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Abstract
The derivations of climate change on cities and their activities depend on their
capacity for adaptation and mitigation. In this sense, it has long recognized
the influence of cities on their own climate, which is typically warmer than the
surrounding. This phenomenon called urban heat island (UHI) has a number
of impacts on air quality, water demand and energy. Since the fourth IPCC
assessment report indicates the need for urban centers devoting efforts to
adaptation to reduce the risks of direct and indirect impacts of climate change.
The same organization recognizes the urban planning as a tool to seek such
order. However, it also recognizes that the current scale of climate models
cannot provide a representation of urban areas. This paper explores the intensification of the UHI, its relationship with urban expansion and its impact on
housing in the city of Mexicali, B.C. Its aim is to determine its impact and mitigation potential through analysis and modeling of urban structure, expressed
in use and land cover, as well as the implementation of mitigation strategies.
The results show on the one hand, the convenience of using dynamic modeling as a tool applied to urban planning with a focus on mitigation and adaptation to climate change. Furthermore, regarding the implementation of strategies, the results show that most efficiency is obtained when applied generally,
this is, considering green and cool roofs, cool pavements and afforestation as
part of urbanization process, otherwise, only partial results are achieved. Overall, housing land use has significant potential to mitigate the UHI in the city.
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1. Introduction
The urban expansion experienced by cities, is associated with numerous enviDOI: 10.4236/ajcc.2017.61002 February 7, 2017
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ronmental problems, one of these is the Urban Heat Island (UHI). Defined as
the temperature difference between the urban area and its surroundings, it is the
result of two different but related processes; the first and most important,
changes in land cover as a result of the urbanization process that transforms
materials with impervious surfaces such as asphalt and concrete. The second refers to activities in the city mainly transport and industry due to thermal emissions that contribute to urban heating [1]. The issue is increasingly important
because of the global trend towards urbanization and sprawl of cities, also because the UHI has direct implications for air quality, public health, energy management and urban planning. Reasons why this issue has become one of the major environmental challenges related to the urbanization process, since the temperature rise associated with UHI tends to exacerbate the problems are mentioned above [2]. Besides, it is on the core issues identified when the issue of mitigation and adaptation to climate change is approached from an urban focus.
Currently, most studies on UHI have taken place in densely populated cities,
located in temperate and subtropical climates [3]. In contrast, cities located in
desert ecosystems have been studied very little [4]. Such studies are even scarcer for
the deserts of North America having extreme aridity, with the exception of cities like
Las Vegas, Phoenix and Tucson in the United States [5]-[10] and more recently in
the city of Mexicali in Baja California, Mexico [11] [12] [13]. Overall, the researches
on the subject have mainly focused on the identification and analysis of the thermal behavior within urban areas, and the establishment of mitigation strategies.
In this regard, Akbari establishes the principal strategies to mitigate the effects of
the UHI, increasing the Albedo roofs and floors, and urban reforestation [14].
However, addressing the issue of ICU mitigation and adaptation in the urban
planning process is limited only to the definition of strategies, which demonstrates the relevance of integrating strategies into the planning process. In this
sense, this research determines the potential of the current urban structure of the
city to implement those strategies. The proposed method was developed in a simulation context, considering the current and future spatial organization of the
city, also land cover and type of buildings.
The Valley of Mexicali, in Baja California (Mexico), located at 32˚38' north
and 115˚20' west, has the distinction of being a border region contiguous with
the State of California in the United States. The whole region belongs to the
Physiographic Province of the Sub Colorado River Delta in the Sonoran Desert.
As a result, the region has a very arid climate, only 75 mm of annual rainfall and
extreme temperature conditions: maximum temperatures exceeded 50˚C in
summer and minimum temperatures below 0˚C in the winter.
Mexicali founded in the early twentieth century on a floodplain, which contributes to heat transfer, is very uniform. The census of 2010 states the city covers an area of 14,890 hectares and has a population of 689.775 inhabitants, resulting in a density of 46 inhabitants per hectare, showing a city expansion horizontal. The urban fabric is organized into six zones; this characterizes the spaces
of the city from the functional point of view and land use. The distribution of
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land use is predominantly residential with 56%, industrial use accounts for 7%
and the commercial and services 6%, meanwhile the use intended for urban facilities (that includes public parks, schools and other public buildings) corresponds to 8% of the urban area, in terms of conservation only 1%; another important use is for streets and infrastructure that covers 15% of the city, and the
remaining seven percent is for mixed use (commerce-services-industry).
In the last three decades, the city underwent a demographic and economic
boom due to growth in manufacturing currently has eleven industrial parks with
a total of 1164 manufacturing firms, using 825 hectares of urban land; most of
these industrial parks were built in the 1980s in what used to be farmland on the
outside of the city. However, the expansion of the city in the following decades
caused the industry will be immersed in the city; situation that caused that industrial buildings contribute to increased temperature by their construction
characteristics and their emissions [15] [16] [17].
In contrast, the city has about 140 hectares of public green areas, surface
representing an allocation of 2.1 m2 per inhabitant, while the national legislation
provides 10 m2 per inhabitant and the World Health Organization sets 9 m2 per
inhabitant; therefore, there is a significant deficit [18]. Accordingly, it can be
seen that the effects of urban areas with high thermal emission are spread
throughout the city. In contrast, areas of low thermal emission or thermal sinks
represent a minimum area compared to other land-use.

1.1. Study on the Urban Heat Island
The first approach to the UHI of the city took place in 1996 through a study using satellite images (NOAA AVHRR), the results of this study show a series of
islets high thermal emission matching the industrial, commerce and service,
which are areas of high degree of urbanization in the city [19]. Later García-Cuetousing NOAA AVHRR and Landsat ETM+ images and air temperature measures, analyzed atmospheric and surface UHI and its relation to land use. The results confirm the existence of a surface UHI by comparing the city with its surroundings, as well as identifying important thermal contrasts within the city and
the development of a night UHI [13]. The largest temperature contrasts are observed in this study with greater than 40˚C between the urban area and the surrounding agricultural area values, that in the months of July and August. Two
years later, the same author using a database from 1950 to 2000, in temporary
and spatial analysis of the air temperature in the urban canopy of the city and its
surroundings; in this study, it was demonstrated the presence of a mass of warm
night air in urban air, where the maximum difference between the city and its
surroundings occurs in winter with a value of 5.7˚C [12].

1.2. Mitigation of Urban Heat Island
The main mitigation strategies are: reforestation, green and cool roofs and cool
pavements. Its application reduce the effect of the UHI, also saves energy and
greenhouse gas emissions are reduced, contribute to reducing risks to public
health, without forget the aesthetic value of the urban green spaces. So these
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strategies must become essential components of the current process and future
development. This requires assessing the city and its planning instruments
through the relations between land use, land cover and surface temperatures.
Detailed analysis of these interactions allowed an approach to the first urban
planning schemes with a focus on climate change adaptation.
Increase green spaces inside the city are an important mitigation measure [20]
[21]. In addition to functioning as a filter against the wind currents, also intercepting solar radiation before being absorbed by the impervious materials of the
city, helping to reduce the air temperature between 1.6˚C and 3.3˚C by evapotranspiration (Meredith, 2004). At the same time, vegetated areas contribute to
groundwater recharge and with evapotranspiration controls the rise of surface
temperature, which also happens in the case of green roofs [22].
Meanwhile fresh or reflective roofs are those using materials that have two
important properties a high albedo and emissivity or thermal emittance. Both
strategies are identified as the most effective to mitigate the UHI [23]. Increase
the albedo on roofs as a mitigation strategy is important, given the size of the
city that corresponds to the roofs; therefore, it is logical to consider options for
reducing the thermal load on them. For example, an increase in the albedo 0.07
on surfaces of buildings and roads can decrease by up to 2˚C ambient temperature [24] [25]. Estimates indicate that by reducing the solar radiation absorbed
by roads and parking lots from 90% to 65% the peak air temperature can decrease by 0.6˚C [26].
Green roofs refer to the roofs with vegetation, which provide shade and reduce the temperature of the surrounding air through evapotranspiration; besides
reducing the thermal load of the building. Another advantage observed in green
roofs is their property of thermal mass, because the inner surface temperature is
increased after time compared to the other surfaces.

2. Method and Information
The methodological framework proposed has two main components; the first
one relies on the use of digital satellite images particularly the Lands at thermal
infrared band which provides clear information on the thermal variation, allowing having timely information and temporary ground cover and thermal behavior within the urban space. The temperature values obtained from the infrared
band, were used to establish the thermal characteristics within the city, its distribution and future conditions of the UHI, these were calculated based on the
different variants of urban fabric including the potential of mitigation, which
results in urban planning measures that can be evaluated in a simulation environment.
As a second component, dynamic modeling and simulation of scenarios were
used to analyze the process of transformation and growth of urban space, also to
assess the appropriateness and effectiveness of mitigation strategies-adaptation
to the UHI. Other authors state that numerical simulation models are useful in
assessing mitigation scenarios of UHI, the use of these models allows evaluate
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different scenarios quickly, making this tool a favorite in urban climatology [5]
[27].
Based on the above and given that the urban fabric can be synthesized as a
heterogeneous space composed of a variety of materials and surfaces, which
when exposed to sunlight heat up and these in turn heat the air that surrounds
them. The dynamic model developed is configured through the structure of the
urban fabric (land use and land cover), parameters that affect the temperature of
the city and translates into suitable variables to be treated in simulation context.
In synthesis, remote sensing was used to know the characteristics of urban space,
including its thermal behavior; and dynamic simulation to know changing conditions of the urban fabric in relation to the use and land cover and its influence
on temperature of the city.

2.1. Expansion, Characterization and Analysis of Urban Space
Mexicali’s urban expansion over the past three decades shows an example of an
urban model without restriction; in this period the city grew 11494.28 hectares,
an average of 387 hectares per year, this represents 77% of the current urban
area. The urban development plan indicates that in the period 1998 to 2004 the
urban area increased 39% and the occupancy just 22%, doubling the vacant area
from 12% to 28%. Table 1 shows the dynamic expansion of the city in different
periods [28].
As shown, the expansion of the city is heightened from the 1980s with an occupation of 9888.11 hectares, corresponding to 57% of the total area of the
present city. The pattern of expansion had the following characteristics: to the
south middle income housing developments, eastward middle and high income
housing; and to the west and southwest low income housing [28].
As a result of the urban expansion, the mix of housing and industrial activity
worsened, also the lack of infrastructure and urban services worsened, causing
potential hazards and conflict situations for the resident. Thus showing an incipient degree of integration of the city, a low land use and a distribution of the
population to the periphery of the city far from the areas of employment [29].
Table 1. Territorial expansion of Mexicali.
Periods

Area (hectares)

%

1900-1920

501.86

3%

1920-1940

792.46

5%

1940-1960

2077.00

12%

1960-1980

4219.57

24%

1980-1998

5558.96

32%

1998-2010

4329.15

25%

Occupied Area =

17479.00

100%

Source: Municipal planning institute of Mexicali.
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The current city limits are defined by three major areas located to the periphery. The First One is located southeast of the city known as Nuevo Mexicali,
as is shown in Figure 1, where the social interest housing complexes, industrial
parks, shopping centers and services predominate; in this side of the city is
where the new U.S. border crossing is located. The Second Zone at the south of
the city, near the Mexico and Xochimilco lagoons, where the predominant buildings are progressive and popular social housing with limitations in the provision
of infrastructure and public services. Finally, the Third Zone is located to the
west, aimed at developing progressive popular housing developments and some
social interest housing and industrial parks. Like the previous area, it has limitations in providing infrastructure, trade and services [30].
The relationship between land cover, land use and thermal behavior, is approached by the microclimate relationship expressed by the UHI (as result of the
thermal differences between artificial surfaces like pavements and roofs, and
green spaces and water bodies).
The following image (Figure 2) shows the formation of the UHI obtained
from a Landsat 8 in June 2013 image, it can be seen as the urban fabric of Mexicali contrasts with its surroundings by high surface temperatures, can also be
identified the main city park (interurban green space) or the sports city park and
the university campus they presents significant temperature contrasts with the
rest of the city.
Generally can be identified four main ranges of surface temperatures inside
the city, the first one between 27 and 34 Celsius degrees which represents 1.2

Figure 1. Stages of territorial expansion. Source: Municipal planning institute of Mexicali.
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percent of the urban space, basically it refers to the heat sink into the city; the
range of 35 - 41 degrees represents 13 percent of the urban area, the following
range between 42 and 46 degrees covers 84 percent of the city, show an homogeneous composition of the urban fabric resulting in a distribution of high temperatures, finally, the range of 47 to 50 represents 1.8 percent of the urban space,
and clearly identified in the industrial, commerce and services areas. It is shown
in Table 2.
The distribution of land use in the city predominates housing with 57%, followed by industrial use, commerce and services with 6% and the urban facilities
with 6% too, this one exclude the public green spaces that represents only 2%;
the mixed use (storage, industrial and commercial services) accounts for 5%,
meanwhile the intended for conservation represent only one percent.
In general, we can observe that the urban development plan sets the stage for
urban expansion, when considering a 210% to 2025 with an average annual
growth rate of 10% for each land use (Table 3). This shows that the current
model of urban planning encourages urban sprawl spreads, as opposed to the
current urban theory that pursues sustainability in compact urban environments.
As part of the land cover analysis, two procedures performed, the first one,
aimed to characterize the urban space using the following characteristics: common roofs; metal roofs; asphalt; bare soil (vacant land) and green spaces. The

Figure 2. UHI of Mexicali based on Landsat 8 images.
Table 2. Surface temperature ranges within the city.
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Surface Temperature

Coverage in the City

Range 27 - 34 (˚C)

1.2%

Range 35 - 41 (˚C)

13%

Range 42 - 46 (˚C)

84%

Range 47 - 50 (˚C)

1.8%
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Table 4 shows the summary of the results, as show over 70% of urban space is
covered by roofs and only 4.9% have a plant cover.
The second procedure was performed with the objective of having more information on vegetation cover in the city, for it was used the normalized difference vegetation index (NDVI) (Figure 3), like the previous characterization was
used a Lands at 8 image. The results found that the surface covered with vegetation in the city is higher than that identified with the supervised classification,
because the NDVI identified small green spaces like: private gardens and street
vegetation.
To know more about the distribution of green spaces and its relationship with
the land use, was established an indicator that relates both variables to define the
green patterns of the city. The NDVI results show that residential areas are those
with more green area with 70.8% as a result of including private gardens, followed by urban facilities with 16.9% in which the public green spaces are included. It is important to highlight the low vegetation cover for industry, commerce and services; which generate higher thermal emissions. It is shown in Table 5.
Furthermore, by comparing the results of the NDVI with the UHI, we found
that only the consolidated green spaces have an impact on the surrounding
Table 3. Land use and land reserve to year 2025.
Land Use

2004

%

2025

Reserve to 2025

Housing

8452

56.86%

17,501

9049

Commerce & Services

821

5.52%

1969

1148

Industrial

900

6.06%

2188

1287

Urban Facilities

909

6.11%

1787

878

Green Spaces

299

2.01%

588

289

Infraestructure

91

0.61%

176

85

Vialidades Principales

2415

16.25%

4668

2252

Mixed (Storage, Commerce & Industrial)

794

5.34%

2063

1268

Conservation

184

1.24%

313

128

Total =

14,866

100%

31,251

16,386

Table 4. Land covers characteristics.
Land Cover

Area

%

Common Roofs

13218.30

64.1%

Metal Roofs

1416.60

6.9%

Asphalt

2106.36

10.2%

Bare Soil

2863.17

13.9%

Green Space

1003.05

4.9%

Total =

20607.48

100.0%
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Figure 3. NDVI characterization.
Table 5. NDVI and land use coverage.
Land Use

Area

%

Housing

754.5926

70.8

Commerce & Services

87.5410

8.2

Industrial

28.0698

2.6

Urban Facilities

180.0590

16.9

Mixed

14.8699

1.4

Total =

1065.1323

100.0%

temperature (heat sinks), this allows us to anticipate the final strategies and establish that consolidated green spaces (such as urban parks) have a considerable
environmental service in terms of mitigation and adaptation to the UHI.
In addition to the above, other studies such as those referred to by PericoAgudelo [31] in cities of Canada and the United States have shown that the urbanization process modifies the thermal characteristics of the city, because the
urban morphology in conjunction with artificial surfaces becomes heat collectors.

2.2. Construction of Mitigation-Adaptation Scenarios
Focused on the implementation of the strategies (green and cool roofs, cool
pavements and afforestation) and its relation to land use, are the guidelines followed to construct the mitigation and adaptation scenarios to 2030. In terms of
urban development means that it should be included systematically the strategies
in current and future buildings and in the development works (Table 6 and Table 7). This way of constructing scenarios allows us to evaluate the effectiveness
of each strategy in each land use and thus an outline of what could be a series of
urban public policies.
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Table 6. Mitigation scenario based land use.
Land Use

Escenario
2010

2015

2020

2025

2030

Housing

0%

25%

50%

75%

100%

Industrial

0%

25%

50%

75%

100%

Urban Facilities

0%

25%

50%

75%

100%

Commerce & Service

0%

25%

50%

75%

100%

Mixed

0%

25%

50%

75%

100%

Table 7. Mitigation scenario based adaptation strategy.
Strategy

Escenario
2010

2015

2020

2025

2030

Green roofs

0%

25%

50%

75%

100%

Cool roofs

0%

25%

50%

75%

100%

Porous pavements

0%

25%

50%

75%

100%

Cool pavements

0%

25%

50%

75%

100%

Afforestation

0%

25%

50%

75%

100%

The scenarios were simulated in STELLA® through a model that uses the characteristics of coverage and land use in the city. This allows us to estimate the
surface temperature under different land cover as follows:
Tvegetation × Avegetation + Tpavements × Apavements
+Troofs × Aroofs + Tmisc × Amisc

(1)

where, T is the temperature and A is the fraction of the total area. Thus surfaces
covered with vegetation present a surface temperature of 27˚C; those covered
with cool pavement of 38˚C; meanwhile cool roofs present temperatures of
35˚C, and green roofs of 29˚C. The profile of the UHI depends on how the air is
heated by the different surfaces of city, using cool coatings or vegetation allows
decreasing surface temperatures, having positive effects on the temperature of
the city.
The purpose of the model is to simulate the possibilities of mitigation and
adaptation of the current and future urban fabric under the aforementioned parameters, its main structure has the following elements:
• Land use and land cover,
• UHI mitigation strategies,
• Local climate change scenarios [32],
• Temperature increase by UHI [33],
• Temperature balance in relation to the use and land cover (focused on implementing strategies).

3. Results
Before showing the results, it is important to remember the purpose of the
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paper; this was directed to explore the incorporation of mitigation strategies in
to the city planning process. The following graphics show the simulation results
under the visions described in the construction of mitigation and adaptation
scenarios. The first graphic (Figure 4) show the potential of mitigation-adaptation
by land use, the performance of each strategy is also noted. Later, Figure 5

Figure 4. Mitigation and adaptation potential by land use.

Figure 5. Relation of urban expansion and potential area for mitigation.
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shows the relationship between urban expansion and adaptation potential;
meanwhile Figure 6 shows the temporal relationship in applying strategies, ultimately Figure 7 shows the relationship between urban expansion and adaptation temperature.

Figure 6. Temporal relationship of implementing strategies.

Figure 7. Relationship between urban expansion and temperature of mitigation-adaptation.
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Figure 4 shows the mitigation potential of each land use. At the same time, it
shows that strategies oriented to roofs are the most effective; they follow the
strategies on pavements and finally trees and vegetation cover. Another reading
to the above is that the surface of roofs of housing are much higher than those of
buildings for mixed use, while the surface of roofs of buildings of urban facilities
are very similar to those for trade and services.
The following graphics, shows on the one hand the UHI temperature trend
values and the mitigation-adaptation results, and on the other, the amount of
space used by strategy. The first thing to note, is the difference between the
temperature of mitigation-adaptation and the trend towards intensification
which exceeds six degrees; further, the important effect obtained from the beginning to 2019, then the temperature was stabilized until 2023 when has a slight
tendency to rise. This has some overlap with the curve of roofs and pavements
which also have a period of stability. It should be noted, as a result of simulation
it is from 2020 when 50% of the applied potential strategies; therefore, the behavior of the curve shows that is the first half when implementing strategies is
most effective.
Meanwhile the previous graphic, warns the direct relationship between urban
expansion (including potential and non-potential) and adaptation temperature.
Therefore, it can be considered even the urban expansion trend the city can
achieve lower the UHI.

3.1. Urban Planning, Mitigation and Adaptation to the UHI
Integrate UHI mitigation and adaptation as part of the urban planning process is
an ongoing challenge, for this reason it must be consider the importance of mitigation in the current situation and secondly, how mitigation actions can be
transformed into future adaptation strategies to be incorporated into the instruments for manage urban development.
In such a way, the issue of mitigation-adaptation of the UHI is articulated
with the urban development policy instruments, allowing incorporate the issue
in the urban agenda and its associated instruments, which in the case of Mexicali
ranging from the city’s urban development plan to construction regulations. Also reveals the need to think in an integrated way, combining physical aspects of
the environment with economic development issues and social welfare, especially in terms of vulnerability and climate resilience. In this sense, mitigate and
adapt the urban space to the UHI and climate change in generally is critical in
terms of sustainable development; therefore, the actions will be in the medium
and long term due to its complexity.
In contrast, the main mitigation strategies: cool roofs, cool pavements and
green spaces, are far from being a standard practice for urban development and
construction in the city. For example, cool roofs (referring to the reflective) are
identified in recent industrial buildings or warehouses which use sheet steel
roofs; meanwhile, cool pavements (outside of some new concrete streets) are
virtually nonexistent, all streets and parking lots were made with asphalt. In
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terms of green spaces, it is clear that there are fewer due to lack of maintenance.

3.2. Integration of the Results into the Planning Process
According to the above and as an outline of how to integrate the research results
into the process of urban planning. The following general criteria are established
for their integration.
When considering how significant is the 54% of the roofs area in housing
(Figure 8) allows us to observe that continuing with the same housing policy,
their roofs should have one of the two strategies (green or reflective roofs). The
influence of housing is similar to establish a policy for each of the remaining
uses. This without downplaying the impacts generated by other land uses, as
mentioned the industrial, commerce and services sector is where more the UHI
intensified.
Similarly happens in pavements, housing land use is the most representative,
allowing porous pavements (light traffic) as concrete pavements (heavy traffic
on main streets). Very similar to the previous strategy, the sum of the rest of the
land uses generates the same positive impact like housing use (Figure 9). However the issue of paving on the other land uses has other considerations, like high
traffic, which suggests that the only option for them is concrete.
Meanwhile green spaces offers different modes to be implemented, on one
side, housing represents 44% of the potential, on the other side, urban facilities
represents 33% (Figure 10). Both represent more than 75% of the city potential,
without underestimate the potential of other uses. However, the literature on the
subject states that a largest the green space will be more effective as a mitigation
strategy; hence the importance of green spaces for housing (from private gardens
to neighborhood parks). In the case of urban facilities, especially those close to
housing such as schools and community centers are important because together
form heat sinks.

Figure 8. Roofs strategy potential by land use to year 2030.
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Figure 9. Pavements strategy potential by land use to year 2030.

Figure 10. Green space strategy potential by land use to year 2030.

4. Conclusions
The results show the convenience of using dynamic modeling as a tool applied to
urban planning with a focus towards mitigation and adaptation to climate
change. Regarding the implementation of mitigation strategies against UHI, the
results show that it is more effective to apply across the city, and the highest effects are obtained in the medium term applying the 50% of the mitigation potential. Cool and green roofs in housing are the most effective due the surface
representing the city, followed by cool pavements and green spaces. However, it
is necessary to evaluate the advantages of continuing with the same density patterns as established by the urban development plan.
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The results also contribute to promoting the use of strategies in design, urbanization and building, in addition to providing evidence to support changes to
the processes of urban planning, as well as existing regulations of construction
and urbanization. As noted, the materials used in the construction of roofs and
pavements play an important role in relation to the increase of urban temperature. Therefore, it is important to focus on strategies that modify the surface
characteristics of the urban fabric, which offers the greatest potential for mitigating the UHI and updating the urban development policy and the construction
regulations, as part of the actions to mitigation and adaptation to climate
change.
The local scenario of climate change shows an increase in the maximum average of summer temperature up to 52.8˚C, for year 2080 [11] [32]; this increase
will intensify the UHI if not consider the strategies as part of the urban development policy. An additional advantage of the proposed method is the ability to
resize the model and add additional variables related to the urban environment,
this allows identifying other relations between the UHI and other morphological
or socio-economic characteristics, thus achieving a framework adaptive research.
In conclusion, the results contribute to establishing land use policies and building typologies; also provide inputs for climate vulnerability assessing of the city,
contributing to the process of adaptation to climate change in cities with arid
climate extreme.
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