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This research describes the change in temperatures across approximately 270 tropical
cities from 1960 to 2020 with a focus on urban warming. It associates urban growth
indicators with temperature variations in tropical climate zones (tropical rainforest,
tropical monsoon, and tropical wet-dry savanna). Our findings demonstrate that over
time while temperatures have increased across the tropics, urban residents have
experienced higher temperatures (minimum and maximum) than those living outside
of cities. Moreover, in certain tropical zones, over the study period, temperatures
have risen faster in urban areas than the background (non-urban) temperatures.
The results also suggest that with continuing climate change and urban growth,
temperatures will continue to rise at higher than background levels in tropical cities
unless mitigation measures are implemented. Several fundamental characteristics of
urban growth including population size, population density, infrastructure and urban
land use patterns are factors associated with variations in temperatures. We find
evidence that dense urban forms (compact residential and industrial developments)
are associated with higher temperatures and population density is a better predictor of
variation in temperatures than either urban population size or infrastructure in most tropic
climate zones. Infrastructure, however, is a better predictor of temperature increases
in wet-dry savanna tropical climates than population density. There are a number
of potential mitigation measures available to urban managers to address heat. We
focus on ecological services, but whether these services can address the projected
increasing heat levels is unclear. More local research is necessary to untangle the various
contributions to increasing heat in cities and evaluate whether these applications can be
effective to cool tropical cities as temperature continue to rise. Our methods include
combining several different datasets to identify differences in daily, seasonal, and annual
maximum and minimum temperatures.

Keywords: urbanization, urban warming, urban density, tropics, ecosystem services

INTRODUCTION

Tropical climate zones, located between 23.5N and 23.5S latitudes, include many rapidly developing
countries. For example, tropical climate zones are located in South America (i.e., Brazil, Ecuador,
Colombia), Africa (i.e., Ghana, Nigeria, Benin, The Gambia), South Asia (i.e., India, Bangladesh)
and East and Southeast Asia (i.e., Myanmar, Thailand, Philippines, Cambodia, Indonesia, Laos,
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and Vietnam). Like the rest of the world, tropical regions have
seen continuous urbanization and the growth of cities for the last
decades (UN, 2018), with continued urban growth projected into
the future (Jiang and O'Neill, 2017).

Simultaneously, climate change related temperature increases
are affecting tropical areas (IPCC, 2014b). Recent work in South
Asia and parts of Africa find increasing intensity and frequency
of heatwaves (Sun et al., 2014; Ceccherini et al., 2017). Projections
point to large numbers of urban residents exposed to very warm
heat conditions, under business-as-usual conditions (Mora et al.,
2017; Rohat et al., 2020; Marcotullio et al., 2021). Moreover, the
IPCC projects for the 21% century that the strongest warming
will be experienced by tropical regions (IPCC, 2014b). There is
also high confidence that the number of hot days is projected to
increase in most land regions, with highest increases expected in
the tropics (IPCC, 2019).

We examine the historical relationship between urbanization,
urban growth, climate change, and urban warming in tropical
areas and specifically changes in temperature characteristics in
tropical rainforest, monsoonal and wet-dry savanna tropical
zones across time for urban and non-urban areas. We attempt to
separate climate change related warming from warming specific
to cities. We also examine which proxy for anthropogenic activity
is the best predictor of temperature variations across and within
cities. Finally, we point to the potential use of ecosystem services
to mitigate heat. As our research is at the global scale, we can
only identify the potential opportunities and challenges for using
ecosystem services to address heat. Nevertheless, the research
provides relevant information for policy makers in tropical cities
for addressing current and future urban conditions.

This is a first analysis of urban warming for tropical cities
at this scale (including cities from different continents). We
examine temperature changes across approximately 270 urban
areas. While studies have examined urban and climate change
temperature related increases within case study tropical cities,
this is one of the first comparative studies to estimate changes
across cities for different tropical climate zones (rainforest,
monsoon and wet-dry savanna). We present an analysis of
indicators that predict changes in temperature across cities.
Generally, despite the possible sources of warming, researchers
often use population size as a proxy for all these different
factors. While the trends of increasing population, population
density and infrastructure are similar, there are differences
in their associations with temperature change. Moreover, the
findings point to urban form as an important contributing
factor in urban warming. This suggests that the use of
ecosystems services (i.e., increased greening), can be a mitigation
tool, although the effectiveness of this solution will vary
among urban areas.

The next section of this paper presents background on tropical
zones and contemporary urbanization and urban growth in
these locations. We also review the theoretical literature on
urban warming as is related to climate change and urban heat
island (UHI). The third section describes the data and methods
for the project. The fourth section presents the results of our
analyses. In the fifth section, we discuss the findings, their
implications for tropical cities and the potential use of ecosystem

services to address heat. In the final section we conclude and
summarize our study.

BACKGROUND

Tropical Zones and a Changing Climate

The Koppen-Geiger climate zone classification system is based
upon local vegetation, which is highly dependent on key
components of climate, temperature and precipitation. The
system was first devised in the 19" century and subsequently
updated. There are currently five climate zones (tropical,
arid, temperate, continental and polar) and some 30 sub-
divisions. This study focuses on the tropical climates, which
are characterized by monthly average temperatures of 18°C
or higher year-round with small annual ranges. Annual
precipitation is abundant and shows a seasonal rhythm to
varying degrees. Sunlight is intense. The tropics have abundant
plant life that grows throughout the year. Approximately 14
of the worlds 34 biodiversity hotspots (Habel et al, 2019)
and 50% of all known plant species are in tropical zones
(Primack and Morrison, 2013).

Tropical climates are not homogenous. They are further
subdivided into three zones: tropical rainforests, which have no
dry season, monsoonal zones, which have a short dry season,
and seasonal wet-dry savanna zones, which have alternating wet
and dry seasons (Beck et al., 2018). These climates make up a
significant part of Earth’s terrestrial surface. According to the
Global Forest Atlas' tropical forests represent 31% (17 million
km?) of global ice-free land surface area. Tropical dry forests
make up 4% (6 million km?) and tropical savannas occupy 15%
(20 million km?) of Earth’s ice-free land cover.

Given high endemism and species richness, the type of
settlement development across the tropics is of particular interest.
Current regional rapid economic growth and urbanization is
exerting high deforestation pressures and subsequent loss of
biodiversity (Hansen et al., 2013). Tropical areas have undergone
extensive land cover change largely related to agriculture
expansion and urbanization dynamics (Lambin et al,, 2003).
These land use changes also have interrelated impacts on climate
(Tolle et al., 2017).

Climate analysts suggest that the tropics are particularly
vulnerable to climate change (IPCC, 2014a). For example, recent
studies suggest the number of high temperature events have
increased around the world (Rahmstorf and Coumou, 2011; Sun
et al., 2014; Christidis et al., 2015). In the tropics, heat waves are
increasing in intensity and frequency (Ceccherini et al., 2017) and
with increasing climate change, tropical regions are projected to
experience significant increases in extreme heat events (Russo
et al., 2014; Harrington et al., 2016; Nikulin et al., 2018; Russo
etal., 2019). Climate related heat affects cities (Mishra et al., 2015;
Matthews et al., 2017) and is expected to bring high heat exposure
to increasing numbers of residents in the future (Mora et al.,
2017; Rohat et al.,, 2020; Marcotullio et al., 2021). Addressing
climate change heat is all the more urgent as many countries in

!See https://globalforestatlas.yale.edu/tropical-zone
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the tropical regions have low incomes and as such, have limited
capacity to adapt (World Bank, 2017, 2018).

Urbanization and Urban Growth Trends

in the Tropics

There are at least 106 countries with tropical zones within
their borders. The total populations of the countries with more
than 15% of their land area classified as tropical accounted for
approximately 48% (3.5 billion) of the total world population
in 2015. The UN projects (medium variant) that by 2050,
this population will increase to 54% (5.3 billion) of world
population and by 2100, the population in these countries are
projected to account for over 59% of world population (6.6
billion) (UN, 2017).

In 2015, the urban population share of countries with 15% of
land classified as tropical zones reached 39% (1.5 billion) of the
total global urban population. The UN projects that by 2050 these
numbers will increase dramatically and account for 48% (3.2
billion) of the total global urban population (UN, 2018). These
figures suggest that tropical countries are currently undergoing
rapid urbanization. A recent review of urban expansion from
1979 to 2010 suggests small and medium sized cities in the
tropics are both expanding in land area and becoming less dense
(Gtineralp et al, 2020). These researchers also find that for
Latin America, India and Southeast Asia, large cities are also
undergoing “sprawl” type development. As more people move to
cities in the tropics and urban land use growth trends continue,
urban warming is projected to increase (Huang et al., 2019;
Manoli et al., 2019).

Urban Growth and Heat

Elevated temperatures in the urban environment are described
in various ways. Three different, but related concepts include
extreme heat or heat waves, urban heat island effect and urban
warming. Studies often characterize heat events of high ambient
temperatures, as heat waves. Despite common usage, however,
scientists have no common empirical definition or standard
measure of a heat wave (Perkins, 2015; Horton et al., 2016;
Dosio et al., 2018). Qualitatively, heat waves are observed
high temperature extremes that occur over consecutive days
(Alexander et al., 2006; Della-Marta et al., 2007). Heat wave
characteristics (e.g., intensity, frequency, and duration) and their
impacts vary by geographic scale and region (Perkins et al., 2012).
As a result, definitions vary substantially across countries and
localities, as each country determines thresholds and indices in
accordance with the local climate and population vulnerability
(Nissan et al., 2017).

In cities, rising temperatures and heat waves are exacerbated
by the higher temperatures in the core as compared to
surrounding areas. This is called the UHI effect, which provides
a clear example of anthropogenic impacts on climate. Urban
heat island has been known for centuries (Howard, 1818) and
has subsequently been identified in cities around the world
(Kataoka et al., 2009). Urban climate analysts consider UHI
one of the major environmental problems of the twenty-first
century (Arnfield, 2003; McKendry, 2003; Rizwan et al., 2008).

In recent years, four different types of UHI have been defined,
including subsurface UHI, surface UHI, canopy layer UHI
and boundary layer UHI All these different UHIs relate to
differences between the urban and rural temperatures, but each
is measured differently.

The canopy UHI is measured between the surface and the tree
canopy or below the average building height of the city and is
of most interest to this study. All urban settlements demonstrate
the canopy UHI “cliff, plateau, hill, valley and peak” pattern in
cross section with rural areas despite differences in macroclimate
and culture (Oke et al, 2017). The UHI pattern in smaller
cities resembles miniature versions of large cities. Mega-cities
demonstrate more extreme distinctions. In general, canopy UHI
values are typically around 3-4°C (Voogt, 2002; Oke et al., 2017),
but can vary between 0.4 and 12°C (Santamouris, 2015) and
reach 17°C in inner-city hot spots (Makrogiannis et al., 1998). In
many cases, the highest canopy UHI occurs during the summer
or warmer seasons (Makrogiannis et al., 1998; Wang and Hu,
2006; Erell and Williamson, 2007), although in some cities canopy
UHI is highest during the winter or cooler months (Hinkel et al.,
2003; Salvati et al., 2017). Maximum canopy UHI intensities are
typically experienced during the early evenings (Arnfield, 2003).
Canopy UHI does not affect maximum temperatures as much as
minimum and mean temperatures within urban areas.

Urban warming is closely related to UHI, except that urban
warming studies typically examine the role of urbanization
and urban growth to local, regional, or global climate change
over long time periods. As Grimmond (2007) points out, the
magnitude of urban warming is highly variable over time and
space and therefore needs to be explored in this context. Early
urban warming studies suggest very minor contributions of
urbanization and urban growth to regional or global climate
change. For example, a study by Jones et al. (1990) on
urbanization and related temperature variation indicates that the
impact of urbanization on the mean surface temperature would
be no more than 0.05°C per 100 years. Recent studies suggest
much more significant contributions. For example, Sun et al.
(2016) find that for China from 1961 to 2013, urban warming
influences account for about a third of observed warming, 0.49°C
(0.12-0.86°C) for the country. The debate over the contribution
of cities to global warming is not resolved. Recent research on
Chinas urban warming suggests that urban warming studies can
over-estimate impacts (Wang and Yan, 2016).

Notwithstanding these debates, scholars generally agree on the
major factors creating urban heat islands and subsequent urban
warming increases. Canopy UHI is controlled by air temperature
modifiers at the local level including, inter alia, street geometry,
building fabric and anthropogenic activity (i.e., vehicle traffic
and space heating/cooling), as well as the soil moisture and
vegetation. Urban climatologists characterize the physical aspects
of canopy UHI in two important indices: the canyon aspect ratio
(the ratio of the height to width of buildings) and the sky view
factor (a dimensionless value defined by the ratio of the radiation
received by a surface to the radiation emitted by the surface to the
atmosphere affected by the proportion of the visible sky or open
canyon space in urban streets). Typically, lower sky view values
and higher canyon aspect ratios are associated with higher UHI
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intensities. The unique nature of built forms and surrounding
areas and the variety of urban functions may help to explain the
variety of UHI intensity results.

Initially, scholars have demonstrated that the absolute values
of canopy UHI in a city relate to the size of a city,
measured in population size, city area or diameter (Oke,
1973; Roth, 2007; Santamouris, 2015). Recently studies have
also demonstrated the importance of population density and
urban design on urban heat. A study of Nagpur, India, that
examined changes in maximum and minimum temperatures
during the summer and winter seasons finds that the highest
nocturnal mean air temperature occurs in areas with high
building density, high population density, and little green
cover. The minimum mean nocturnal air temperature was
observed in areas with lower building density and lower
population density and more vegetation (Kotharkar and Surawar,
2016). In Bogotad, Colombia, a similar study demonstrates
that population densities above 14,500 inhabitants/km? may
cause air temperature increases of more than 1°C compared
to other areas. These researchers conclude that urban form,
expressed by land cover and urban morphology changes, caused
by population density, have an effect on urban temperatures
(Ramiirez-Aguilar and Souza, 2019).

Infrastructure also plays a role in impacting urban heat.
Constructed surfaces are more likely to increase temperature
than natural surfaces (Changnon, 1992), as urban green spaces
can reduce UHI effects (Debbage and Shepherd, 2015). A recent
study of Delhi through remotely sensed surface temperature UHI
focused on identifying these claims. This study demonstrates an
increase in surface temperature with an increase in impervious
surface area (Mallick and Rahman, 2012). Built environment
characteristics, such as impervious surface area, building area
density, building height and road density, are important factors
in both surface temperature and air temperature differences
between urban and rural locations (Pigeon et al., 2007;
Oke et al., 2017).

The differences that green areas make in urban heat reduction
are evident in ambient temperature differences across different
urban form patterns within cities. Local climate zones (LCZs) are
a good way to standardize intra-urban development patterns and
examine intra-urban climate differences, including temperature
(Bechtel et al., 2019). Local climate zones distinguish between
compact, open, and more sparsely built high-rise, mid-rise and
low-rise developments in cities, as a type of urban land use
categorization. They also include industrial and various types of
vegetative categories (Stewart and Oke, 2012). A study of Eastern
European cities finds that the highest surface UHI intensities
occur in densely built-up LCZs without greenery and the lowest
in sparsely built city outskirts with high levels of green areas
(Geletica et al., 2019).

Heat Reduction Through Ecosystem

Services

There is a wide set of strategies to address heat in cities.
Harlan and Ruddell (2011) divide these actions into advisory
and prevention, building materials and design, land use change,

transportation systems and innovation and experimentation.
Importantly, however, building and land use development
decisions have long-lasting effects due to the longevity of
infrastructure and the path dependency that the physical
project creates. For example, once a plot is developed as
a residential or commercial building, industrial plant or
hospital, it will potentially remain for several decades attracting
similar developments.

Often overlooked in the building and land use development
process, however, are the benefits of vegetation and natural
systems removed by these structures. Ecosystem services,
sometimes called blue-green infrastructure, include the goods
and services provided by natural environments (e.g., vegetation
and water), which have multiple benefits for human well-
being (McGranahan et al,, 2005). For example, greening and
urban vegetation can provide heat, water and air regulation
and ecosystem goods such as community garden products, all
of which provide comfort, health, nutrition, recreation, and
aesthetic benefits (Santamouris et al., 2020). Recent studies in
northern cities continue to point to the importance of greenery
and cool materials to reduce heat (Stone et al., 2019).

Ecosystem services can be integrated into urban design
(e.g., on building walls, rooftops, roads, empty lots, waterways)
and provide benefits alongside of anthropogenic infrastructure.
A study in Colombo, Sri Lanka assessed “green walls)
vegetation alongside buildings, versus bare wall man-made
structures. The researchers found that there was a 1.6-
1.7°C reduction in temperature around buildings with green
walls. A reduction in temperature outside a building will
also greatly reduce the temperature inside a building as
well (Galagoda et al., 2018). Studies from North America
and Europe have also shown that by increasing vegetative
cover and reducing impervious paved surfaces can reduce
surface temperatures by as much as 10°C (Hamstead et al,
2016; Venter et al, 2020). In New York City, researchers
demonstrate that neighborhood level mortality rates of older
adults (65 + years) on days exceeding 38°C was positively
associated with increased impervious surface cover, indicating
that unvegetated surfaces likely increase the risk of heat-related
mortality for populations in these areas (Rosenthal et al., 2014).
While less studied than green infrastructure, blue infrastructure,
including decorative and recreational waters, also have mitigating
effects on urban heat.

MATERIALS AND METHODS

This project required the integration of a number of datasets
and the analyses of each to: (1) identify trends in temperatures
across time and within different tropical climates for urban
and non-urban areas; (2) estimate the total and urban warming
experienced in the topics during the study period; (3) estimate
the importance of difference proxies for predicting urban
temperatures through gradient analysis; and, (4) compare the
temperatures across intra-urban patterns of land use. This section
first presents the datasets used and how they were managed. The
second sub-section presents the steps in each analysis.
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Data and Preparation

The project required a number of different spatial and non-
spatial datasets that were integrated to provide a picture of the
temperature change (maximum and minimum) in tropical cities
and the factors associated with this change. Importantly, the
project includes boundary definitions of urban areas along with
continuous variables to define variations in “urbanness” (i.e.,
gradient analysis).

Climate and Temperature
We obtained temperature data from the National Oceanic
and Atmospheric Association’s (NOAA) Global Historical
Climatology Network’s (GHCN) Daily database. This is an
integrated database of daily climate summaries subjected to
a common suite of quality assurance reviews. GHCN-Daily
contains records from over 107,000 stations in 180 countries
and territories (Menne et al., 2012b). We used the most current
version (v3) of the dataset (Menne et al., 2012a). From these
daily data we extracted maximum and minimum temperature,
elevation, country, and weather station ID, longitude, and
latitude. The temperature database includes information from
years back to the 1800s for some stations. We used data only from
1960 to 2020. In order to standardize the temperature data, we
applied the adiabatic lapse rate to reduce all temperatures to sea
level (Dodson and Marks, 1997). We removed outliers in daily
temperatures by defining a threshold of 3 standard deviations
from the period mean and rejecting those above the thresholds.
We used Koppen-Geiger classifications to identify tropical
regions from the WorldClim 5 dataset (Version 1.4, release 3),
data created by CliMond. The Koppen-Geiger classifications,
following the rules defined in Kriticos et al. (2012), were applied
to the 5’ resolution WorldClim global climatology? [Version 1.4,
release 3 (Hijmans et al., 2005)]. The climate data were overlaid

Zwww.worldclim.org

on the GHCN-Daily database to help extract data from only
tropical zones, including rainforest (Af), tropical wet-dry savanna
regions (Aw) and tropical monsoonal zones (Am). This resulted
in a sample of stations from over 106 countries (Figure 1). Not all
stations, however, had temperature data during the study period.
We extracted daily temperatures for the entire time period from
572 stations of which we calculated that 296 were in non-urban
areas and 276 were in urban areas.

Urban Growth Status and Indicators

We obtained urban status and growth data from a variety of
sources. We used the night-time lights data from the Earth
Observations Group (EOG) at NOAA/NCEI for 2016 to help
identify urban infrastructure and therefore levels of built-up area.
These data included values for average radiance as composite
images created with the Visible Infrared Imaging Radiometer
Suite (6 tiles) (VIIRS) Day/Night Band (DNB). Version 1
products span the globe from 75N latitude to 65S in 15 arc-
second resolution. The radiance values were provided in units
of nano-watt per square centimeter per steradian. The steradian
is the square radian and the SI unit for a solid angle. It is used
in three-dimensional geometry, and is analogous to the radian,
which quantifies planar angles (Earth Observation Group, NOAA
National Centers for Environmental Information). The larger the
radiance value, the greater the illumination signal, and the greater
the built-up area. We used the radiance value in combination
with population densities to distinguish between urban and non-
urban areas and also examine changes in temperatures across
urban gradients of infrastructure (see below).

We used population density data provided by the Global
Human Settlements Layer (GHSL) (Corbane et al., 2018). The
Global Human Settlements Layer is supported by the Joint
Research Centre (JRC) and the DG for Regional and Urban Policy
(DG REGIO) of the European Commission, together with the
international partnership GEO Human Planet Initiative of the

Tropical weather stations

-

&

600 km

Kdéppen-Geiger classification. Data source: NOAA, GHCN.

FIGURE 1 | Location of weather stations with maximum and minimum temperatures in tropical areas. The dots represent station locations and are color-coded by

Koppen
Classification

A

Am
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CIT5
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GEO Human Planet Initiative. The intent of the GHSL project is
to provide global spatial information about the human presence
on the planet over time (Freire et al., 2016; Schiavina et al,
2019). The data were generated from evidence-based analytics
and knowledge using new spatial data mining technologies. These
are high resolution data (cell size is 62,500 m? or 0.0625 km?). An
exploratory data analysis suggests faster changes in the tropics,
particularly after 1990, than the rest of the world in terms of
urban built-up area (Figure 2).

Finally, we defined changes in urban population size for
selected cities with the use of the United Nations, Department
of Economic and Social Affairs urban agglomerations larger than
300,000 population database (UN, 2018). These data provided
the urban names, country, latitude and longitude and estimated
population size of 1,860 cities with over 300,000 population in
2015. The population data include annual figures from 1950
to 2035. We used approximately 205 UN urban areas located
in tropical zones (Figure 3) to identify changes in temperature
across urban population size.

Regional, National, and Intra-Urban Data

We distinguished regional and national units using regional
definitions by the United Nations and national boundaries
provided by data made available through Natural Earth. These
data include physical boundaries and some statistics for 247
countries in the world (see vector data®). The datasets also carry
UN regional and sub-regional classifications.

Finally, Intra-urban form characteristics were obtained as
LCZs for tropical zones created through the World Urban
Database and Access Portal Tools project (WUDAPT) (Bechtel
et al., 2019). The project provided maps developed by scientists
around the world that have used a standardized and consistent
framework. The LCZ classifications (Stewart and Oke, 2012)
identify the type of urban form found in and around cities. We
examined differences in temperature within LCZs in 11 urban
areas (Figure 4).

3naturalearthdata.com

50 1
401
30 1
20
—— Pct Change Builtup Tropics
10 1 —— Pct Change Pop Tropics
—— Pct Change Builtup Rest of World
0- —— Pct Change Pop Rest of World
1975 1980 1985 1990 1995 2000 2005 2010 2015
Year

FIGURE 2 | Changes in built up area and population in the world and tropics,
1975 - 2015. Data source: GHSL.

Methods

The daily temperature data for the period of 1960-2020 were
averaged by the day of the year, the season and the year across
tropical sub-zones for urban and non-urban areas. The day of
year was calculated for both stations in the northern and southern
hemispheres. The data for the southern hemisphere stations
were converted to the comparable day of year in the northern
hemisphere so they could be combined. The seasonal distinctions
were defined as spring, summer, fall and winter and identified
through equinox and solstice dates. We defined the seasons by
latitude (above and below the equator).

The first assessment was to distinguish urban from non-
urban located weather stations. We did this through integrating a
number of different variables. For an area to be non-urban, we set
a threshold of low radiance values (i.e., a cell had to demonstrate
a radiance values of 5 or less) and a population density of below
200 people per km?.* To obtain values for both radiance and
population density we extracted the mean values within 1000m
of the cell location of the weather station.

We then extracted the mean maximum and minimum
temperatures for each weather station averaged by day of year,
season, year and by urban - non-urban category. We presented
the change over time for daily, seasonal and yearly data for
a visual inspection of changes. We then calculated the total
and urban warming per decade. Total warming includes climate
change and the urban effect on temperature. The urban warming
values include only the urban effect. We obtained the total
warming value by calculating the change in temperatures across
the time period for both urban and non-urban locations. The
urban warming temperatures was calculated by subtracting the
background warming (i.e., the warming identified in the non-
urban areas) from warming experienced in urban areas for each
time period. If the rate of change in urban areas was less than that
of the non-urban rate the value was given 0. In this case, the urban
areas warmed, but we found no specific urban warming effect.
Alternatively, if the urban area warmed to a greater extent than
the non-urban areas, the amount of extra warming was arguably
due to an urban warming effect. This could be interpreted as an
increase in canopy UHI over time.

For the next analysis, we examined the impact of predictor
factors across a continuum of values for each variable. This
analysis was limited to one year’s data. In this case, given that
one of the indicators has limited historical data (i.e., nighttime
lights radiance data), we focused on one year of data and compare
temperature means for that year across different predictor
value gradients. This is a “space-for-time” (SFT) substitution
approach. This approach suggests that over time, with increasing
urban growth, we should see an increase of urban indicator
(radiance or population size, for example). Lower indicator values
translate to lower levels of “urbanness.” The predictor value was
then associated with the temperature mean. The space-for-time
substitution approach is often used in ecological studies and is
best when used for discussing which particular processes are in

“See United States Department of Agriculture definitions for rural population
densities at https://www.ers.usda.gov/topics/rural-economy- population/rural-
classifications/what-is-rural/
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concordance with the observed spatial pattern (Buyantuyev et al.,
2012; Damgaard, 2019), as is our goal. Examining temperature
differences across a wide range of urban indicator types and
values allowed us to test for the impact of urbanization without
making distinctions between what is urban and what is non-
urban. We used OLS multivariate regression models to identify
the strength of the relationship between the predictor and
temperature data. We standardized the values of the predictors
so as to compare the importance of coefficients.

Finally, we compared the temperatures across intra-
urban land use patterns defined by the LCZs. We identified
temperatures at the annual scale and across different tropical
climate zones and compared the mean temperatures as a way to
identify which patterns provide for the warmest temperatures.

RESULTS

The first part of this section presents the changes in
temperatures in tropical climate zones with emphasis on
the differences between urban and non-urban areas. The
second part of this section focuses on factors that are associated
with urban warming.

Temperatures in Urban and Non-urban

Areas in the Tropics

Weather station data distinguished by urban and non-urban
status for daily, seasonal and annual means for maximum and
minimum temperatures suggest increases during the 1960 to

Frontiers in Ecology and Evolution | www.frontiersin.org

August 2021 | Volume 9 | Article 616626


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Marcotullio et al.

Heat Tropical Cities

2020 period. When all tropical station data are combined, the
data suggest an increasing trend in the maximum and minimum
daily temperatures and that during the cooler days of the
year, urban areas have warmed more rapidly than during other
periods (Figure 5). Dividing stations by location into tropical
climate zones seems to demonstrate that temperatures in all
tropical climates, including rainforest (Af), wet and dry savanna
(Aw) and monsoon (Am) zones, are increasing and there is a
growing difference between urban and non-urban maximum and
minimum temperatures (Figure 6).

The annual mean temperatures suggest a difference of
0.6-0.9°C between wurban and non-urban tropical areas
(Supplementary Table 1 and Figure 7). Over the time period,
the change in minimum temperature differences is larger
than the change in maximum temperature differences. This
trend is evident across the analyses and makes sense, as UHI
affects minimum and mean temperatures more than maximum
temperatures (US EPA, 2008). According to these values the
mean urban warming effect for all tropical areas is about
0.03°C per decade, but this increase is only demonstrated in the
minimum temperatures.

There are also differences in annual temperatures between
urban and non-urban areas across different tropical zones
(Figure 8 and Supplementary Table 2). In this case, the
temperature differences vary. Rainforest urban areas typically
had mean temperatures between 0.8 and 1.2°C higher than
non-urban areas. Over time, an urban effect was demonstrated
for minimum temperatures in this zone. In monsoonal zones,
urban temperature means are between 0 and 1.6°C higher than
non-urban areas. Over time, this zone experienced the largest
urban warming effect for minimum temperatures, but there is
also a monsoonal warming effect for maximum temperatures.
In tropical wet-dry savanna climates, temperature means were
between 0.3 and 0.9°C higher in urban areas than non-urban
areas, but during the period, there is no evident urban warming
effect. That is, over the 6 decade period in this zone, the
temperatures in urban areas rose at approximately the same or
lower rates than they did in non-urban areas.

The differences in temperatures between urban and non-
urban areas also are evident across seasons as well as across
tropical climate zones. Across tropical seasons the difference
between urban and non-urban mean temperatures varied

Mean tropical daily maximum and minimum temperatures

Urban and non-urban areas
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FIGURE 5 | Change in mean tropical daily maximum and minimum temperatures over 55 years in urban and non-urban areas. The higher points and curves on each
mini-plot represent the maximum temperatures and the lower points and curves represent the minimum temperatures. Data source: NOAA, GHCN.
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between 0.3 and 1.2°C (Figure 9). The overall warmest season is
during the spring, at which time mean maximum temperatures
reach 32.5°C in urban areas and 31.8°C in non-urban areas.
The largest urban effect on temperature during the period
was during the fall and winter seasons when urban warming
increased temperatures in urban areas at the rate of between
0.03 and 0.18°C per decade for maximum temperatures and
0.03-0.16°C for minimum temperatures per decade. There was
an urban warming effect during the spring, during which time
urban areas warmed by 0.3°C more than non-urban areas.
There was no urban warming effect during the summer season
(Supplementary Table 3).

Examining the differences across both climate zone and
seasons suggests the largest urban warming effect is during
the winter for tropical rainforest zones and the spring and
fall for monsoonal zones (Figure 10). During the winter
season for tropical rainforest zones, the urban warming effect
increased maximum temperatures by 0.082°C per decade and
increased winter minimum temperatures by 0.086°C per decade.
Monsoonal zones experienced an urban warming effect of
0.232°C per decade for maximum temperatures and 0.272°C per

decade for minimum temperatures. During the fall season in
this zone, urban areas recorded a warming effect of 0.178°C per
decade for maximum temperatures and 0.247°C per decade for
minimum temperatures. Wet-dry savanna zones also experienced
an urban effect but this was largely in the winter, where maximum
temperatures rose at 0.015°C higher than non-urban areas per
decade and minimum temperatures rose by 0.195°C per decade
more than non-urban (Supplementary Table 4).

Factors Associated With Differences in
Urban Warming

Having established a difference in temperatures between urban
and non-urban areas and an urban warming effect over time,
the analysis turned to an exploration of factors associated with
the higher levels of temperatures along urban gradients. The
gradients include total urban population size, urban population
density and urban infrastructure and each are associated with
temperature change. The analysis presents each individual effect
and then a comparison of the strength of factor’s relationship
to temperature change through comparing OLS multivariate
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regressions coefficients. In the final section we explore the role
of intra-urban form on temperature.

Urban Population Size and Temperature

Annual median maximum and minimum temperatures differ by
urban population size (Figure 11). Generally, the largest quantile
size cities have minimum temperatures approximately 0.4°C
higher than those in the lowest quantile. However, there was
no increase in maximum temperatures found across population
size quantiles. In fact, within our data sample, median maximum
temperatures remained fairly even across all population sized
urban areas (Supplementary Table 5). Differences among
quantile sizes were small but evident across climate zones. In
rainforest climates, urban areas in the highest 25% quantile have
a higher maximum of 0.29°C and higher minimum of 0.88°C
than those in the lowest population size quantile. In wet-dry
savanna climates, urban areas in the highest 25% quantile have
a higher maximum temperature of 0.47°C and higher minimum
temperature of 0.57°C than those in the lowest population size
quantile. There are no increases in temperatures with urban
population size in monsoon climates in this data base.

Urban Population Density and Temperature

Alternatively, there are clear temperature differences across
urban population densities (Figure 12). In this case, trends
are evident across both median, maximum and minimum
temperatures for quantiles of densities. The greatest increases
associated with population density can be seen in monsoon and

rainforest zones in both maximum and minimum temperatures.
For example, moving from the lower 25% population densities
to the highest 25% population densities in the rainforest zones
was accompanied by an increase in 2.0°C for median maximum
temperatures and 2.5°C for median minimum temperatures.
Urban densities are associated with the changes of 2.9°C and
2.7°C for maximum and minimum temperatures, respectively,
moving from the lowest population density to the highest urban
population density areas in the monsoonal climates. In the wet-
dry savanna climate, urban population density is associated with
an increase of 1.6°C and 1.9°C moving from the lowest 25%
urban dense areas to the highest 25% dense urban areas in
maximum and minimum temperatures, respectively.

Urban Infrastructure and Temperature

As mentioned we use the nighttime lights dataset as a proxy
to represent an infrastructure gradient. The data suggests that
over the time, the number of weather stations in tropical
zones surrounded by low to no radiance has decreased, while
those in higher radiance areas have increased. The relationship
between radiance values and temperature suggests values in-
between those of population density and population size.
According to these data, maximum and minimum temperature
values increase with radiance values by around 0.5°C when
moving from the 25% lowest radiance values to the highest
25% radiance values (Figure 13). The greatest increases across
quantiles are in the tropical rainforest zones. In this case, there
is a 1.02°C increase across the gradient of radiance quantiles
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for maximum temperatures and 0.88°C across the radiance
gradient for minimum temperatures. There was no identified
difference across radiance gradients for monsoonal zones. In
wet-dry savanna zones, there was a 0.47°C and 0.57°C increase
in temperatures across radiance gradients for maximum and
minimum temperatures, respectively.

Comparison of Associated Factors

The analysis suggests that temperatures (both daily minimum
and maximum) have risen from 1960 to 2020 in and around
tropical cities, but that the changes have been different based
upon the tropical zones. Total population, population density
and infrastructure are all associated with these changes in
temperature maximums and minimums and the warming effects
on minimums were greater than those on maximums. Across the
different urban gradients, the greatest effect on temperatures is
attributed to population density.

To examine which proxy is the most important predictor
of temperature changes we built two multivariate regression
equations, one without interactions and one with interactions.
The predictors for the equations include the categorical variable
for tropical climate zone and the continuous variables for
indicators (population size, population density, and radiance).
Each of these predictor variables were scaled into z-scores
prior to the analysis. The dependent variable was either the
maximum or minimum temperature. The results suggest that
population density is the most important factor in temperature
change overall, particularly in tropical rainforest and monsoonal
climates. Infrastructure is the most important factor in wet-dry

savanna tropical zones (Table 1). Note that population size has
a negative correlation with temperature. This is largely due to
the high temperature levels found in the smaller monsoonal
and wet-dry savanna cities (see Figure 11). Aggregating these
cities flattens the relationship (see Supplementary Table 5).
This suggests that population size may not be a good
predictor of changes in temperature, when combined with these
other factors. This is an interesting result, but needs further
detailed study.

Urban Form and Temperature in Urban Areas

The temperature data for different land use zones (LCZs) was
only available for cities in tropical rainforest and tropical wet-
dry savanna zones. The data demonstrates that those built-up
zones (LCZs 1 - 10) have higher maximum and minimum
temperatures than areas of lower built-up urban forms (LCZs
101-104). However, the temperatures for built-up areas differs
between zones. For example, in tropical wet-dry savanna cities,
the compact mid-rise (LCZ = 2), compact low-rise (LCZ = 3) and
heavy industrial zones (LCZ = 10) have higher mean maximum
temperature and mean minimum temperatures than those in
open low-rise (LCZ = 6). In tropical rainforest cities, however,
mean maximum temperatures were fairly similar across open
low rise (LCZ = 6), open mid-rise (LCZ = 5), compact low
rise (LCZ = 3) and sparse built (LCZ = 9). Alternatively, in
tropical rainforest cites the lowest mean minimum temperatures
were in sparse built zones (LCZ = 9). These locations were
over 1.9°C lower than other areas, such as compact low-rise
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(LCZ = 3), open low-rise (LCZ = 6) and open mid-rise (LCZ = 5)
zones (Figure 14).

DISCUSSION

This section reviews the results in five parts. The first section
compares our urban warming results to similar studies. The
second part discusses the predictors of urban heat analyses
and integrates our results with current debates. The third part
reviews the potential role of ecosystem services in addressing
increasing heat in tropical cities. The fourth part presents the
implications of the results, and the final part presents the
limitations to the research.

Changes in Temperature in Tropical

Cities

The results for total warming of tropical cities, generally,
suggest an increase of approximately 0.20°C per decade for

maximum temperatures and 0.24°C for minimum temperatures
in cities. The urban warming effect was only identified for
minimum temperatures at this scale and resulted in a 0.03°C
increase per decade. The seasons in which cities warmed the
fastest over the time period was during the fall and winter.
The cities that experienced the overall fastest warming were
located in monsoonal zones. Those in wet-dry savanna climates
did not experience overall urban warming during the study
period. Those in rainforests experienced warming in their
minimum temperatures.

These results are generally similar to other urban warming
findings on a decadal basis. For example, Li et al. (2010) report
that urban warming in northeast China was mean 0.04°C per
decade. Urban warming effects within the range identified in this
study also have been found in North China, where Ren et al.
(2008) estimated the largest effect of urbanization on annual
mean surface air temperature for the large-cities at 0.16°C per
decade and the effect with the smallest effect for small-cities at
0.07°C per decade.
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There are also similar findings for urban warming identified
in tropical zones. For example, Efe and Eyefia (2014) find that
for Benin, a tropical rainforest country in Western Africa, from
1980 to 2012, the country experienced 0.2°C per decade warming.
A study of Mexico City, in a sub-tropical climate, finds for annual
temperature, the city experienced a 0.16°C increase per decade
from 1901 to 1989, but similar trends were not evident for smaller
cities (Jauregui, 1992).

Alternatively, a study in East China suggests different results
compared to ours with the strongest effect of urban growth
on annual mean surface air temperature trends occurring over
the metropolises and large cities. For example, this research
finds urban warming for metropolitan areas and large cities
of approximately 0.398°C and 0.26°C per decade, respectively

(Yang et al, 2011). These values are higher than those
found in this study.

Factors Affecting Urban Heat in Tropical
Cities

The role of population size continues to be explored in
urban warming studies. For example, as mentioned above,
larger populated cities in China are found to be warmer than
smaller population cities (Ren et al., 2008). Generally, UHI
research has identified a log-linear relationship between urban
population size with urban heat island values (Oke, 1973; Roth,
2007; Santamouris, 2015). We find population size a negligible
contributor to urban warming and not as important as either
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FIGURE 11 | Mean annual temperatures across urban population size gradients. Data source: NOAA, GHCN and UN, 2018.

population density or infrastructure. Furthermore, our analysis
of temperature and urban form through the use of local climate
zones points to the importance of urban design features of cities.
This opens up the possibility for natural solutions to urban heat
(Biles and Lemberg, 2020).

There is growing consensus that the built environment
has a significant impact on temperature (Grimmond, 2007).
Infrastructure, population size and density are often identified
as important factors in UHI (Sobstyl et al., 2018). For example,
Kotharkar and Surawar (2016) identify maximum and minimum
air temperatures in core residential and commercial areas
as more than 2°C higher than those at the urban fringe.
Sun et al. (2020) identify that UHI warming is associated
with nighttime light intensity at the intra-urban neighborhood
scale for Paris and London. Mallick and Rahman (2012)
demonstrate that surface temperatures increase with ward-wise
population densities in Delhi, India. These findings provide
similar results to this study.

Increased population density and settlement infrastructure
can either moderate or elevate urban temperatures (Stone, 2012).
Unfortunately, increasing population density often occurs with
the loss of vegetative ecosystem services within cities. This
loss has an effect on urban temperatures. Several studies have
identified the importance of urban design in controlling urban
heat (Stone and Rodgers, 2001; Jenerette et al.,, 2007; Connors

etal.,2013; Zhou et al., 2017; Stone et al., 2019). These studies find
that increased density is related to urban design as cities develop
and specifically the loss of vegetation that ultimately affect UHI
and urban temperatures.

Our analyses are not at the resolution to identify changes in
greening across cities. However, the LCZ analysis supports the
notion that areas of a city with larger amounts or percentages of
green tend to be cooler. We further discuss the implications of
further urbanization in tropical cities and the possibility of using
ecosystem services to address heat in tropical cities.

Use of Ecosystem Services to Address
Increasing Heat

The temperature trends in this paper associated with increases
in climate change and urban development in tropical countries
point to critical policy areas. Given population trends, urban
areas in the tropics will grow from medium to large, but
more likely to very large or megacities, with millions living
in urban areas (Labbé and Sorensen, 2020). For example,
Hoornweg and Pope (2016) use the shared socio-economic
pathways (SSPs) to generate predictions for urban population
size and find that by 2100, the tropical cities of Lagos, Nigeria;
Kinshasa, Democratic Republic of Congo; Dar es Salaam,
Tanzania; Mumbai and Kolkata, India; and Dhaka, Bangladesh
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FIGURE 12 | Mean annual temperatures across population density gradients. Data source: NOAA, GHCN and GHSL.

will exceed 50 million. Given current trends identified for
urban land use growth (Giineralp et al, 2020), these cities
might reach enormous size with much reduced vegetated
areas. With continual climate change, urban heat may reach
high levels in these locations. Recent projections for Africa
suggest that by 2100, even under RCP 2.5 and sustainable
development pathways, over 300 million urban Africans will be
exposed to very warm (>42°C) for 15 day periods and this
number can reach 2 billion under business-as-usual conditions
(Marcotullio et al., 2021). Unmitigated warming will result in the
potential for increased risk of extreme heat events throughout
tropical regions.

Greening is an adaptation approach for addressing
temperature increases. Green spaces are known to improve
air cooling both in site and its surroundings (Shashua-Bar and
Hoffman, 2000) and improve overall thermal comfort in the
city (Tong et al, 2017), while street trees also regulate local
temperature and provide thermal comfort by transpirative
cooling and shading (Bolund and Hunhammar, 1999; Gémez-
Baggethun and Barton, 2013; Tan et al., 2020). Shading has
increasing impact on cooling and thermal comfort when
provided by rows of trees (Manickathan et al., 2018).

Other measures include cool roofs, which are becoming a
very popular tool in urban planning, as cities often lack space
for other measures. These roofs are a passive cooling technology

that improves the albedo effect of the buildings; cool roofs
have a coating that reduces solar absorption and increases
thermal emittance, thus cooling down the building’s surface
(Testa and Krarti, 2017). This method is thus suitable to improve
both outdoor and indoor thermal comfort, and it is of especial
interest for improving energy efficiency of buildings (Alfaro et al.,
2006; Karyono et al, 2017). Similarly, cool walls are also an
option being discussed for temperature cooling in tropical cities.
However, a study in Singapore (Nazarian et al., 2019) found that,
while cool roofs do show some positive results in decreasing
the canopy air temperature, cool walls showed only a marginal
impact, suggesting that their cooling efficiency is lower than
the other methods.

Another approach that can be taken for improving thermal
comfort is changing the height of building to the width of
street ratio. Studies in this area agree that high H/W leads to
better cooling and shading, improving outdoor thermal comfort
(Emmanuel et al., 2007; Takkanon, 2017). Dense urban areas with
closely spaced buildings, which block or shield wind flow to each
other, show higher heat intensity (Sen and Roesler, 2020), and an
increase in wind speed in highly dense urban areas could increase
thermal comfort for pedestrians at the hottest periods of the day
(Jusufet al., 2017).

The limitations to these measures, as well as their potential
ecosystem disservices have barely been investigated, especially
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FIGURE 13 | Mean annual temperatures across nighttime lights radiance gradients. Data source: NOAA, GHCN and VIIRS, 2016.

in urban areas in the tropics (Haase et al., 2014). Some
ecosystem disservices have been acknowledged, and include
health problems such as allergies caused by the pollen from

TABLE 1 | Standardized coefficients.

Response

Temperature type

Maximum Minimum
No interactions model
Intercept Af 30.2 221
Intercept Am 29.7 21.6
Intercept Aw 31.9 22.2
Population density 0.32 0.34
Population -0.14 -0.12
Infrastructure 0.16 0.40
Interactions model
Af:Population density 1.18 0.83
Am:Population density 0.61 0.34
Aw:Population density 0.07 0.22
Af:Population 0.04 0.20
Am:Population -0.18 —0.26
Aw:Population -0.18 —-0.13
Af:Infrastructure 0.01 0.26
Am:Infrastructure —0.01 0.05
Aw:Infrastructure 0.35 0.70

Standardized coefficients from two multivariate regression models for factors
affecting temperature in tropical zones.

plants and trees, or diseases transmitted by animals, along with
safety issues such as parks and green spaces being unsafe at
night (Gémez-Baggethun and Barton, 2013). Manoli et al. (2019)
analyzed summertime differences between rural and urban
surface temperatures worldwide to find greening cities might be
an ineffective measure to cool temperatures under some climates,
and cooling strategies based on both vegetation are more effective
in regions where the yearly precipitation is under 1000 mm.
Ultimately, they suggest that strategies aimed at increasing green
cover and albedo are more efficient in dry regions rather than
humid tropical cities. Although based on surface temperatures,
unlike most literature focused on urban ecosystem services, this
implies that there might be some limitations to the measures
traditionally proposed, and that specific measures largely depend
on the local climate. Generally, little is known regarding the
limitations or ecosystem disservices related to the control of the
urban microclimate.

In summary, there is agreement in the literature that shading
of any kind is an important measure to counteract the rising of
temperatures in urban areas, as it improves both outdoor and
indoor thermal comfort (e.g., Karyono et al., 2017). Greening
is widely recommended for cooling and shading, but some
limitations might arise under specific climates. Cooling roofs
and measures based on using the albedo effect might have
limitations as well, but it is recommended for cooling off
buildings and energy saving.

Similarly, H/W ratios and landscape designs that favor the
passing of wind through seem key for cooling off city landscapes,
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but it might have some limitations as already built up cities are
difficult to redesign.

Implications of the Findings for the

Future of Tropical Cities

The results of this study identify increases in maximum and
minimum temperatures in tropical cities around over the
past 6 decades. The total warming in urban areas has been
significant (~1°C). There are differences in warming between

cities of different tropical zones. Generally, we find that many
tropical cities have warmed over time. That is, the UHI
effect has increased in rainforest and monsoonal cities over
time. Monsoonal cities have experienced the highest levels of
urban warming over the study period. While tropical wet-dry
savanna climate cities experience the highest mean maximum
temperatures, they have experienced the smallest changes in
mean temperatures compared to cities in other tropical zones. In
fact, tropical wet-dry savanna cities have experienced no urban
warming over the study period.

Frontiers in Ecology and Evolution | www.frontiersin.org

August 2021 | Volume 9 | Article 616626


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Marcotullio et al.

Heat Tropical Cities

The increase in warming of cities further exacerbates the
impact of heat waves. This is particularly important for tropical
countries and cities. Climate impacts include an increase in the
number of exceptionally hot days. Research has identified high
heatwave occurrence and large numbers of exposed populations,
particularly in cities (Dosio et al., 2018; Rohat et al., 2020; Mishra
et al., 2015; Marcotullio et al., 2021). Climate impacts in tropical
zones may have a significantly negative effect on economic
growth (IPCC, 2019). Other research has found that 20% of the
global land area, centered in low-latitude regions, is projected
to experience highly unusual monthly temperatures during
Northern Hemisphere summers at 1.5°C of global warming,
with this percent nearly doubling at 2°C of global warming
(Coumou and Robinson, 2013).

Policymakers, engineers, and urban planners will need to
assess how to address the increasing heat in tropical cities.
Options include increasing electrification and provisioning of
air-conditioned housing, which under renewable sourced power
generation, would not contribute further to climate change. The
trade-offs faced by nations and cities powering their electric grids
with non-renewable fuels is stark.

Our research only points to the importance of including
ecosystem services in urban design through the analysis of
temperatures across LCZs. This supports other research on the
importance of natural ecosystem-based solutions in urban design
for controlling heat. Ecosystem service solutions have often
been overlooked. Urban and regional decision-makers should
seriously consider the use of ecosystem and green infrastructure
options. The types of ecosystem services, however, must be
chosen with care. One observer suggests that these solutions
must be “tropicalized” to fit local conditions (Macias et al.,
2018). By reducing temperatures in urban areas through these
interventions, however, there is the potential for health co-
benefits including reducing the potential impact of extreme heat
events (Heaviside et al., 2017).

Limitations of the Study

There are several important qualifications to this analysis
including sources of uncertainty. First, a compilation of different
datasets across several climate sub-zones provides an interesting
perspective but introduces several sources uncertainty in the
results. Our analysis provides for a general comparison of trends
among cities in the tropics but can only supplement more detailed
case studies of individual cities. Second, we count on the accuracy
of a limited number of weather stations for our temperature
data. While we use several decades of data, this does not make
up for the fact that some stations may not provide consistent
values. There is also uncertainty in the indicator datasets. While
the data used may be the best available they include their own
uncertainty related to the models by which they were generated.
Finally, while we believe that nature-based solutions have been
overlooked and have the potential to effectively address heat,
we have not quantified their effects. Rather we used a general
overview of the literature and secondary data provided by past
studies in our arguments. Further detailed studies of cities in
different tropical zones are necessary to identify the level of
effectiveness of ecosystem services for reducing heat.

CONCLUSION

This project attempted to quantify the growing heat in tropical
cities, the differences in these trends among tropical zones and
an evaluation of the factors associated with the increasing of
heat. The findings suggest that the mean urban temperatures
by day, season and year have grown faster than the background
temperatures in some tropical zones. While all cities across the
tropics have experienced warmer conditions, those in rainforest
and monsoonal zones have experienced increased urban warming
(i.e., increasing intensity of UHI).

Growing populations, increasing population densities and
higher radiance from nighttime lights are all associated
with changes in temperature, but population density and
infrastructure (identified through nighttime lights radiance)
seem to be the better predictors than population size. Moreover,
urban land use is an important factor. The land use results suggest
that urban design including natural ecosystem-based solutions
could be an important factor in moderating heat. Compacting
cities increases heat without proper vegetative influences. Using
vegetation with urban design can counter this trend. A focus on
urban infrastructure, including “cool roofs,” increasing vegetation
and urban water features could potentially reduce ambient
temperatures in urban areas. At the same time, more knowledge
for the appropriate forms of ecosystem services in tropical cities
is necessary. These findings are fundamental to urban plans and
could be used to help in designing cities for the coming heat
with climate change.
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