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Abstract— This paper reviews some of the characteristics of
urban climates and the causes and effects of urban heat island
(UH]) issues in the tropical climate. UHI effect is a kind of heat
accumulation phenomenon within the urban areas due to urban
construction and human activities. It is recognized as the most
evident characteristic of urban climate. The increase of land
surface temperature in San Juan, Puerto Rico caused by the UHI
effect was influenced by the change of land use and material types
in construction. The impacts of daily temperature, surface albedo,
evapotranspiration, and anthropogenic heating on the near-surface
climate are discussed. Analyzed data and field measurements
indicate that increasing albedo and vegetation cover can be
effective in reducing the surface and air temperatures near the
ground. Some mitigation and prevention measures are proposed for
the effects of UHI, such as a flash flood warning system.
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I. INTRODUCTION

UHI began to be relevant decades ago when the cities
began to be megacities built without any environmental
planning, and when the trees and grass change to concrete and
asphalt. According to the United States Environmental
Protection Agency, an Urban Heat Island is created in
developed areas where the built surfaces absorb and retain
radiation from the sun. The impacts of Urban Heat Island
include increased energy consumption, higher concentration of
air pollutants, increase of air temperature level and flash flood.

Temperature is the most significant atmospheric
parameter in researches about the effects of the heat island.
Studies have documented that urban areas have air and surface
temperatures that are, on average, 1.8 — 5.4°F higher than
temperatures in surrounding rural areas, and there is potential
for up to a 22°F difference in more extreme situations [1].

According to the NOAA's National Centers for
Environmental Information (NCEI) average annual
temperature for Puerto Rico and U.S Virgin Islands has
increased by more than 1.5°F since 1950. Under a higher
emissions pathway, historically unprecedented warming is
projected by the end of the 21% century, including increases in
extreme heat events and increases in flash floods.

The 2009 U.S. Global Change Research Program report
entitled global climate change impacts in the U.S. illustrated
that the average mainland U.S. temperature has increased by
1.1 °C (2 °F) since about 1960, precipitation has increased by
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5%, and the frequency of heavy precipitation has also
increased by a factor of two. [2]

Another important aspect to be studied is the
evapotranspiration because the increase of impervious
surfaces prevent the movement of air and water which are key
in the cooling processes of evaporation and transpiration; and
create a typical ‘heat urban islands’ of warmer temperatures
while the green vegetation in the surrounding rural areas better
regulate surface temperatures.

This research is focused on finding the typical
characteristics of a city that develops UHI conditions. The
cities studied are San Juan and Gurabo located in Puerto Rico
northeastern, with just 20 miles away each one. Puerto Rico
strategically located in the Caribbean Sea where it is exposed
to atmospheric phenomena typical of climate change, from
extreme droughts, flash floods, rising sea levels, major
hurricanes and earthquakes. Figure 1.
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Fig. 1 Study Location.

The flash flood is a consequence of Urban Heat Island.
Most people consider that sudden floods are the product of
weather phenomena such as tropical waves trough even
hurricanes. Previous studies have shown that most of flash
floods are caused by anthropogenic behavior generally named
anthropogenic heat; which is generated by human activity and
comes from many sources, such as buildings, industrial
processes, change in the land use from pervious to impervious.
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Il. LocAL CLIMATE

The climate of the Caribbean is characterized as sub-
tropical with relatively dry winters and wet summers [3]. The
dominant large-scale atmospheric influence on the climate is
the North Atlantic subtropical high (NAH). The average
temperature at the San Juan, Puerto Rico station, last year was
80.74 °F. Figure 2 shows the annual temperature between the
month considered historically coldest of the year “January”,
and the hottest month of the year “september” in San Juan
City. Data of nineteen (19) years were taken for this analysis
(National Weather Service, 2019) [4]. The data reflects a
tendency to increase year after year.
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Figure. 2 San Juan, Puerto Rico annual temperature (°F) 2000-2019

I11. STUDY LOCATION

The study UHI is based on the premise that significantly
warmer surface temperatures exist in urban settings as
opposed to their surrounding rural areas. To make sure that
this premise is correct for the Puerto Rico case, seven
locations have been selected, which cover the island (Figure
3).
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Figure. 3 Study locations, Puerto Rico.

For this research the main parameter to consider in the
problem definition is temperature. Data with more than five
decades were used to study the changes in temperature
between the urban area and the rural area. San Juan, the capital
of Puerto Rico Island is considered an urban area, due to the
increase in the homes and buildings construction as well as its
large population. Although the population decreases over the
years, its average surface temperature continues to increase.
The number of residents in the city decrease from 428,800 in
1957 to 321,000 in 2019.

On the other hand, the city designated as a rural area is
Gurabo, Puerto Rico. It is located at 20 km from San Juan. It
had a population of 16,000 in 1957, nowadays Gurabo has
46,000 residents. [5] Figure 4 shows the temperature
difference between urban and rural areas. The data was taken
from 1957 to 1967 in each station and display an average
difference of temperature of 2.62 Fahrenheit degrees.
Furthermore, the same comparative analysis was carried out
for the years between 2008 and 2018 (see Figure 5). For the
last year 10 years, the difference between temperature increase
was around 3.46 Fahrenheit degrees.
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Figure. 4 Difference of temperature (°F) between urban vs rural areas (1957-
1967)
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Stations located in San Juan, Puerto Rico and Gurabo,
Puerto Rico show that both period 1957-1967 and period
2008-2018 temperatures are on the rise in heavily urbanized
areas where there is a conversion of natural vegetation to
urban dwellings.

Another way to verify the existence of heat islands is to make
a parallel analysis of urban area temperature behavior as it
moves away from its center and approaches a rural area. As
shown in Figure 6. the fist station away from the urban
location is Rio Piedras, located at 6 km, the next station is
Trujillo Alto, at 12 km from San Juan, Puerto Rico and the last
is Gurabo, Puerto Rico, considered as rural area located at 20
km from San Juan, Puerto Rico. A NASA study found that in
the summer months the temperature in New York was on
average 6 (°F) higher than in the surrounding area.
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Figure. 6 Location stations San Juan- Rio Piedras — Trujillo Alto and Gurabo,
Puerto Rico.

Studying the climate in Puerto Rico is very important
because it is in the tropics. The countries in the tropical
climate are occupying approximately 40 percent of the land
surface of the earth, the tropics are the home to almost half of
the world’s population and supports more lives and economic
activities in the region. The first and most straightforward
negative impact of tropical climate is its relatively high
temperature and relative humidity, which may cause thermal
discomfort and make the tempo of life slower in the region.

The region between 15° to 35° latitude north and south is
where the greatest amount of solar radiation is received,
Puerto Rico located in the latitude 18, optimum to receive a
great proportion of diffused radiation due to high humidity and
the cloud cover in the region.

Considering the temperature average during the last 55
years in the urban area San Juan, Rio Piedras, Trujillo alto and
Gurabo Puerto Rico. San Juan shows the highest values
compared to the other stations, during the 12 months of the
year, even with temperatures higher than Rio Piedras

nowadays considered part of San Juan due to urban expansion,
where suburban areas become urban. Also, it is observed the
tendency that the coldest months during the period studied are
the months of January and February and those with the highest
temperatures are august and September. The latter match with
the peak of the hurricane season, where the temperature on the
surface of the Atlantic Ocean is at its highest and optimum
level for the formation of more powerful hurricanes. (Figure
7).
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Figure. 7 Average temperature (°F) using data of 55 years in 4 stations

Other analyses of temperature found warming in the San
Juan, Puerto Rico area, with a trend of 0.09%/yr from 1957-
2012. This result was obtained using the temperature data of
fifty-five years ago. Figure 8 shows the projection for the
month warmer September, it is observed that, although there is
a difference in some years, after each decade this projection
must be more accurate.
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Figure. 8 San Juan temperature real data and projection (°F)

Rosenweig et al. (2006) analyzed the New York city heat
island effect model by taking six case study areas and tested
the mitigation strategies. They found that vegetation helps to
keep surfaces cool more effectively than increasing the albedo.
But they suggested that in order to reduce the temperature in
New York city, replacement of low albedo materials with high
albedo light-colored materials will work great as 64% of the
surface area of the city can be replaced easily [6].
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Sailor (2006) describe that the urban heat island effect
mitigation can be done in two ways. One is by increasing the
albedo of the urban surface and the other is by increasing
evapotranspiration. On the other hand, white materials which
have albedo greater than 0.60 instead of black materials
having albedo of 0.05 to 0.10 can be used as roofing materials,
they found that the roof temperature dropped by 25 °C for 0.60
albedo compared to that of 0.20 albedo. More solar radiation
could be reflected if the road and highway pavements were of
high albedo materials. white cement mixtures can be made for
which the albedo should be higher than the most reflective
gray cement mixtures. However, use of high albedo materials
for roads and highway pavement may not be so much effective
because of the skyview factor. Even if, it is used, some of the
reflection will be intercepted by the buildings surrounding it

[7].

IV. EVAPOTRANSPIRATION AND NET RADIATION

Some of the characteristics can be sorted into the four

main causes of heat island formation: reduced
evapotranspiration increased heat storage, increased net
radiation and increased anthropogenic heat.
Lack of vegetation and increase of surface impervious cause a
reduction in the evapotranspiration. Low solar reflectance and
increased levels of air pollution foment increases in net
radiation. Evapotranspiration is energy transmitted away from
the Earth’s surface by water vapor and this is a process plants
use to keep cool and it increases when there is more moisture
available. On the other hand, net radiation encompasses four
separate radiation processes taking place at the Earth’s
surface. Net radiation = Incoming solar — Reflected solar +
Atmospheric radiation — Surface radiation. The first term in
the equation is related with the amount of energy radiating
from the sun. This varies according in Puerto Rico mainly
with the time of day, the amount of cloud cover and the
atmospheric pollution levels. The second term reflected solar
is directly related with the “albedo”, which is the amount of
solar energy that bounces off a surface. With higher albedo,
the greater the amount of reflected energy. The third term is
heat emitted by particles in the atmosphere, such as clouds,
pollution and Sahara dust and the last term surface radiation is
heat radiated from a surface itself. A relatively warmer surface
radiates more energy to its surroundings, this last is the case of
San Juan city north Puerto Rico area. In 2002, the north area
city had approximately 70% impervious surfaces cover, 13%
grass area and 16% tress surfaces [8].

Meanwhile, solar heat absorbed by buildings during the
daytime and emitted in the form of longwave radiation at night
is also a major concern in cities where the urban heat island
(UHI) effect can be produced by such heat being emitted from
densely placed buildings.

A comparative study for evapotranspiration and net radiation
was successfully accomplished, as part of the evidence to
determine the heat island effect, using GOES satellite data, the
ground level, 1 km resolution net radiation, evapotranspiration
and rainfall parameters became available in Puerto Rico in
march 2009 [9]. The next Figure 9 shows that during the last
10 years, evapotranspiration measures have been higher in the
area designated as rural, the difference between rural and
urban is very significant, and this evidences a tendency to a
separation that increases with time.
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Figure. 9 Evapotranspiration (mm) urban vs rural area (2009-2019)

Net radiation collected by an urban setting is generally
greater than that collected in a rural area. The difference is due
to many factors, for the Puerto Rico case, exists lower solar
reflectance of wurban materials and restrictive urban
geometries. Another significant factor, even though it
occasionally happens, is the pollutant due to the Sahara dust.
However, the difference in net radiation between urban and
rural areas is not significant. A possible little difference is
observed in Figure 10 where the urban area has higher values.
During the 10 years of study, an average of 0.6656 MJ/m2/day
represents the difference in net radiation. Excessive solar
radiation in San Juan area can affect the thermal conditions of
buildings in two principle ways. The direct way is through
openings of buildings which may heat up the interior surfaces
and absorption by building fagades and eventually transferred
into interior space through conduction is the indirect way
which can also increase heating effects indoors.
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Figure. 10 Net radiation urban vs rural area (2009-2019)
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V. SURFACES AND MATERIALS

Buildings’ volume, orientation and the aspect ratio of the
spaces between them affect the exposure of urban surfaces to
the solar radiation. The concentration of concrete structures
without green surfaces between them increases the air
temperature of urban areas. In this case study, the
concentration of buildings is significantly higher in San Juan
than in Gurabo, Puerto Rico (see Figure 11). The grey plots
perform the building in each city. At first glance, it is observed
that there is a greater amount of building structures in the city
of San Juan. The city of San Juan has 3 times more building
structures than the city of Gurabo. The city of San Juan has
127.98 km2 of the surface area of which 15.89 km2 are of
building structures. On the other hand, the city of Gurabo has
73.22 km2 of which 3.33 km2 area of buildings.
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Figure. 11 Building structures San Juan vs Gurabo, Puerto Rico.

Some construction materials have properties that tend to
exacerbate the heat island problem. Two material properties
are important to heat storage: thermal conductivity and heat
capacity. Materials with high thermal conductivity tend to
conduct heat into their depths. Materials with high heat
capacity can store more heat in their volume. A combination
of these properties, called thermal diffusivity, is an important
indicator of how easily heat can penetrate a material. Thermal
diffusivity is found by dividing a material’s thermal
conductivity by its heat capacity. Rural areas tend to be
composed of materials of lower thermal diffusivity, while
urban areas have higher diffusivities. This enhances the

storage of heat during the day and its slow release at night
[10].

Another significant material characteristic is the albedo.
Urban areas are considered with a low albedo, while rural
areas are considered with higher albedos. Most urban

materials reflect less incoming solar energy than materials
commonly found in rural areas. Figure 12 shows differences
of temperature between two widely used materials in Puerto
Rico, such as asphalt and concrete at 14:00 hours of a spring
day.
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Figure. 12 Asphalt (ieft) vs Concrete (right) May temperatures (°C)

The asphalt shows temperatures that reach 61 fahrenheit
degrees; compared to the temperature of the concrete that
decreases by almost 20 degrees (°C). This demonstrates that
under normal conditions, in a country like Puerto Rico where
the solar radiation received throughout the year is constantly
high, the roads built on asphalt should be changed to another
material such as concrete, where heat emissions decrease
considerably.

Commonly in urbanized places, two prominent materials
have low values of solar reflectance: asphalt paving and built-
up roofing (black roofs). The prevalent use of these materials
lowers the overall solar reflectance of communities. Some of
the characteristics of the materials commonly found in urban
and rural areas are presented in Table 1, where the specific
heat capacity and albedo are important features when
reference is made to UHI.

Table |
Materials characteristics

Material Thermal diffusivity Albedo
(mm?/s)
Asphalt 1.017 0.04
Concrete 0.677 0.22-0.55
Wood 0.26 0.15
Grass - 0.25
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During the winter months, the trend is preserved, figure
13 was taken in February considered the coldest month of
Puerto Rico, the asphalt continues to maintain its temperature
levels well above the temperature emitted by the concrete, for
this case, the difference in temperature of the materials was
around 10 degrees (°C).
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Figure. 13 Asphalt (left) vs Concrete (rig

Some of the characteristics of cities with UHI effects are
the increase in impervious areas, where land use, such as
natural, grass or trees, has been changed to parking lots and
roads. These changes have increased flash floods in cities,
leading to major economic disasters and human losses. A
personal flood alert system is being proposed as a mitigation
method for this type of event.

VI. FLOODING AREAS

Floods are the most frequent disaster type and cause more
humanitarian needs than other natural disasters. One of the
effects of the UHI is the flash floods, there was a consequence
of the increase of the impervious areas. The use of new
technologies with higher accuracy and covering areas missed
by the radars, are important for flood warning systems efforts,
and for studying and predicting atmospheric phenomena [11].
Almost 90% of all-natural disasters in the United States lead
to flooding and 20% of all flooding claims happen in low to
moderate flood risk areas [12].

This information is important when judging where to live.
Home insurance doesn’t cover anything that isn’t attached to
the house. Insurance policies for cars for example that are the
most affected by flooding since most of them are outside must
have specific insurance called comprehensive insurance. This
system not only can save a family’s pocket and vehicle, but it
can also save lives by notifying them of the flash flood

occurring in the area. In addition, it can help gather
information about the flood in the area of the disaster.

An island such as Puerto Rico whose area is 13800 km?,
where 1488 km? are prone to flooding with a recurrence
period of 100 years. About 11% of the Puerto Rico total area
will enable major flooding, Figure 14.
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Figure. 14 Puerto Rico probability 100 years of flooding

Unfortunately, the worst flood disasters in Puerto Rico
have not been due to major events. Contrarily, many of these
events don't reach a recurrence period of 5 years. As was the
case of precipitation that occurred on September 19, 2011, in a
parking lot located in Puerto Rico western area. A
Precipitation of 110 minutes caused great damage to many
vehicles and floods in a significant number of storehouses in
Mayaguez city. Figure 15.

Figure. 15 Puerto Rico flooding parking lot September 19, 2011

During this brief event, it was thought that the
precipitation had an average recurrence interval of 100 years.
Rain gauges located in the area, display the event magnitude,
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where the maximum precipitation was of 2.65 inches behaving
such as precipitation with an average recurrence interval of 5
years according to Hydrometeorological Design Studies
Center NOAA's National Weather Service. This demonstrates
the lack of planning when urban centers become so
widespread that rural areas become urban centers, turning
many areas into impervious and transforming the drainages to
deficient.

Because of the unplanned growth of urban centers and poor
drainage, many people lose their vehicles due to flash floods
in parking lots. A way to avoid such disasters is by creating a
flood alarm system that detects floods level from their own
cars making this alert more specific and depend on individual
case. The system must be able to do the following: detect and
measure a water elevation considering the type of vehicle and
its size. The alarm will function via phone call or text. As an
alternative method, if there is no signal in the area the cars
alarm system will alarm the owners instead of the phone call
or text. Giving security to any of these two methods to notify
the affected person.

How the System works is indicated in Figure 16. Once the
system detects the sudden rise in water level, it will alert the
owner through text or call. As a final step the owner of the
vehicle will move the car to a safer location if it is possible.

Flood System ‘

- GSM Module
‘ Mictacontroler tells ‘ Alerts the owner Owner moves car
detects sudden rise GSM Module to . ;
) via text message to a safer location
‘ in water level ‘ contact owner of car ‘ oracal

Figure. 16 Diagram of the process for a flood alert system

Sudden Flooding

VII. PROPOSED SYSTEM

The proposed system alerts the client when the water
level is a threat to the vehicle. This system includes a set of
sensors that will perceive different measurements in water
level and vehicle acceleration. If the water level increases to a
threatening level, it will alert the client via web service
through a text message sending a notifies about a sudden flood
every 10 seconds. When for any reason there is no signal, the
system has the option to send a notification so that the vehicle
horn starts to sound, this as another alternative. In case that the
car is in motion it will notify the client by an audible
notification. The collected data will be used to report flooded
areas in real-time through a web service.

The system is located inside the car, close to each of its
four tires. The Arduino will receive data from the
accelerometer, ultrasonic and the GPS module. Once the data
has been processed, the device will detect if the water level
has risen to a threatening level. There are two form of
operation, the first one when the vehicle is moving; the client
will be alerted by an audible notification located inside the car.
And the second one, if the vehicle is stationary; the client will

receive a text message sent by the webservice. The webservice
store the information received in our database and will provide
information that the client may see from their devices. Figure
17 presents interaction of the system, client and webpage.
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Figure. 17 Diégram Proposed System
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VIII. CONCLUSION

Based on analyses of temperature, solar radiation, and
flooding area it was found that the city of San Juan, Puerto
Rico is the most representative zone where the UHI is present
in the last 20 years. The consequences of this effect have
increased more rapidly in the last 10 years. Lack of planning,
uncontrolled growth of urban and residential areas, excessive
use of impervious materials, using low albedo materials and
dark pavement are factors that exacerbate the characteristics of
UHI. To mitigate these effects and to reduce the possible
consequences, the use of materials in construction and
increase vegetation in urban areas should be modified. In
addition to the development of a flood alert system to protect
properties due to flash floods induced by the deterioration of
drainage systems and poor urban planning [13]. This paper
represents the first time that water level technology has been
used for hydrologic analyses and specifically for these effects
caused by UHI such as flash floods. The proposed system
sends flood SMS alerts to the inhabitant of such zones for
necessary action. The flood monitoring system can be
expanded to cover a wider area than the one under study due
to the protocol capabilities. In addition, this model can be used
in flash floods, parking lots, streets prone to flooding and
other zones with a high probability of flood.
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