the temperate climate, found that 

small-sized parks with complex shapes may result in 

41 



Mitigation strategies of the urban heat island 

38 

Table (6): Actual air temperature (Ta) and estimated Ta owing to three modeled greening designs, in which Ta has 

decreased (the positive value refers to warming). 
 

Category 
Air temperature (Ta) 

Local time Average Min. Max. ±SD 

Actual case 

12:00 33.2 31.7 35.7 0.9 

14:00 34.2 32.6 36.5 0.9 

16:00 32.3 30.8 34.1 0.7 
      

Hypothetical 

design 

Façade 

greening 

Modeled 

Ta 

12:00 32.7 31.7 35.0 0.7 

14:00 33.8 32.6 36.0 0.8 

16:00 32.1 31.2 33.5 0.5 

decrease 

of Ta 

12:00 -0.5 0.5 -2.9 0.5 

14:00 -0.5 0.6 -2.8 0.5 

16:00 -0.2 0.8 -1.1 0.3 
       

Roof 

greening 

Modeled 

Ta 

12:00 32.7 31.6 34.5 0.7 

14:00 33.8 32.6 35.8 0.7 

16:00 32.3 31.0 34.2 0.7 

decrease 

of Ta 

12:00 -0.5 0.6 -2.9 0.4 

14:00 -0.5 0.7 -2.8 0.4 

16:00 0 1.5 -0.9 0.3 
       

Introducing 

parks 

Modeled 

Ta 

12:00 26.2 25.0 29.0 0.7 

14:00 27.1 25.8 30.0 0.8 

16:00 32.3 30.9 34.1 0.6 

decrease 

of Ta 

12:00 -7.0 -5.6 -9.8 0.6 

14:00 -7.1 -5.8 -9.6 0.6 

16:00 0.0 1.2 -1.3 0.3 

Negative value, is referring to cooling. 
 

warming. This result was confirmed in a recent review 

(Yu et al., 2020) that found that a small park may 

behave as heat island, that the threshold-size for cooling 

is still uncertain, and that the controversial results of the 

cooling effect need to be further investigated. However, 

most of the abovementioned conclusions are not related 

to hot arid climate cases. 

As recently noted in a review article (Kerishnan 

2021), the growing research on pocket parks is strongly 

biased in terms of geography. A rare experimental study 

on the hot dry conditions of Ghardaia, Algeria 

(Bencheikh and Rchid 2012) reported a 5° to 10 °C 

cooling effect of palm grooves compared with the 

vicinity. Simulations of park cooling effect during an 

extreme heat event using an early version of ENVI-Met 

(Declet-Barreto et al., 2013) yielded a net cooling of air, 

in and around the park, ranging from 0.9 °C to 1.9 °C 

during the warmest time of the day. 

For the present case study, no simple interpretation 

for the cooling effects, followed by warming, can be 

presented, as it involves complex interplay of several 

factors, of which the drag forces of canopies is the most 

important factor. The drag decreases wind speed and 

thus reduce the potential for any wind driven cooling. 

To calculate the amount of decrease, the Leo-nardo 

module of the software was used to perform layers' 

subtraction, with all layers customized to give results for 

1.5 m above ground. The results for 12.00 noon show 

that the decrease is considerable, being 1.9 m/s in the 

center point of the larger park. The map of wind speed 

for the actual case gives 2.2 m/s for the same point, 

while the map of the parks scenario gives 0.3 m/s 

underneath the canopies. However, the wind would gain 

momentum immediately after leaving the park, as 

evidenced by the wind speed in the main east-west can-

yon, which have decreased to 1.7 m/s (parks scenario) 

from 2.0 m/s (actual scenario). Very similar wind speed 

results were obtained for 14:00 and 16:00. Field 

verification for the drag forces of canopies is still an 

extremely difficult, if not impossible, task to achieve, as 

all the available digital anemoscopes are sensitive only 

to the wind speed within the range of 2m/s to 30m/s. 

The pervasive cooling that extends beyond the model 

boundaries (for 12.00 and 14.00 cases) can be 

interpreted as that the tree wind blockage effects 

(leading to warming) are counterbalanced, and even 

overwhelmed, by the trees evapotranspiration and shade 

provision (cooling). However, evaporation would be 

suppressed as RH increases, which is depend-ent in turn 

on the soil moisture content (a factor that depends on 

the irrigation and management policies). Other factors 

that could complicate any interpretation include the fact 

that stomatal closure at peak temp-eratures prevents 

further cooling, and the interaction of a non-transpiring 

tree with radiation can increase air temperature (at 2 m) 

by up to 1.6 - 2.1
o
C during specific hours of the day. 

This is consistent with Meili's hypothesis of partially 

counteracting the evapotranspirative cooling effect 

(Meili et al., 2021). Mean-while, he added that part-

itioning the specific tree affects is difficult and impo-

ssible to achieve only from observations. 

The relation between the shape of the park and the ex- 
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tension of the cooling effect cannot be discussed for the 

present model, as the extension is beyond the model 

boundaries. This topic is still perplexing. Jaganmohan et 

al. (2016) reported the “quite surprising” result that an 

increase in tree coverage reduces the cooling distance, 

and that a smaller green space with irregular shape 

provides a longer interface with its surroundings, thus 

allowing for more cool air to be transported away. 
 

Model validation 
 

The complex calculations involved ENVI-met on la- 

rge number of variables makes the validation difficult 

(Ayyad and Sharples 2019). The first comprehensive 

evaluation of ENVI-met for handling UHI mitigation 

strategies worldwide have been conducted by Crank et 

al (2018). They raise concerns regarding the usefulness 

of the model, particularly when applied at roof level. 

However, to the best of the author's knowledge, all the 

studies conducted on cases in the hot arid and semi-arid 

climates reported overall good agreements between the 

modeled and observed values of Ta, and to slightly less 

agreement for wind speed and RH (e. g. Elnabawi 2015 

for Cairo; Ayyad and Sharples 2019 for Amman; Bande 

et al., 2019 for Abu Dhabi; Aboelata and Sodoudi 2019 

for Cairo). 
 

To validate the modeled results of the present study, 

in situ measurements of Ta and RH in the two 

monitoring points A and B are used. Fig. (10) shows the 

observed and measured values of Ta at both points. 

Through most of the time interval under consideration, 

the modeled values are lower than the logged ones by an 

average difference of 1.3°C for point A and 1.4°C for B. 

However, during the two hours before sunset, the simu-

lated values are higher, and Ta modelled data showed an 

overall agreement with observed data, with an index of 

agreement of 0.89 and 0.86 for the studied area (point A 

and B respectively). RH, on the other hand, had a 

weaker agreement, with A and B scoring 0.71 and 0.68, 

respectively. 
 
 

Limitations of the study 

The probable cooling effects revealed by the study 

cannot be 'translated' into thermal comfort potential, 

both indoors and at the pedestrian level, at the moment. 

As Fahmy et al. (2020) put it; the global thermal 

comfort indices used in the Egyptian case studies might 
not express human comfort for the hot arid climate of 

Egypt. They stressed on the need for customizing a 
thermal comfort index, and even different indices for the 

eight bioclimatic zones of Egypt. As a consequence, 

other environmental sustainability measures, such as 

energy consumption and carbon emissions, cannot be 

calculated, as energy consumption (and potential 

savings) is mainly related to the thermal comfort. 

Other limitations are related to the tool used and the 

measurements taken in the field. Though ENVI-met is a 

reliable simulation tool, it is limited in terms of domain 

size. Hence, it is usually used to model the climate at the 

micro scale. The fact that cooling at the micro scale may 

result in warming (and enhancing pollution) at the local 

scale, as suggested by several studies, limits the 

usefulness of micro-scale models. Furthermore, a mod- 
eling problem specific to the study area was that the fly- 

 
 

Figure (10):  modeled vs. observed values of Ta at 1.5m above the 

ground at the two monitoring points A and B. 
 

overs depicted in the satellite imagery (Fig. 2) could not 

be modeled in ENVI-met. Additionally, the model does 

not account for the effects of vehicles' exhaust. Added 

to these limitations is that the Ta measurements were 

within +/- 0.5
o
C accuracy. 

 

Implications for future research  
 

Heat island is a phenomenon occurring at three 

scales, giving rise to surface UHI, canopy-layer UHI 

and boundary-layer UHI (Costanzo et al., 2021). A good 

understanding of canopy-layer UHI necessitates the 

coupling of more than one model to ensure that the 

probable benefits achieved at the canopy-layer scale 

would not exacerbate the situation at boundary-layer 

scale. At the micro scale, coupling indoor and outdoor 

modeling is necessary to obtain comprehensive rather 

than fragmentary assessments. Coupling indoor-outdoor 

has already been a research strategy in the Egyptian 

context starting from the work of Fahmy et al. (2009), 

but very few of such studies have been achieved to date. 

Another research gap to be filled is the assessment of 

the effects of green and blue infrastructure lumped 

together, on which Ayad et al., (2019) conducted the 

only published study on an Egyptian case. 
 

As the assessment of greening strategies is still almost 

a monopoly of architects, worldwide and especially in 

Egypt, botanists and ecologists are invited to fill the 

gaps best suited to them. Admittedly, botanists can find 

the optimal planting scheme, and can assess the 

multifaceted environmental impacts of the various plant 

species. They can build on the inventory of street trees 

in Greater Cairo, already available in three studies (Abd 

El-Ghani et al., 2011, Abd El-Ghani et al., 2015, 

Elmasry 2014). A research gap to be filled is the 

assessment of xeriscaping to reduce urban water use. 
 

The impacts of greening strategies are far beyond 

what can be quantitatively modeled. Greening improves 

the environment in other aspects including acoustics, 

aesthetic values and human physical and mental health. 

All these aspects are still practically unexplored. A rare 

empirical study showed that the green façade enhances 

human physiological and psychological relaxation 

(Elsadek et al., 2019). 
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CONCLUSION 

 
The study investigates the feasibility of three 

greening strategies for the mitigation of the canopy-

layer UHI over GCMA, using a case comprising the two 

main prevailing urban forms; the compact and the dot. 

For this specific case, the simulation results using 

ENVI-met show that façade greening and roof greening 

are of very limited mitigating effects at the pedestrian 

level. Contrarily, the hypothetical pocket parks prove to 

be of good potentialities during the hottest time of the 

day. However, many aspects of the cooling effects of 

parks are still uncertain and unexplored worldwide. For 

a hot dry climate country like Egypt, a multitude of 

research gaps are still to be filled, and a paradigm shift 

is needed to bring the subject matter from its present 

position in the urban planning and urban architecture 

domain to a more suitable position in the heart of urban 

ecology. Though some limitations, the study findings 

may assist in better planning of urban green spaces to 

increase their cooling potentialities.  
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 استراتيجيات لتخفيف أثر الجزيرة الحرارية الحضرية فوق القاهرة الكبرى، مصر باستخدام

 ENVI-metنموذج  
 

 منى سيد حسين
 ، مصرقسم الجغرافيا، كلية الآداب، جامعة القاهرة

 
 الملخص العربــي

 
عالمي. ولتخفيف الآثار السلبية لهذه الجزر أصبحت الجزر الحرارية الحضرية أكبر عائق للاستدامة البيئية الحضرية على المستوى ال 

تستخدم وسائل التبريد التي تعتمد على الطاقة الأولية، وتشمل هذه الوسائل المواد الباردة والتخضير الحضري. ولما كان الأخير موضوعا 

لأمر بالمدن الواقعة في نطاق المناخ الحار الجاف. حديثا نسبيا في أدبيات البيئة الحضرية فمازالت البحوث فيه ينقصها الكثير، خاصة إذا تعلق ا

وتهدف هذه الدراسة إلى استكشاف مدى جدوى ثلاث استراتيجيات للتخضير الحضري )تخضير واجهات المباني، تخضير أسطح المباني، 

ستخدام نموذج المناخ التفصيلي الحدائق الحضرية صغيرة المساحة( بالتطبيق على حالة واقعة في القاهرة الكبرى. وأفضل سبيل إلى ذلك ا

ENVI-met  لمحاكاة الخفض المحتمل لدرجة الحرارة في الشوارع في يوم حار من أيام الصيف. وقد أظهرت النتائج أنه في هذه الحالة بعينها

صغيرة أن تخفض لن تنخفض درجة الحرارة إلا بمقدار نصف درجة مئوية في حالة تخضير الواجهات أو الأسطح، بينما يمكن لمتنزهات 

درجات، لكن ذلك لن يستمر إلا وقت الظهيرة، لأنه اعتبارا من وقت العصر ستتغير الجزيرة الباردة الناتجة  درجة الحرارة بما يصل إلى سبع

  بريد.اء لزيادة إمكاناتها في التفوق الحديقة فتصبح جزيرة حارة. وقد تفيد نتائج الدراسة مخططي المدن عند تخطيط المساحات الخضر


