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Abstract: In many cities that have experienced rapid growth like Abu Dhabi, urban microclimate
scenarios evolve rapidly as well and it is important to study the urban thermal dynamics continuously.
The Local Climate Zone (LCZ) classification considers factors related to the physical properties like
surface cover and surface structure of the city which allow to analyze urban heat flows. Abu Dhabi
city is rapidly expanding and is characterized by highly heterogeneous types of built forms that
comprise mainly of old mid-rise and modern high-rise buildings with varied degrees of vegetation
cover in different parts of the city. The fact that it is a coastal city in a desert environment makes it
quite unique. This paper presents an approach of studying urban heat flows in such heterogeneous
setup. First, the city is classified into local climate zones using images acquired by Landsat Satellite.
Numerical simulations are performed in the designated LCZs using a computational fluid dynamics
software, Envi-met. The results of Envi-met are calibrated and validated using in-situ measurements
across all four seasons. The calibrated models are then applied to study entire Abu Dhabi island
across different seasons. The results indicate a clear presence of urban heat island (UHI) effect when
averaged over the full day which is varying in different zones. The zones with high vegetation do
not show large average UHI effect whereas the effect is significant in densely built zones. The study
also validates previous observations on the inversion of UHI effect during the day and in terms of
diurnal response.

Keywords: LCZ; UHIL LST

1. Introduction

Mapping the cities is becoming a challenge due to the rapid urban growth. However, there are
several studies done in European cities through the WUDAPT methodology. An open data source
that can be used from researches around the world to map cities according to the climate zones [1-3].
Microclimate variations in urban environments have been studied for 50 years. With the rapid increase
in urbanization and development of highly heterogeneous landscapes, combined with the global
temperature rise, these studies have become more popular and are becoming important sources of
information for urban planners. Also, the energy usage of an urban areas has been a subject of great
interest ever since a significant expansion in cities is observed from the movement of inhabitants [4].
With this, the demand for energy use is increasing while at the same time many energy resources are
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steadily diminishing. The urban forms including building structures, street patterns as well as building
distances and their interaction affect the climates of urban areas. With extensive urban expansion and
population growth, a number of environmental problems such as resource crisis, local climate change,
air pollution, traffic congestion have been observed [5]. Hence, responsible urban forms should take
into consideration energy efficiency along with reducing resource waste and carbon footprints.

Currently, more than half of the world’s population live in urban areas, a fraction that will
continue to rise in the coming years leading to an increased population densities and spatial cover.
This extended urbanization contributes to global climate changes [6]. Furthermore, transformations to
the urban form significantly impacts the overlying atmosphere [7]. The Urban Heat Island (UHI) [8] is
a phenomenon defined as the temperature difference between urban environment and its surrounding
rural areas, as a result of such transformations (as shown Figure 1).
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Figure 1. The study location in Abu Dhabi, UAE and the regional context.

Traditionally, the study of UHI has relied on simple classifications such as ‘urban’ and ‘rural’. While
these classes may well describe the surfacial landscape, they fail in providing detailed information
about the landscape properties and usage that directly impact the urban micro-climate characteristics.
Two classes can only describe gross distinctions between the extremes of average or median properties
of rural and urban. In temperate regions, UHI has been extensively investigated [9-11]. Despite
the growing socioeconomic relevance of arid lands and their increasing urbanization rate, how
urbanization affects the local climate in these hot and hyper-arid environments has still not been
explored extensively [12,13]. Lazzarini et al. [13] investigated the climatology of cities located in
hot desert areas including Abu Dhabi using MODIS satellite data and reported the temporal trends
using averaged weekly values of land surface temperature (LST). LST is one of the key parameters
in the physics of land surface processes, combining surface-atmosphere interactions and the energy
fluxes between the atmosphere and the ground. However, the conventional way of classifying regions
into urban and rural is not sufficient to understand the micro-climate dynamics within the city and
assess the UHI, since in many cases landscapes can combine characteristics of both classes. In some
studies [12], the authors introduced multiple classes extending to impervious surface areas, vegetation
density, etc. However, the concept that was found to have a better relevance in studying urban
micro-climate is that of Local Climate Zones (LCZ). LCZ was introduced in [14] and incorporates both
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the physical and geometrical elements of an urban area in an attempt to introduce a comprehensive
approach in studying UHI effects. Therefore, in order to study the thermal behavior of different land
cover types on a local scale, the LCZ approach is a more effective scheme of land classification.

The LCZ classification approach is an important concept for climate related classification of urban
areas and has originally been designed for communication of meta-data produced by observational
UHI studies. While the approach has found various applications [7,14], one of the most important
ones is to use LCZ information as the input for different climate or weather models to better represent
urban areas. LCZs are defined as “regions of uniform surface cover, structure, material and human
activity that spans from hundred of meters to several kilometres in horizontal scale” and are classified
primarily into 17 classes with 10 classes belonging to built type and 7 pertaining to natural types of
land cover category. Stewart and Oke [14] also paved a way for new subclasses that originate from
the standard set of LCZ classes and are the resultant of any combinations of built covers, natural land
covers and other land cover properties. In the past, various studies have been reported related to the
LCZ concept and its application in understanding UHI at a local level across the globe [9-11,14-20].
The LCZ characterization scheme has been applied to cities with well-planned and uniform urban
structure such as Uppsala (Sweden), Nagano (Japan), Vancouver (Canada), Toulouse (France) [21],
Singapore [22], as well as to heterogeneous cities with non-uniform structures like Nagpur (India) [23]
with the aim of providing an in-depth evaluation of the approach regarding the assessment of the UHI
effect around the world.

The main objective of this study is to characterize a unique urban environment like Abu Dhabi city
in order to investigate the temporal variations in the UHI intensity by applying the LCZ concept that
environment within each class is suppose to be similar. This allows mapping LCZs of heterogeneous
building typology across entire Abu Dhabi island. In-situ temperature sensors allow to keep track of
thermal variations across known LCZs in different seasons, which are found to be comparable to LST
measurements acquired from MODIS. Furthermore, each climatic zone is modeled using Envi-met,
which is an urban micro-climate modeling and simulation platform. The simulation results of the
Envi-met models are then calibrated with in-situ urban measurements and the refined models can be
applied to entire Abu Dhabi island using LCZ classification concept.

2. Methodology

Figure 2 provides the outline of the methodology followed in this work. The Landsat data
are used for the LCZ classification, MODIS data for obtaining the LSTs and the in-situ temperature
measurements for the statistical correction of the developed Envi-met simulation models for specific
LCZs in Abu Dhabi island. From the definition of LCZ, regions belonging to one LCZ tend to have
similar urban forms and urban effects which can be seen even in temperatures of that zones. We then
use the concept of LCZ to estimate the temperatures in district 2 pertaining to ‘LCZ-1" using Envi-met
results of district 1, which also belongs to ‘LCZ-1" typology.

" Abu Dhabi, UAE

Landsat-8 data
MODIS data
In-situ weather data

Google Earth Samples

Figure 2. Methodology of the analysis.
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2.1. City Selection

Abu Dhabi, the capital of United Arab Emirates, is located 24°28' North latitude and 54°22’ East
longitude (shown in Figure 1). It is situated on the west coast of the UAE in the Arabian Peninsula and
over the last few decades Abu Dhabi has witnessed a fast and continuous urban expansion([24,25]).
The initial city layout was planned in the early 1970s, with a population of around 100,000 and an
estimated maximum population of 600,000. The population reached 283,000 in 1985, with large desert
areas being transformed into residential and industrial use sectors [12]. The creation of new man-made
islands started for residential and recreational activities in the surroundings of the main city area. From
2009 to 2015, the population figure has doubled and is now estimated close to 1.6 million. Abu Dhabi
island is characterized by the heterogeneous type of building forms, which slightly varies from the
standard LCZ classes and comprises mainly of old mid-rise and modern high-rise buildings which can
be defined as a combination of the standard built classes.

Abu Dhabi has a unique urban form influenced by different masterplans proposals which evolved
in the last 5 decades. The earliest plan was proposed by Katsuhiko Takahashi with linear roads in
1967 [26]. The main spine is the Airport Road, that leads towards the historical area where the souk
was located. The proposed plan from Mr. Takahashi was modified and implemented by Abdulrahman
Makhlouf starting in 1968. The main characteristics of each district in the 1968 masterplan were:

e amosque where people gather to pray,
e amain lane where there are shops and restaurants,
e the ‘gossip lane’ where women would gather in the evenings and talk about their day [26,27].

Each district is surrounded by high-rise commercial/residential buildings, and in the middle
there are villas or low-rise buildings (as shown in Figure 3). This district division relates with the
distribution of the houses in the old neighborhoods where they are close to each other but far enough
to have their privacy. Since the city was built in the years when cars was starting to be used in emirates,
the streets between the blocks have six lanes which brings isolation of each block from each-other. This
division has a parallelism with the seven-house blocks divided from each other in the old Emirati
neighborhoods. Since then, the city has rapidly expanded towards the mainland . Recently, significant
renovation and reconstruction activity has also been reported in the old part of the city with small
deviations to the original master plan.

Abu Dhabi is known for its hot and arid climate. From June to September, it is generally hot
and humid with maximum temperatures averaging around 40 °C. While from November to February,
it becomes relatively cooler, with average temperatures of around 25 °C. Precipitation is very rare and
will occur only during cooler months.
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Figure 3. Building height levels in Abu Dhabi.
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2.2. Data

The approach presented in this study uses data from in-situ weather sensors installed in different
climate zones along with combined remote sensing information retrieved from two categories of
sensors to calibrate the Envi-met simulation models:

e Landsat-8 images are used to perform classification of LCZ.

o  Low spatial resolution MODIS/Terra data indicate the temporal trend of LST and as a means for
validation of the in-situ temperature measurements.

e High temporal and temperature resolution, accuracy in-situ measurements from an extensive
urban climate monitoring campaign.

The final aim is to produce Envi models, statistically corrected, to study urban thermal flows
across the entire city.

2.2.1. Landsat-8 Data

Landsat 8’s Operational Land Imager (OLI) features as the on-board main instrument an Enhanced
Thematic Mapper Plus (ETM+), which provides data in 8 bands with a spatial resolution of 30 m,
a panchromatic band with a resolution of 15 m along with Thermal Infrared Sensor with a spatial
resolution of 100 m. These 8 bands data are used for the LCZ classification process.

2.2.2. MODIS Data

MODIS (or Moderate Resolution Imaging Spectroradiometer) is an instrument aboard the Terra
(EOS AM) satellite, launched in December 1999, and Aqua (EOS PM) satellite, launched in May
2002. The data is acquired in 36 spectral bands and the acquisition time (Local Time of Ascending
Node—LTAN) in Abu Dhabi is around 7 a.m. and 7 p.m. UTC time for Terra and around 10 a.m. and
10 p.m. for Aqua.

The specific MODIS product used in this study is MOD11_L2, MODIS/Terra Land Surface
Temperature and Emissivity (LST/E). It provides per-pixel temperature and emissivity values in a
sequence of swath-based to grid-based global products which are produced daily for both daytime
and night-time acquisitions.

2.2.3. In-Situ Weather Data

In-situ measurements of weather data are collected by a dense grid of high accuracy and
temporal resolution urban weather stations installed at different climate zones of Abu Dhabi [28,29].
The deployment of the weather station network and the exact positions of the nodes have been selected
after CFD simulations of the urban canyons. The measured weather data include air temperature
at multiple heights (3 m, 4 m, 5.5 m, 7 m and 8.5 m), relative humidity and horizontal wind vector,
land and building facade surface temperature, as well as global horizontal irradiation (GHI) [28].
The in-situ data were used for calibrating the output of the developed Envi-met thermal models.
Deployments of two typical weather stations are pictured in Figure 4. The weather data was collected
from these sensors daily using cellular network. Temperature data with one minute resolution over
two weeks across four different time periods of the year were used in this study. The first week of data
during a time period is used for the statistical calibration of the Envi-met models and the second week
of data in each time period is used for validation of the calibrated model.
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Figure 4. Two in-situ urban weather stations typical of the 26 deployed on Abu Dhabi island.

2.3. Local Climate Zone Classification

After a detailed study of the building heights (Figure 3) and the land use/land cover areas, Abu
Dhabi island can be associated with five built-types and four land cover classes, adding up to nine
LCZ classes which are shown in Figures 5 and 6. The LCZ classification task is performed using
SAGA software [30] after careful selection of a minimum of five samples for each class. SAGA is GIS
software that allows to perform classification of satellite imagery based on the samples of the classes.
The samples of each class is obtained with the help of urban experts who has in-dept knowledge and
understanding about urban forms in Abu Dhabi.

It has to be noted that this study is a first attempt to contribute in mapping the main island of
Abu Dhabi into LCZ and understand the development of the city. This attempt extends into being part
of the WUDAPT Initiative (World Urban Database and Access Portal Tools) [2]. WUDAPT is an open
framework initiated to acquire and disseminate climate relevant data across geographical regions for
analyzing current and future conditions of the climate. The WUDAPT portal allows the analysis of
different climate scenarios with the data being available from several cities around the world.

2.4. Modeling Using Envi-Met

Envi-met is a CFD software used mainly by urban planners and architects [31,32]. It performs an
analysis of the outdoor conditions (temperature, wind speed, relative humidity etc.) based on different
neighborhood typologies [33]. Basically, there is a recalculation of several parameters based on rural
boundary conditions, in order to have realistic urban microclimate [34].

Using Envi, it is possible to rebuild a full district based on a bitmap image taken from an AutoCAD
file [35,36]. The image stays as a base that helps the 3D model to be built and following the contour
lines facilitates the modeling of the district. The scale is adapted according to the pixels of the program.
In our case, each pixel represented 3 m in the plan. In the map area, the streets, their materials,
the pavement and asphalt, the building typology and height, and the shading characteristics can be
defined. The model development in 3-D is carried out in in parallel with the 2-D as shown in Figure 5.
Since the height of the building varies, there is a scale factor applied to the 3-D model in order to
produce a less computational intensive version of the model. The size of the developed models are
100 x 100 nodes, which is the lowest of two resolutions supported in Envi-Met. The higher supported
resolution is 250 x 250.
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The models developed in this study (using Envi-met 4.0) use material properties obtained from
site surveys. The new materials (of the pavement and the walls) are modified from the standard blocks
available in the software to properly model radiant and convective heat fluxes. The information about
district characterization can be found in Table 1. Setting up the boundary conditions is one of the most
important steps in such numerical simulations. The input data for the simulations are obtained from
a weather station located at Masdar Institute Field Station (Lat: 24.4361, Long: 54.6122) for the four
analysis periods in 2017-2018 which are considered in this study as the sub-urban/rural station. The
simulation days (include the equinox and the solstice) are 23 March, 23 September and 21 December.
However, one week of rural data was averaged into 24 h slots in order to create the boundary file as
an average value. The base dates taken for the modeling are: 13-19 June 2017, 13-19 September 2017,
13-19 December 2017 and 13-19 March 2018. The dates for validation are the following week: 20-26
June 2017, 20-26 September 2017, 20-26 December 2017 and 20-26 March 2018. The output of the
Envi-met simulation tends to underestimate the actual temperature measured on site. This difference
can be attributed to the absence of a model that would capture the anthropogenic heat. To enhance
the accuracy of the Envi-met models a statistical model is developed using first week data across all
four seasons. In this case, a quadratic equation obtained based on dual criteria of least root mean
square root error (RMSE) and maximum R-squared value is selected. Since, the temperature across
day and night time varies significantly across all the four seasons, the statistical model (1) is developed
considering both day and night periods and is applied to all the eight resulting scenarios of the second
week validation data.

f(x)=plsxx® 4+ p2xx+p3 1)

Table 1. District Characterization.

Description District (1 & 2) District3 District4 District5  Villa

LCZ-Type LCZ-1 LCZ-2 LCZ-3 LCZ-4 LCZ-5

Area of district (m?) 219.00 118.00 332.00 719.00 219.00

Total build area (m?) 48.00 45.00 27.00 112.00 28.00
No. of Buildings 70 67 48 150 68
Avg. building H (m) 44 44 70 40 9
Avg. street Width (m) 27 26 32 25 22

3. Results

Figure 7 shows the classification results of nine LCZs in Abu Dhabi main island obtained from
analysis of remotely spectral images obtained from analysis of remotely spectral images. In the
classification result, Abu Dhabi island is mostly covered with mixed typology of ‘Open Mid & Compact
Low-Rise” (LCZ-4) buildings followed by ‘Open Low-Rise’ (LCZ-5) buildings. In the downtown region
(between north-west and central region) of Abu Dhabi island, we see ‘Compact High Rise” (LCZ-3)
and ‘Open high & Compact Mid-Rise’ (LCZ-2) building and towards the east we see ‘Open high &
Open Mid-Rise’ (LCZ-1) along with LCZ-3 buildings. We can also see ‘Low Plants’ spread across the
island and few regions of ‘Scattered Trees’ which account for irrigated greenery along side road and
park areas. Figure 8 shows the LCZ regions in the area where in-situ weather sensors are installed.
Figure 9 shows the comparison of measured LST against modelled with in-situ temperature measured
in Abu Dhabi downtown. The temporal day and night variation of measured temperature against LST
infers that measured temperatures do tend to follow the trend of the simulated LST, which can be seen
more prominently in the month of December.
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Figure 8. The location of in-situ weather sensors in Google Maps (Left) and its corresponding LCZ
mapping (Right), extracted and zoomed from Figure 7.

Table 2 demonstrates a non-significant UHI effect for the September time period based on the
urban and rural data. However, a higher air temperature is noted at the district-5 (LCZ-4). The Envi-met
models produce values consistently lower, since they do not include a mechanism to capture the heat
generated by human activity. Furthermore, in this case district-5 shows the highest air temperature
increase. Similar to September month, a month of June reading also shows a higher temperature noted
for district-5. We can observe UHI effect in all districts for the months of June and March. In the case
of December, the data for district-3 shows a higher UHI than expected. During this season the models
in Envi-met show a low UHI effect. However among these temperatures ,the higher one is in district-1
(open high & mid-rise buildings) in the month of March. The villa district or the open low rise shows a
predictable UHI phenomena. The values of UHI in Envi-met are higher by an average of 0.88 degrees.
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Figure 9. Comparison of simulated LST and in-situ temperature; (top) temperature recorded at 7 a.m.,
(bottom) temperature recorded at 7PM (UTC time).

Since, we observed a difference between the hourly output of Envi-met simulation and the actual
temperature measured for the first week data as shown in Figure Al. The statistical correction using
Equation (1) is performed to calibrate the result of Envi-met simulation by breaking down 24 hours
into day and night periods; day: (7 a.m. to 6 p.m.) and night: (6 p.m. onwards until 7 a.m.), and
modeling them separately. From the Table 3, we can see that in the case of cooler months such as
December and March seasons especially night times are much accurately modeled with smaller RMSE
as compared to hotter periods such as June and September months especially day times. In Figure A2,
the calibrated Envi-met model tend to predict the in-situ measurements for the second week precisely

as shown in Table 4.

Table 2. Average Temperature Difference across Rural, Urban (Districts (D)) and Envi-met results.

Rural (R) Urban (U) Envi-met (E)

S.No. Scenario D-1 D-2 D-3 D-4 D-5 D-1 D-2 D-3 D-4 D-5 Villa
1 Sept. 33.18 3340 3328 3295 33.14 3347 3272 3261 3264 3268 3279 32.8

U-R/E-R 0.22 010 —-023 —-004 029 —-046 -057 —-054 —-05 —-039 —0.38

E-U —-068 —067 —-031 -046 —068 N/A

2. June 35.41 3593 3571 35.63 3547 36.09 3561 3546 3550 3567 3569 35.81
U-R/E-R 0.52 0.30 0.22 0.06 0.68 0.20 0.05 0.09 0.26 0.28 0.40

E-U —-032 —-025 -0.13 0.20 —040 N/A

3. Dec. 19.74 2254 2231 2295 2218 2230 198 19.71 1973 1976  19.79 19.8
U-R/E-R 2.8 2.57 3.21 2.44 2.56 0.06 —0.03 —0.01 0.02 0.05 0.06

E-U —274 —-260 —322 —-242 -251 N/A

4. Mar. 24.01 2543 2526 2547 25.6  25.86 25.92 25.8 2586 2592 26.01 2597
U-R/E-R 1.42 1.25 1.46 1.59 1.85 191 1.79 1.85 1.91 2 1.96

E-U 0.49 0.54 0.39 0.32 0.15 N/A




Sustainability 2020, 12, 156

110f15

Table 3. Calibration parameters(p1,p2,p2) for day and night across different seasons along with their
modeled RMSE (M) and predicted RMSE (P) for a week data in respective seasons.

Season Period pl p2 p3 M P
June Day —0.159 1.83 -9.71 0.70 1.14
September Day 0.023 —-0.74 336 065 1.04
December Day 0.061 -1.82 33.03 065 0.84
March Day 0.004 —-115 29.02 052 0.61
June Night 0.023 —1.13 4595 028 0.75
September  Night —0.002 0.70 1458 044 074
December  Night —0.004 0.68 103 022 0.25
March Night —-0.017  1.09 792 045 054

The corrected Envi-met simulations show the differences in air temperatures between one LCZ
and another. The district with mixed used buildings corresponding to the District-5 in the LCZ division
shows higher temperatures in the hottest times of the year. The majority of the island has this district
typology (based on the traditional Emirati neighborhood). These result show that the city needs

attention towards the increase of the UHI in the most urbanized part of the island.

Furthermore, we also estimated the temperature across two weeks of District-2 using Envi-met
results of District-1 (as shown in Figure 10), both of which belong to LCZ-1. The RMSE of the obtained
result using LCZ concept modeling (Table 5) w.r.t District-2 is observed to be better (except in the
month of June by a small value) than previously calibrated results for all districts together as shown
in Table 4. Hence, with one such example, we believe that this can be further applied to other LCZs
covering entire Abu Dhabi island.

Table 4. RMSE comparison for uncorrected and corrected Envi-met results.

Uncorrected Envi Results Corrected Envi Results (CER) CER LCZ-1
Seasons D1 D2 D3 D4 D5 D1 D-2 D-3 D4 D-5 D-2
June 262 231 222 243 229 074 027 081 055 0.85 0.35
September 2.61 271 249 234 234 050 050 049 027 056 0.41
December 216 224 218 195 202 065 035 077 041 055 0.24
March 1.71 185 200 208 133 084 078 147 1.62 0.83 0.68

Table 5. Calibration parameters(pl,p2,p2) for day and night across different seasons of LCZ-1

(Prediction of district-2 using District-1 data) along with its RMSE for a two week data.

Season Period pl P2 p3 RMSE
June Day —0.020 2217 —17.89 0.60
September Day 0.064 —3.461 76.6 0.83
December Day 0.013 0.010 16.7 0.26
March Day 0.033 —1.164 3l.61 0.58
June Night  0.001 0.432 20.21 0.14
September  Night —0.012  1.156 8.395 0.17
December  Night —0.075  3.196 —10.9 0.16
March Night —0.001 0491 13.93 0.12
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Figure 10. Prediction for District-2 (LCZ-1) using concept of LCZ with Envi-met result of District 1.

4. Conclusions and Future Work

The main aim of this study was to create a validated map of the Local Climate Zones in Abu Dhabi
City. Due to rapid development in the region, having this data and this analysis helps understanding
the most problematic zones (where the UHI phenomena is higher). Based on these records, local
authorities can make necessary interventions to “’cool” the city of Abu Dhabi. This is an innovative
approach which relies on studying the UHI effect across different LCZs.

Furthemore, Envi-met models are developed for the studied LCZs and are calibrated using
a statistical model based on high-resolution and accuracy in-situ air temperature measurements.
The calibration is performed across various scenarios so that thermal modeling across Abu Dhabi
island can be performed with Envi-met to better understand temperature variation in different LCZ of
Abu Dhabi. The result of statistical correction shows the applied quadratic model can be applied for
calibration of the Envi-met results. A better accuracy is found for cooler periods compared to hotter
periods across all the mapped LCZs in Abu Dhabi. We believe that the concept of LCZ can be used
to estimate the temperature across other districts classified as the same LCZ and as a result it can be
further applied to other remaining parts of the Abu Dhabi island.

Future work is needed by the same process with more LCZ classes to better understand the
difference in temperature between zones. Also, 3D urban morphological data of the main island would
improve model fidelity of the city. The above results bring the attention towards reducing heat sources
and increasing shaded/green areas. Further strategies can be proposed to reduce UHI intensities as
part of future analysis. The LCZ map of Abu Dhabi main island will help analyzing different climate
scenarios in the city.
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Figure A1l. Envi-met simulation output w.r.t temperature measured in different seasons (1st week) for
different districts.
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Figure A2. Corrected Envi-met results output w.r.t in-situ temperature measured in different seasons
(2nd Week) for different districts.
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