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1. Introduction

Numerous studies have addressed the issue of the urban heat island (UHI) in different
regions of the world, especially where urban areas have replaced natural vegetated surfaces in
temperate and subtropical environments. The results of these studies have indicated that urban
areas show higher land surface and/or air temperatures than surrounding rural areas, particularly
at night-time (e.g. Coseo and Larsen, 2014; Hu and Brunsell, 2013; Zhang et al., 2013).
However, in hot arid environments, where urban areas are replacing desert sands, urban heat
sinks (UHS) can be detected, where urban land surface temperature (LST) is lower during the
daytime than the surrounding desert (Frey et al., 2007; Imhoff et al., 2010; Lazzarini et al.,
2013).

The magnitude of the observed UHS in desert regions can depend on many factors
including weather conditions and the timing of temperature observations, but it has been
suggested that the characteristics of the urban land cover exert a major control on variations in
land surface temperature (Carnahan and Larson, 1990). The UHS effect has been attributed to an
increase in vegetated areas associated with urbanization which generate a cooling effect due to
the increase in latent heat flux through evapotranspiration and a decrease in sensible heat relative
to the desert surroundings (Lazzarini et al., 2013). However, other studies have shown that desert
cities can still exhibit an UHS despite containing little vegetation and being primarily composed
of impervious surfaces (Frey et al., 2007; Imhoff et al., 2010), although no evidence was
provided to explain these findings. This disparity in the literature highlights the need for further
research to understand the relationships between land cover and LST in desert cities.

The properties of the urban fabric can also influence the UHS; it has been suggested that

highly reflective materials, or those with a low thermal conductivity, can contribute to urban
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cooling (Erell et al., 2011; US EPA, 2008). Some cities have made use of highly reflective
materials on rooftops, roads and parking lots to increase albedo hence reduce the absorption of
solar radiation and surface temperatures (Bretz et al., 1998). For example, Mackey et al. (2012)
found that increasing the surface reflectivity in urban areas of Chicago had a stronger cooling
effect than increasing the amount of vegetation cover. Similarly, increasing the specific heat
capacity of urban materials has been shown to decrease daytime summer peak temperatures by
postponing the release of stored heat (Hamdi and Schayes, 2009), although this is likely to
contribute to an urban heating effect at nighttime. Moreover, urban water bodies can make a
significant contribution to cooling due to their high specific heat capacity and ability to lose heat
via evaporation (Omran, 2012). However, the overall contribution of variations in the thermal
properties of different surface materials has received little attention in the context of the UHS
phenomenon in desert cities.

Evidence concerning the impact of urban geometry on thermal conditions is somewhat
unclear. Several studies have demonstrated that an increase in building height and density
produces an increase in surface temperature (e.g. Martin et al., 2012; Wu et al., 2013).
Conversely, other research suggests that tall buildings and narrow streets generate shadow
effects which decrease the absorption of solar energy at the land surface thus lowering
temperatures (e.g. Littlefair et al., 2000; Kato et al., 2010). There is also evidence that variability
in building height is important, with areas containing a diverse range of building heights
generating an increase in wind speeds and natural ventilation at street level leading to a decrease
in surface temperature (Johansson and Emmanuel, 2006). Given that these cooling mechanisms
have been recognized, it is now important to determine the relative contribution of urban

geometry to the overall UHS effect in desert cities.
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Although the UHS effect in desert regions has been identified there is considerable
uncertainty over the factors which generate this phenomenon. Hence, the aim of this study was to
improve our understanding of the causes of cooling in desert cities. The study site was Dubai,
United Arab Emirates (UAE), which has experienced rapid urbanization over the last 25 years.
We used data from the Landsat image archive to address the following research objectives: (i) to
characterize changes in land cover, land use and albedo that have taken place as a result of
urbanization; (ii) to quantify the development of the UHS during urbanization; (iii) to examine
whether variability in the magnitude of the cooling effect can be explained by the transitions in
land cover, albedo and type of land use; and (iv) to evaluate the sensitivity of the UHS to

variations in urban geometry.

2. Study area

Dubai Emirate (Figure 1) is one of the fastest growing cities in the Middle East. The total
area of the emirate is approximately 3885 km? and it is characterized as a hyper arid environment
with an annual average rainfall of only 8mm falling mostly in the late autumn and winter months
(Dubai Airport, 2014). The warmest months in Dubai are May to September with an average
maximum temperature of 40°C and average minimum of 28°C; the coldest months are December
to February with an average maximum temperature of 25°C and average minimum of 15°C

After the discovery of oil in the late 1960s, Dubai attracted a large overseas labour force.
Consequently, the population increased from 183,187 in 1975 (National Bureau of Statistics,
2010) to 2,003,790 inhabitants in 2011 (Dubai Statistical Centre, 2011). The physical size of the
urban area has grown dramatically over time as the desert has been transformed into residential,
commercial, sports and tourism developments. This growth was a consequence of the strategic

plan of the Emirate to diversify the economy by stimulating real estate marketing and developing
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tourism attractions. Indeed, the rapid pace of desert alteration in Dubai has attracted the attention
of economists, environmentalists and urban planners.

According to the Skyscraper Center (2014), 180 buildings in Dubai are greater than 100m
in height in 2011, while there are also many other areas of low-rise urban development, making
Dubai an excellent study site to investigate the effect of urban geometry on the UHS in desert
cities. Furthermore, due to the strong and systematic urban planning process in Dubai, large
discrete blocks of different urban land use types have been created, making this a useful study
site for investigating the impact of land use on the cooling effect. The recently developed
offshore islands (see Nassar et al., 2014) were not included in the study area but the

environmental impacts of the islands are being investigated in our ongoing work.
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Figure 1. Overview map of the Arabian Gulf and map of the study area, Dubai Emirate, United Arab
Emirates (UAE) based on a Landsat ETM+ scene from 2011(RGB-321).

3. Materials and Methods

Figure 2 shows the main stages of data processing and details are provided in the following
subsections.
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Figure 2. Flowchart showing the main stages of data processing and analysis.

3.1 Data acquisition and image pre-processing

Three Landsat scenes, acquired in August 1990, 2001 and 2011 (Table 1) were used to capture
the main period of rapid urbanization in Dubai. Previously, the largest UHS effects have been
observed during the daytime in the summer (e.g. Imhoff et al., 2010; Lazzarini et al., 2013)
hence the Landsat scenes chosen for this study were the most appropriate for examining the
variability of the UHS in Dubai over space and time. All the images were cloud free, which
greatly helped in the land cover (LC) classification and retrieval of LST and albedo. All images
were acquired as close as possible to the same Julian day in order to minimize the effects of

variations in solar geometry.
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Table 1
Satellite images used in the study.

Date Local Satellite number Sun Sun Spatial resolution of bands
YY-MM-DD time (sensor) elevation Azimuth

overpass (degrees) (degrees)
90-08-28 10:14:55 Landsat4 (TM) 56.631 110.737 TIR: 120m; other bands:30m
01-08-26 10:35:19 Landsat7 (ETM+)  61.116 114.745 TIR: 60m; other bands:30m
11-08-22 10:39:57 Landsat7 (ETM+)  62.678 113.0399 TIR: 60m; other bands:30m

Atmospheric correction for bands 1-5 and 7 was conducted using the Fast Line of Sight
Atmospheric Analysis of Spectral Hypercubes module within ENVI and the original digital
numbers were converted to surface reflectance (Kayadibi, 2011). The images were then co-
registered with existing map data on a WGS 84 datum/Dubai Local Transverse Mercator
projection using 57 ground control points which were distributed around the images to maximize

registration accuracy (Jensen, 2005).

3.2 Land Cover (LC) classification and derivation of Land Surface Temperature (LST) and
albedo.

A hybrid classification method was applied to the atmospherically corrected Landsat
images to derive LC maps for the three sample years (Figure 3). This hybrid method of
classification is based on a combination of unsupervised and supervised algorithms and exploits
the advantages of both approaches to overcome their limitations (Lo and Choi, 2004). This
method has previously proven effective for discriminating urban areas in desert environments

(Nassar et al., 2014).
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Figure 3. Land cover characteristics in Dubai in 1990, 2001 and 2011. The specific locations in
the 1990 map are labelled because they are referred to later in the text.

To assess the accuracy of the classified images, 60 stratified random samples (image and
reference pairs) were collected for each class and these samples were independent from the data
used for training to avoid bias (Verbyla and Hammond, 1995). The reference sample classes
were identified through manual interpretation of high resolution imagery from Dubai Sat-1 (for
2011), IKONOS (for 2001) and aerial photography (for 1990). The overall accuracies for the
three classified images ranged from 89-93% which exceeded the minimum 85% accuracy

recommended by Anderson et al. (1976).
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LST was obtained from the single thermal channel of Landsat TM/ETM+ using the
methods of Weng (2001) for Landsat TM and Yuan and Bauer (2007) for Landsat ETM+. In
both methods the emissivity effects were corrected using an approach developed by Snyder et al.
(1998). LST values derived from both the TM and ETM+ data were subsequently converted
from Kelvin to degrees Celsius by subtracting 273.15. Surface albedo was retrieved by using the
atmospherically corrected reflectance values from TM and ETM+ based on the approach of

Liang (2000).

3.3 Land use (LU) map and sampling of Land Surface Temperature (LST), albedo and Land
Cover (LC).

A LU map for the urban area of Dubai (as of 2011) was constructed by manually
digitizing the boundaries of zones of different LU types by incorporating information from the
Landsat-derived LC map for 2011, existing land use maps and through visual interpretation of
high resolution images on Google Earth™. Five urban LU types (Table 2) were mapped in this

way resulting in 55 different urban zones with a total area of 859km? (Figure 4).

Table 2

Land use classification schema employed in this study.

LU type Description

Residential All types of distinctive residential communities.

Mixed Both residential and commercial that cannot be separated.
Recreational Parks, golf courses and playgrounds.

Industrial All types of light and heavy industrial plants.
Transportation Airports and seaports.

Six sample areas covering the desert were also digitized (Figure 4) and used as reference sites to
represent the original natural land cover surface in the study area. The boundaries of the urban

zones and the desert samples were then used as spatial sampling units to extract data from the
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LST maps from 2011, 2001 and 1990. The mean LST was calculated for each zone (i.e. all LST
pixels falling within each polygon were averaged) and for the whole area covered by the desert
samples. For each of the sampling years, the difference in LST between each urban zone and the
desert was calculated in order to express the LST of each urban zone relative to the desert (LST,)
for each year. This avoided the use of absolute LST measurements which can vary between
sampling years according to meteorological conditions leading up to and at the time of
acquisition of each of the Landsat scenes. Furthermore, the use of LST, measurements accounted
for any residual effects of atmospheric interactions or differences in sensor types between
Landsat image acquisitions which may have still been present in absolute LST measurements
despite the extensive preprocessing effort. Hence, the use of LST, data for each of the three
sample years allowed us to quantify the changes over time in the magnitude of the UHS effect

for each urban zone.
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Figure 4. Map of urban zones in Dubai in 2011. Each zone is represented by an individual polygon (55 in
total) and the colour of the polygon represents the land use type within each zone. The areas used to
sample desert land surface temperature are also shown. The Landsat ETM+ scene from 2011(RGB-321)
is displayed in the background. Example images from IKONOS of the five urban land use types and the
desert are inset.

The boundaries of the urban zones in 2011 were then used to extract data from the LC
and albedo maps from 2011, 2001 and 1990. For each urban zone the areal percentage of each
anthropogenic cover (impervious surface, vegetation and water) and the average albedo was
calculated for each year. Generating the datasets in this way meant that we were able to sample
across urban zones that have undergone a wide range of different types of transitions, from the
extremes of zones which were urban in 2011 but entirely desert in 1990, through to zones which

were urban in 2011 and had essentially remained so from 1990; the data sampled across all of the
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different LU types and incorporated a wide variation in the composition of LC. These data sets
were subsequently used to assess (graphically and statistically) how changes in LU type, LC

composition and albedo in the urban zones have influenced LST, over time.

3.4 Urban geometry variables and associated LST

Information on urban geometry was derived from a vector layer of building ‘footprints’
and associated height attributes (source: Dubai Municipality). These data were only available for
2011 hence we restricted our analysis of the impacts of urban geometry on LST to this year. This
was a large and spatially-precise dataset but only covered a proportion of the entire emirate
(73km?) hence it was inappropriate to use the (large) urban zones as the sampling units (as in
section 3.3) for the analysis of urban geometry effects. Instead, we used the boundaries of
‘communities’ as the sampling units; these are defined administrative areas in Dubai, within
which, due to the systematic planning process, the form of urban development is consistent. The
spatial extent of the buildings layer coincided with 116 community boundaries and incorporated
a variety of different urban forms ranging from areas dominated by high rise construction with
wide streets through to low-rise, high density buildings with narrow streets. The buildings
dataset was used to derive average building height, variability in building height (standard
deviation) and building density for each community. The 3D Analyst extension in ArcGIS was
then used to simulate the area of shadow cast by the individual buildings, based on the actual
solar azimuth and zenith angles at the time of acquisition of the 2011 Landsat ETM+ image. The
areal percentage of shade per community was then summarized. The community boundaries
were also used to summarize the average LST per community from the 2011 LST image. Hence,

these data sets enabled analysis of the influence of building height, density and shadow on LST.
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4. Results
4.1 LC and LU change in Dubai

Some context for the subsequent results is provided by the LC and LU changes that have
taken place during the urbanization of Dubai. From 1990 to 2011, the area of impervious surface
increased by 423km? with a compound annual growth rate of 7.5%, while vegetated areas
increased by 25km? with an annual growth of 4.9%. Inland water (excluding the Creek and Jebel
Ali port waterway) increased from 0 to 2km? but this cover type still only occupied 0.2% of the
total area of Dubai in 2011. All of these changes in LC occurred at the expense of desert sand.
Changes in LC that have taken place within each of the different LU types are summarized in
Table 3. By 2011 there was considerable variability in the percentage of impervious surface
coverage across the different LU types, with the highest variability occurring within the mixed
LU type. The recreational LU type had the smallest increase in impervious surface but the largest
areal percentage of vegetation. However, the largest total area of increase in impervious surface
and vegetation was generated by the residential LU type. Small areas of inland water developed

in some LU types but were absent from the industrial and transportation categories.
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Table 3
Percentage coverage and total area of the different anthropogenic LC types within each LU type
for years 1990, 2001, 2011.

Impervious surface Vegetation Water

LU type Percentage  Area (km?) Percentage Area (km?) Percentage  Area (km?)
1990

Industrial 14.7 25.7 0.0 0.0 0.0 0.0
Mixed 18.5 34.3 15 2.9 0.0 0.0
Residential 12.0 45.6 29 10.9 0.0 0.0
Transportation 13.8 12.4 0.0 0.0 0.0 0.0
Recreational 1.0 0.3 3.9 1.1 0.0 0.0
2001

Industrial 27.2 47.5 0.2 0.3 0.0 0.0
Mixed 35.5 66.1 2.8 5.3 0.0 0.0
Residential 25.0 95.2 3.2 12.2 0.0 0.0
Transportation 29.3 26.4 0.0 0.0 0.0 0.0
Recreational 2.3 0.7 20.9 5.9 0.2 0.1
2011

Industrial 65.3 114.2 0.2 0.4 0.0 0.0
Mixed 74.7 139.0 3.2 5.9 0.8 15
Residential 60.4 229.5 5.5 21.0 0.1 0.3
Transportation 63.6 57.2 0.1 0.1 0.0 0.0
Recreational 5.8 1.6 46.2 12.9 0.7 0.2

Note. These are overall values based on all of the urban zones for each LU type. Number of zones of each LU type
in each year are: industrial (10), mixed (11), residential (15), transportation (5) and recreational (14).

4.2 Spatial and temporal variability of LST and albedo

Figure 5 shows the spatial variations over time in LST, the percentage of anthropogenic
land cover (combined impervious surface, vegetation and water) and albedo in each urban zone
for the extent of the area that became urban by the end of the study period (UAzo11). For the
UA011, average LST was highest in 1990 (42.28 °C), slightly lower in 2001 (41.71 °C) and
lower still in 2011 (41.10 °C). The average LST relative to the desert sample areas (LST,) of the
UA01 in 1990 was -0.28 °C (Standard Deviation (SD)= 0.49 °C). This average cooling effect
increased to -0.74 °C in 2001 (SD=0.93 °C) and was greater still in 2011 (-1.56 °C; SD=1.3 °C).
These data demonstrate how the development of the urban area has generated an overall cooling
effect and that urban surface temperatures have become more variable. Such findings concerning

14



1  daytime LST are consistent with the results of other studies in desert cities (Frey et al., 2007) but

2 here were are demonstrating how the UHS has developed as the city has grown.
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Figure 5. For the extent of the urban area in 2011 (UA2011) these images show the development over
time in LST in °C (left column), percentage of anthropogenic land cover (combined impervious surface,
vegetation and water) in each urban zone (middle column) and albedo (right column).
4 Visual interpretation of the map of LST (Figure 5) suggests an increase in the extent of

5 surface cooling throughout the study period and a decline in the extent of surfaces with high
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temperatures. By comparing this to the map of percentage of anthropogenic LC, it can be seen
that the areas of highest LST occur over undeveloped natural sands. In contrast, the coolest areas
are concentrated in zones with high proportions of anthropogenic LC. Specifically, areas of low
LST are noticeable in the central urban zones around the Creek in all of the sample years and
areas of low LST spread along the coastal strip where anthropogenic LC increases through 2001
and 2011.

Figure 5 also shows the changes over time in the spatial distribution of albedo. Average
albedo for the UA2011 was highest in 1990 (0.307), decreased in 2001 (0.297) and was lower still
in 2011 (0.279). The average albedo of the UAp1; was lower than the desert sample areas, with a
difference of -0.014 (SD= 0.032) in 1990. This difference increased to -0.040 (SD= 0.041) in
2001 and -0.064 (SD=0.055) in 2011. This shows how the process of urbanization has converted
the desert sand surface which has a high and more homogenous albedo into anthropogenic
surfaces which have lower albedo with greater spatial heterogeneity. Figure 5 also shows that
that albedo has a similar pattern to that of LST and that the highest LST and albedo values occur
in zones with the lowest proportion of anthropogenic LC. Similar trends in LST and albedo have
been previously noted in desert cities (Frey et al., 2007). So despite the decrease in albedo
between 1990 and 2011 for the UAz01; of Dubai, LST still decreases and, indeed, there is a high
positive correlation between albedo and LST (r= 0.651; based on data from the 55 urban zones).
As we would normally expect a negative correlation between albedo and LST, with low
reflectance surfaces absorbing more solar radiation and therefore experiencing higher
temperatures, it would appear that factors other than albedo must be responsible for the decrease

in LST as the urban area of Dubai has developed.
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4.3 Temporal variability of LSTr for the different LU types

Figure 6 shows the magnitude of the difference in LST between each of the LU types and
the desert (i.e. LST,) for each of the three sample years. This demonstrates that all of the urban
LU types experienced lower temperatures than the desert on all occasions and that the cooling
effect increased over time, but the magnitude of the change varied considerably between LU
types. The increase in the cooling effect can be attributed to the increase in the area of the zones
converted to urban LU as the city expanded between 1990 and 2011. In 1990 the largest cooling
effect was experienced in the mixed LU type, followed by residential, recreational, industrial and
transportation. By 2001 the cooling effect was most pronounced in the recreational LU type, then
the mixed, residential, industrial and transportation types. A similar ranking was observed in
2011. The error bars in Figure 6 demonstrate that there is an increase in the variability of the
cooling effect for all LU types over time, implying an increase in the spatial heterogeneity of the

UHS within and between different LU types as the city developed.
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Figure 6. Average LST relative to desert (LST,) for the different LU types, with 95% confidence intervals
(CI). In this figure the LU type refers to the LU which dominates the urban zones by the end of the study
period (2011) and does not necessarily reflect the LU type that dominated in previous years (1990 and
2001) when most zones were dominated by sand.

4.4 Relationships between LST, and LC

The relationships between LST, and the three different types of land cover were
examined to determine how the proportions of impervious surface, vegetation and water
contribute to the UHS effect in Dubai. The analysis was based on a combined data set of LST,
and LC percentages for all of the urban zones for all of the sample years. Stepwise multiple
regression analysis (see Draper and Smith, 1998) was used to select the LC types (as independent
variables) according to their statistical contribution in explaining the variance in LST, (as the

dependent variable). Initially the independent variables were tested for multicollinearity and the
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variance inflation factor and tolerance value (Brace et al., 2009) indicated a lack of correlation.
This indicated that all of the independent variables (%impervious, %vegetation and %water)
could be entered into a stepwise regression against LST,, applying a 95% confidence interval
threshold for variable selection. The two models derived from stepwise regression (Table 4)
demonstrate that %vegetation and %impervious surface contributed significantly to explaining
the variance in LST,, such that as these cover types increased, the cooling effect increased.
%vegetation accounted for 32% of the variance in LST, while %impervious surface explained a
further 11% of the variance. However, %water had no relationship with LST, in either of the two
models.

Table 4

Results of stepwise regressions between LST, and the areal percentage of LC types, derived from data
from all of the urban zones across all three sample years.

Model 1 Model 2
Contributor B 95% ClI B 95% ClI
Constant -571** [-.725, - .416] -.168 [-.371, -.036]
%vegetation  -3.238** [- 3.996, - 2.510] -3.743** [-4.438, -3.048]
%impervious -1.192** [-1.622, -.762]
Y%water
R? 321 427
F 77.122** 60.391**
R*change .106
F change 29.958

Note. N= 165, B= unstandardized coefficients, Cl = confidence interval, **= p < .01, R’=proportion variance
explained; F= F statistic.

4.5 Relationships between LST, and LC within the different LU types
In order to understand the impacts of LC change on LST, within each LU type in Dubai, a
set of stepwise multiple regression analyses were performed. These regressions were based on

separate data sets of LST, and LC percentages derived from all of the zones of each LU type
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across all three of the sample years. All independent variables (%impervious, %vegetation and
%water) for each LU type were tested and found not to exhibit multicollinearity. The stepwise
regressions produced a single statistically significant model for each of the LU types (Table 5).
These models demonstrated that LST, was relatively well explained by %impervious surface in
four LU types (industrial, transportation, residential and mixed), whereby an increase in %
impervious surface generates an increased cooling effect, but %vegetation and %water make no
contribution. There was a wide variation between LU types in the variance in LST, that was
explained by %impervious surface, ranging from a maximum of 85% in the mixed LU type to
63% in the industrial. This suggests that while the areal percentage of impervious surface is a
dominant control on the magnitude of the cooling effect, other factors such as the thermal
properties of the impervious materials used or the geometry of the urban environment (dealt with
in the next section) may also be influential. In the recreational LU type, LST, was well explained
by the increase in %vegetation, accounting for 72% of the variance, while %impervious surface
and %water made no contribution.

Table 5
Results of stepwise regressions between LST, and the areal percentage of LC types, for each LU type.

LU type Industrial Transportation Recreational Residential Mixed
Model# B 1 1 1 1 1
Constant .016 127 -572* -131 -.155
%Vegetation -4.253**

%impervious  -.627** - 716** -2.941** -3.656**
%Water

R? .627 .769 721 .763 .852

F 18.059** 54.894 ** 42.520** 43.052** 82.282**
R?change

F change

N 30 15 42 45 33

Note. **=p < .01, *=p <.05.
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4.6 Relationships between LST and urban geometry

Figure 7 uses a sample area of central Dubai to demonstrate how LST varies in response
to the distribution of buildings. To quantify this effect, data from the 116 communities were used
to examine the relationships between LST (for the year 2011) and each of the four urban
geometry variables (average building height, building height variation, building density and
%shading). Bivariate linear regression revealed that LST had a significant negative relationship
with all variables (Table 6). The weakest correlation was between LST and building height
variation, with stronger relationships for building density and average building height. The
highest correlation was between LST and %shade. The results of the shadow analysis suggest
that 17km? of the land surface was shaded by buildings at the time of 2011 Landsat image
acquisition (4.3% of the total urban area). Figure 8 shows that the shade cast by buildings varies
considerably depending upon building height and density and comparison with Figure 7

illustrates how variations in shading influence the detected LST.

Table 6
Correlation between LST and urban geometry variables.

Variable

Average building Building height Building density %Shade
height variation
LST -.561 -.237 -.426 -592

Note. N= 116, all correlations are significant at the 0.01 level (2-tailed).
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Figure 7. Sample area from central Dubai city demonstrating the correspondence between LST (from
2011 Landsat data) and building distribution, demonstrating the cooling effect of dense urban areas. The
white lines show the boundaries of the community areas which were used as sampling units for analyzing
relationships between urban geometry variables and LST. The red square on the inset map of Dubai
emirate shows the position of the sample area used in the main map.
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Figure 8. Sample area from central Dubai city (same area as Figure 7) showing the shade cast by
buildings and variation in building heights.

5. Discussion

The transition of the desert environment to anthropogenic LC types has resulted in
substantial changes in LST in Dubai. Since 1990, the desert sands have been transformed into
impervious surfaces, vegetation and inland water as a consequence of population increase,

economic prosperity and government policy (see Nassar et al., 2014 for detailed discussion of
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these issues). By comparing LC across the urban area of Dubai in 2011 with the same area in
1990 we have demonstrated that impervious surface cover has increased from 14 to 64%,
vegetation from 1.5 to 4.7% and water bodies from 0 to 0.2%. This increase in anthropogenic
land cover has occurred at the expense of desert sand which is the main natural land cover across
the emirate. This is quite different to other desert cities in the region such as Muscat in Oman
(Al-Awadhi, 2007) and Doha in Qatar (Al-Manni et al, 2007) which have experienced a decrease
in vegetation cover with increased urbanization.

In this study the LST of natural desert areas was set as a benchmark to provide a
comparison for the LST of the anthropogenic LC types that have been introduced via
urbanization in Dubai. The desert consistently had the highest LST during the 21-year study
period and there has been a systematic decrease in the LST of urban zones that were under
development (between 1990-2001 and 2001-2011). The zones that were fully developed in 1990
or 2011 showed only a small variation in LST by the following sample date. These findings have
allowed us to quantify the development of the UHS during a rapid phase of urban growth. It is
worth noting that previous work has demonstrated that diurnally the maximum UHS effect
occurs at the time of maximum temperature during the afternoon (Carnahan and Larson, 1990)
therefore our measurements from Landsat images acquired during the morning are likely to
underestimate the magnitude of the UHS. Our findings provide valuable evidence of the spatial
variations in the UHS within the city and the temporal variations in response to urban growth. It
should be noted that values of LST have been found to be higher than air temperatures at the
same location, though with similar temporal trends (Coutts and Harris, 2012; Yuan and Bauer,
2007), meaning that air temperatures experienced by the residents of Dubai are likely to be lower

than the LST values reported here.
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Our statistical analysis (Table 4) revealed that vegetation cover percentage explained
32% of the variance in the cooling effect during the study period. Vegetation increases latent
heat loss through the evapotranspiration which in turn generates a temperature decrease on and
above the vegetated surface (e.g. Voogt and Oke, 2003). This cooling effect of urban vegetation
is consistent with previous studies of other cities in desert environments (e.g. Lazzarini et al.,
2013). However, water bodies made no significant contribution to cooling in Dubai which is
probably explained by the very small amount of water in any of the urban zones.

The increase in the percentage of impervious surface over the study period has also
contributed to the UHS, accounting for 11% of the variance in the cooling effect. It is feasible
that the daytime cooling effect of impervious surfaces such as buildings, pavements and roads
might be due to differences in specific heat capacity between construction materials and
surrounding desert sands. Indeed, it is the case that published values of specific heat capacity for
typical construction materials such as asphalt, aluminum, concrete and bricks (920, 897, 880 and
840 J/kgK) are higher than that for sand (835 J/kgK) (Physics Hypertextbook, 2014). This would
indicate that for a given input of energy the temperature of desert sand would show a larger
increase in temperature than the impervious urban surfaces. It has to be noted that the observed
rate of increase in LST in response to solar radiation input may also be influenced by other
factors such as surface reflectivity, thermal conductivity and surrounding materials or objects.
Nevertheless, it would appear that the higher specific heat capacity of urban materials may have
some contribution to the UHS in desert cities and this is worthy of further investigation.
However, the present study has demonstrated that the magnitude of the UHS effect in Dubai is
significantly influenced by urban geometry. In particular, LST was negatively correlated with

average building height and percentage of shade (Table 6) because taller buildings provide
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greater shadow which reduces the amount of solar energy reaching the land surface (e.g. Kato et
al., 2010).

The combined influence of heat capacity of urban materials and urban geometry on the
UHS effect has been recognized in other cities (Erell and Williamson, 2007; Yang et al, 2016),
yet the relative contribution of these factors has been more difficult to assess. In this study, the
relative contribution of the heat capacity and urban geometry towards the UHS in Dubai can be
assessed when we investigate the temporal changes in anthropogenic LC and the magnitude of
the cooling effect in the individual LU types. Figure 9 shows that all the different urban LU types
have experienced some cooling throughout the study period and the cooling effect has increased
as the percentage of anthropogenic LC has increased. This figure also demonstrates visually how
LU types containing vegetation have a proportionally larger cooling effect than those LU types
that contain only impervious surfaces. Nevertheless those LU types with only impervious
surfaces (industrial and transport) do show the cooling effect and this increases as the percentage
cover of impervious surface increases through the study period. Because vegetation is present in
much smaller amounts than impervious surfaces in most LU types, our statistical analysis (Table
5) shows that the dominant influence on cooling in industrial, transportation, residential and
mixed LU types is the amount of impervious surface cover. Such findings concur with those of
Frey et al. (2007) who found that in desert cities even industrial urban areas with no vegetation
and water coverage had lower LST than the surrounding desert environment. This is the case for
both transportation and industrial LU types in Dubai where both have negligible vegetation
coverage (<0.23%) and low buildings heights, so shading is minimal, yet they still show a
cooling effect. Therefore, it is likely that the UHS in these LU types is attributable to the thermal

properties of impervious surface materials such as specific heat capacity. As similar materials are
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used in all of the LU types then their contribution to the UHS effect is likely to be ubiquitous.
However, the UHS is considerably enhanced in the residential and mixed LU types due to

shading by taller buildings.
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Figure 9. Changes over time (1990, 2001 and 2011) in the percentage of anthropogenic land covers
(impervious surface, vegetation and water) within each land use type and the magnitude of the associated
surface cooling effect (LST,). The figure is best viewed in landscape orientation.
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The findings of this study call for some consideration of what aspects of the urban
surface energy balance are actually being measured from a satellite’s perspective. This issue has
previously been recognized by Voogt and Oke (2003). In the present study, the shading analysis
raises questions about the measurement of albedo, the physical property of a surface which
describes the fraction of total incoming light that it reflects. In this study, and many others,
Landsat waveband reflectance is used to estimate albedo, but surface reflectance is calculated
assuming the same amount of incoming radiation across the whole scene. For ground areas that
are shaded by buildings this assumption is invalid, so we must be underestimating reflectance
and therefore underestimating albedo. Indeed, Frey and Parlow (2009) used radiation modelling
to show that shading in dense urban areas can reduce estimates of albedo by up to 50% when the
solar incidence angle was low in winter. So from a satellite perspective, we are not estimating the
albedo of all areas of the land surface in the urban area, but deriving an estimate of the overall
albedo of the wider urban area which Frey and Parlow (2009) term a nadir-view ‘regional’
albedo. This may explain why our measurements of albedo from Landsat show a decrease in
albedo with urbanization, in that the decrease is likely responding to the increase in shading in
urban areas in addition to the decrease in the albedo of the actual urban surfaces relative to the
highly reflective desert sands. This, in turn, may provide a rationale for our observation that LST
decreases despite albedo also decreasing with urban development.

Given the above discussion it is also important to consider the measurements of urban
LST derived from Landsat, which are probably best described as nadir-view ‘regional’ surface
temperature. The ‘regional’ term explains that observations are made of both illuminated and
shaded surfaces, while ‘nadir view’ notes that the thermal imagery does not detect radiation

being directly emitted from the vertical sides of buildings, which may vary between the extremes
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of being directly illuminated with higher surface temperatures and in shade with lower
temperatures. Therefore it could be argued that this is a limitation of using thermal imagery from
satellites to understand surface temperatures in urban environments, as not all surfaces are being
measured. As building heights increase, the proportion of vertical surfaces that are not imaged
from nadir will increase and this may introduce inconsistencies when comparing surface
temperature measurements across low-rise and high-rise urban areas. In their study of complete
urban surface temperatures Voogt and Oke (1997) commented on the proportions of ‘seen’ and
‘unseen’ surfaces noting that (vertical) walls made up 28% of active surfaces in light industrial
areas (with horizontal surfaces, including rooftops, making up the remaining 72%) but 54% in
downtown areas containing high-rise buildings. The nadir-view ‘regional’ surface temperature
provided by Landsat and similar systems does offer the great benefit of being able to cover a
wide area and it would be very difficult to obtain temperature measurements of an entire city by
other means. Nevertheless, the issues raised here suggest that further research is needed to fully
understand the advantages and limitations of satellite-based measurements of urban surface
temperature and albedo.

The discussion of the remote sensing methodology and radiation interactions within
urban structures provides some basis for considering the possible mechanisms that generate the
observed UHS. The explanation could be partly due to differences in heat capacity, as discussed
above, where urban materials require more energy input to raise their surface temperature.
However, urban geometry is also likely to be influential. During most of the daytime, solar
radiation will be impinging on the illuminated sides of buildings at a lower incidence angle than
it will when reaching largely horizontal desert surfaces. So the same amount of energy will be

distributed across a larger surface area on the sides of the buildings, thereby reducing surface
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temperatures. In addition, the three dimensional urban environment has a larger total surface area
than the planar desert surface and while both receive the same solar input, the urban environment
has greater capacity to emit thermal radiation and thus reduce surface temperatures, effectively
acting like a heat sink on a computer processor. So the greater emissions combined with the
effects of the low incidence angles on illuminated building sides, the areas of shadow this creates
and higher specific heat capacity of urban materials may produce the heat sink effect relative to
the desert observed in the Landsat thermal imagery. Clearly, the validity of this mechanism and

the relative contribution of the different processes are worthy of further investigation.

6. Conclusions

This study has demonstrated how the development of the desert city of Dubai has
generated an overall cooling effect. All types of urban LU generated a lower LST than the desert
and there was an increase in the spatial heterogeneity of the UHS within and between different
LU types as the city developed. This study has presented useful evidence concerning the relative
influence of vegetation and impervious surfaces on the UHS in desert cities, which has been
subject to some uncertainty (Frey et al., 2007, Imhoff et al., 2010; Lazzarini et al., 2013). Where
urban vegetation was planted LST reduced substantially and the amount of vegetation cover is an
important influence on the UHS, but impervious surfaces dominate the urban area of Dubai and
are responsible for the majority of the heat sink effect. Albedo, as measured from Landsat, is
positively correlated with LST and therefore appears to not be causally related to the UHS effect.
However, it was found that urban geometry was related to the magnitude of cooling of LST,
particularly through the effects of shadows cast by buildings. The urban geometry has
implications for the remote sensing of urban albedo and LST which warrant further investigation

and future research on the effects of LC transitions and type of LU on LST within desert cities
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will be valuable. In particular, a deeper understanding of the interactions between the thermal
properties of construction materials, urban vegetation and urban geometry is now needed. This
has potential to inform future urban designs which promote the thermal comfort of residents and
minimize energy demands for active cooling of built infrastructure and transport systems in

desert cities.
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